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ABSTRACT: The growth of zeolitic imidazolate framework (ZIF) thin films is an interesting topic, since ZIFs have a high thermal
and chemical stability compared to many other MOFs. A variety of functionalities can be introduced via the imidazole linker
molecule. Here, we report on a new approach for the preparation of thin films of a novel ZIF material: Co-ZIF-90. The preparation
of thin films is possible on silicon or glass when ZIF-8 seeding layers are deposited first. The resulting constructions are effectively
MOF-on-MOF layer systems. The synthesis procedure has been optimized with regard to obtaining high-quality thin films of Co-
ZIF-90 on ZIF-8 for optical applications. Notably, the preparation of Co-ZIF-90 thin films is possible only by using a mixture of two
different cobalt precursor salts (acetate and nitrate). The thin films are characterized in detail. With regard to the use as an optical
material, UV—vis absorption spectra of the MOF-on-MOF constructs were measured and the refractive index of Co-ZIF-90 was
determined using ellipsometry. Furthermore, the refractive index of the Co-ZIF-90 film can be modulated reversibly by the
adsorption and desorption of water via the gas phase. The kinetics of this fast process are on the time scale of 1 s. In addition to the
preparation of thin films, we obtained Co-ZIF-90 as a powder sample and basically characterized the powder. The approach to use
an easy-to-crystallize ZIF-8 film as a seeding layer for the growth of films of other ZIFs may be extended as a general concept for the
deposition of crystalline ZIF layers in such cases, where a direct deposition is difficult or not possible.

1. INTRODUCTION tablets, and granules), gels or foams, membranes, or thin films
as well as composite materials (e.g, on fibers or nano-
sheets).”*”* For the deposition of MOF membranes and thin
films, different supports like fibers,**™>* porous disks,””
nanosheets,®"** and flat surfaces (e.g., glass, silicon, and gold
surfaces)*>™° can be used.

Zeolitic imidazolate frameworks (ZIFs) are an interesting
subgroup of MOFs. In ZIFs, imidazolate or a derivative thereof
serves as a linker. The IBUs are connected by the nitrogen
atoms of the imidazolate rings. Due to a tetrahedral

Metal—organic frameworks (MOFs) are highly porous hybrid
materials built of inorganic building units (IBUs) and organic
linker molecules." The linker molecules have at least two
functional groups, which are used to connect the IBUs. Most
MOFs possess linkers with carboxylate as coordinating
functional group,' ™ but other functional groups like amines
can also be used for the coordination of the IBUs.”” As a
porous material, MOFs have high inner surface areas of up to a
few thousand m?/g,° enabling a variety of applications, like gas
storage’ " and gas separation,'’~"* sensing,'”'* and catal- —
ysis.15’16 Furthermore, MOFs gain increasing interest in Received: June 14, 2022 i@ﬁiﬁ
nonclassical application fields like biomedical technology'’~" Revised: ~ November 1, 2022 il
as well as electronics, optics and optoelectronics.””~> Still Published: November 28, 2022
hampering the further translation into real-world applications

is the fact that for many practical applications, the MOF has to

be shaped into a specific morphology, like monoliths (pellets,
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coordination of the metal ions in ZIFs and similar bond angles
of Si—O—Si linkages in zeolites and N—[M]—N linkages in
ZIFs, the structures of ZIFs possess strong structural
similarities with zeolites. In most cases, Zn>" ions function as
metal ions in ZIFs; however, ZIFs containing other metal ions
like Co**, Cu®*, and Cd** are also known.*>® Of these, those
with transition metal ions with a d electronic sub-shell not fully
occupied may feature additional functionalities.

MOF thin films can be prepared by different fabrication
techniques, ranging from liquid-phase epitaxy (LPE), carried
out using di -coating, spray-coating, %pin-coating, or ﬂowing
techniques,”*" ™ to direct growth”*" and secondary growth
methods.”**" Ui0-66, Cu-BDC, and especially HKUST-1
MOFs are widely used as model systems.”>*' In nearly all
cases, a thin film of only one single MOF is coated onto a
substrate. Only a few reports have elucidated the possibility to
prepare a MOF film on top of another MOF film (MOF-on-
MOF coatings). In most of these publications, LPE techniques
were used.”””* Knebel et al. used an LPE-based flow
technique to grow ZIF-8 on ZIF-67."> Both ZIFs have the
same linker (2-methylimidazolate) and differ only in the metal
ion (ZIF-8: Zn?', ZIF-67: Co*'). Thus, both MOFs are
isostructural and possess nearly the same unit cell parameters.
In a similar vein, Shekhah et al.*’ grew [Zn,(NDC),DABCO]
on the copper version of the MOF with the same linkers, also
using LPE, employing dip-coating. Again, the unit cell
parameters are practically equal. In both reports, the synthesis
procedures took around 1 week, which is in general a large
drawback of most LPE methods, except for when spray—coatin§
is used.”” This method was applied by the groups Yao et al.*
and Wang et al.”® Both groups first functionalized gold surfaces
with self-assembled monolayers (SAMs) to obtain activated
surfaces for MOF growth. Yao et al.** combined spray-coating,
which was used to grow a bottom layer of Cu-HHTP, with a
stamp-based method, which was employed to deposit pre-
synthesized layers of nanosheets of Cu- or Zn-TCPP. Wang et
al.** used the LPE spray-coating technique for the generation
of three different MOF layers (Cu-BDC, Cu-NDC, and Cu-
BPDC). These MOFs have the same topology but show a large
mismatch in their cell parameters. Nevertheless, it was possible
to obtain MOF-on-MOF or MOF-on-MOF-on-MOF systems
of these frameworks, respectively. Oldenburg et al.*® also used
the LPE spray-coating approach for the growth of an A—B—A
stack of Zn(ADB) and Zn(Pd-DCP). A different method was
used by Ikigaki et al.: these authors used substrates covered
with thin Cu(OH), films that were in the first step (partly)
converted to a MOF by incubating them into saturated
solutions of the BPDC or the BDC linker. In the next step(s),
one (or two) more Cu-MOF thin films were coated on the first
thin film using LPE dip-coating.” This short overview
illustrates that only a few methods have so far been employed
to produce MOF-on-MOF layer systems. Most of these
techniques are time-consuming, either because of necessary
pretreatments of the substrate (e.g., formation of a SAM), the
synthesis itself (most LPE methods, e.g., dip-coating or flowing
techniques), or due to the fact that they require a combination
of different methods to enable the formation of a stack of MOF
films. Also, methods like stamping, while being fast and
versatile, may lead to inclusions or empty pores at the interface
and thus to defective staples.

Thin films of ZIF-7, ZIE-9, ZIF-65-Zn, ZIF-67, and ZIF-90
have already successfully been grown on silica surfaces (SiO,-
coated QCMs or silicon wafers),"”® but only thin films of ZIF-8
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have so far been presented in optical quality, that is, with high
homogeneity, absence of scattering, and high transparency.”>"’
It has been shown that ZIF-8 can be used for optical switching
on different substrates like glass or silicon’*’ but also on
coated optical fibers.””* Optical quality becomes important
when the thin films are to be used in real-world technical
devices, where signal losses due to, for example, scattering are
critical. Usually, optical quality cannot be achieved when the
films are deposited from a nanoparticle suspension. Albeit
simple to execute, such methods typically lead to inhomoge-
neities and voids in the thin films.*"”" Dense thin films which
are fabricated directly from the precursor solution show a
much higher quality.”>***

In the present work, we have therefore concentrated on the
promising cycle-based direct growth procedure, which had
been reported for the growth of ZIF-8 thin films of optical
quality before.”*’ Here, we extend this work to prepare MOF-
on-MOF systems where the high-quality ZIF-8 coating is used
as a seeding layer for the growth of thin films of Co-ZIF-90.
ZIF-8 and ZIF-90 both crystallize in the sod topology, as do a
variety of other ZIFs.*® ZIF-90 is known in its zinc variant;*>
Co-ZIF-90, built exclusively with cobalt as the coordinated
metal, has—to the best of our knowledge—not been reported
before. The only report in this field is about amorphous ZIF-90
particles that were post-synthetically doped with cobalt for the
production of a carbon material.”* Here, we have obtained Co-
ZIF-90 as thin film and in powder form. ZIF-90 MOFs are of
special interest because they contain the imidazolate 2-
carbaldehyde linker; the aldehyde group could be employed
in post-synthetic modification reactions.’

2. MATERIALS AND METHODS

2.1. Materials. Zinc(II) nitrate hexahydrate (98%, Sigma-
Aldrich), 2-methylimidazole (99%, Sigma-Aldrich), cobalt(II) acetate
tetrahydrate (98%, Sigma-Aldrich), cobalt(II) nitrate hexahydrate
(98%, Roth), imidazole-2-carboxaldehyde (97%, Fisher Scientific),
methanol (99.5%, Roth), ethanol (99.8%, Fisher Scientific, dry),
dimethylformamide (99.8%, Sigma-Aldrich, DMF), sulfuric acid
(96%, Roth), and hydrogen peroxide (35%, Roth) were used without
further purification.

Sb-doped silicon wafers with 111-orientation were applied as
substrates for all syntheses “on silicon.” The wafers were cut into
pieces of 1 X 1 cm (for most of the characterizations methods) or 2 X
2 cm (for krypton physisorption). For the thin film growth “on glass,”
glass slides were cut into pieces of 22 X 25 mm (for UV/vis
measurements) or 15 X 15 mm (for photographies). All substrates
were cleaned in a fresh mixture of sulfuric acid and hydrogen peroxide
(2:1) for 15 min. Subsequently, they were washed with water and
methanol. Cleaned substrates were not stored but used directly.

2.2. Synthesis of ZIF-8 and Co-ZIF-90-on-ZIF-8 Thin Films.
All reactions were performed at room temperature (18 °C).

We prepared the following stock solutions: 25 mM zinc(II) nitrate
hexahydrate in methanol (“Zn”), SO mM 2-methylimidazole in
methanol (“HmIm”), imidazole-2-carbaldehyde in DMF with differ-
ent concentrations ranging from 40 to 75 mM (“HImCA”), and Co**
solutions in methanol with different concentrations ranging between
10 and 18.75 mM (“Co”). We used two different cobalt(II) precursor
salts: cobalt(Il) nitrate hexahydrate and cobalt(II) acetate tetrahy-
drate. We also used cobalt(II) solutions containing both precursors,
with nitrate to acetate ratios of 0, 25, 33, 50, and 100%. After initial
exploration, the ratio between the two cobalt(II) salts was set to two
parts of the nitrate and one part of the acetate salt (33% acetate) for
most syntheses. The solution of imidazole-2-carbaldehyde was
prepared by stirring the linker in DMF at 70 °C for up to 60 min,
depending on the concentration. All other solutions were prepared by
stirring the linker or metal salt in methanol at room temperature until
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Figure 1. XRD pattern (a), SEM image (b), argon physisorption isotherm (c), and static water sorption isotherm (d) of Co-ZIF-90 particles. A

calculated XRD pattern of ZIF-90 is given as a reference in (a).”

dissolved. The solutions are designated by “Zn,”, “HmIm,” “HImCA,”
and “Co” in the following.

The fabrication of Co-ZIF-90-on-ZIF-8 coatings is a two-step
process: the first step is the growth of a ZIF-8 seeding layer, and the
second step is the growth of Co-ZIF-90 on top of the ZIF-8 seeding
layer. According to Lu and Hupp,* the ZIF-8 growth is started by
mixing equal volume of “Zn” and “HmIm” in a glass vessel. A
substrate is directly immersed in this synthesis solution after mixing
the precursor solutions. After 30 min, the substrate is removed from
the ZIF-8 synthesis solution and washed with methanol. The second
step is started by directly immersing the freshly washed substrate from
step one in a freshly prepared mixture of equal volume of “Co” and
“HImCA.” After 30 min, the substrate is removed from the synthesis
solution and washed with methanol. Thicker Co-ZIF-90 thin films can
be deposited by repeating step two as often as desired. It is important
that the substrate is directly reincubated after rinsing; intermittent
drying between steps one and two will lead to crack formation, as we
have also experienced in the synthesis of high-quality ZIF-8 films.*’
After the final deposition cycle, the coated substrate is washed with
methanol and incubated in dry ethanol over night to extract unreacted
precursors from the pores.

The synthesis conditions for the growth of Co-ZIF-90 were
optimized by exploring the precursor concentrations and by variation
of the ratio of cobalt(II) acetate to cobalt(Il) nitrate in the cobalt
solution (“Co”). In all syntheses, the molar ratio of HImCA to Co®*
was kept at 4:1. Additionally, the reaction time in step two (Co-ZIF-
90 growth) was adjusted between 30 and 60 min per deposition cycle.

2.3. Synthesis of Co-ZIF-90 Powder Samples. Co-ZIF-90
particles were synthesized by mixing solutions of imidazole-2-
carbaldehyde (100 mM in DMF) and cobalt(II) acetate tetrahydrate
(25 mM in methanol). The joint solution becomes turbid directly

7010

after mixing at room temperature. The mixture was stirred for 120
min and centrifuged afterward for 10 min at 6000 rpm. The solid was
washed two times with fresh methanol, each washing procedure being
followed by centrifugation for 10 min at 6000 rpm. Drying of the
particles was performed at reduced pressure. The dry particles were
used for X-ray diffraction (XRD), scanning electron microscopy
(SEM), and sorption experiments.

2.4. Characterization of Thin Films and Powders. XRD
measurements on ZIF-8 thin films were carried out with an X-ray
diffractometer from STOE working in Bragg—Brentano geometry. An
ISO-Debyeflex 3003 was used for the generation of X-rays at 40 kV
and 30 mA, delivering Cu Ka, radiation. Measurements were carried
out between 5° and 30° 20 with a step size of 0.02° 26 and a
measurement time of 8 s per step.

A Sentech SE800 spectroscopic ellipsometer with a spectral range
from 400 to 850 nm was used for the ellipsometry measurements. All
measurements were performed at 70°. Ellipsometry data were fitted
with a Cauchy dispersion model (ZIF-8) and a Tauc—Lorentz model
(Co-ZIF-90). More information on the models used in the evaluation
of ellipsometry data is given in the Supporting Information (see Table
S1 and the explanatory text). Ellipsometry measurements were also
carried out at different relative humidity (RH) using the humidity
controller RH-200 (Porotec). The RH was checked directly before
the inlet of the measurement cell with an external humidity sensor
(Rotronic). Relative humidity values were calibrated using salt
solutions with known RH. Argon was used as the feed gas.

Coated glass slide samples for SEM were prepared by fixing the
specimen samples on SEM metal substrate holders with carbon tape.
Electrical contact of the thin films was ensured by the use of a silver
conductive lacquer and by sputtering the samples with a thin layer of
gold. Most SEM images were recorded with a JSM-6610L V (Joel).

https://doi.org/10.1021/acs.cgd.2c00664
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Images were taken at 10 kV with a working distance of 10 mm. Cross-
sectional images and images of the Co-ZIF-90 particles were recorded
using a Regulus SU8200 (Hitachi). Images were typically recorded at
a voltage of 2 kV and a current of 10 uA.

UV/vis spectra on glass substrates were recorded in transmission
with a Cary 4000 (Agilent Technologies) in a maximum spectral
range from 300 to 800 nm using the software “Scan.” UV/vis kinetic
experiments were performed with the software “Kinetics” belonging to
the software package of the UV/vis spectrometer. For kinetic
measurements, the transmission of the samples at 350 nm was
measured every 0.1 s. We used a home-built UV/vis measurement cell
with quartz glass windows that can be mounted tightly into the
spectrometer. The atmosphere was changed in different time steps
using dry argon and moist argon (obtained by bubbling argon through
a water reservoir). A detailed explanation of the experiment and the
results of a reference experiment on a ZIF-8-coated glass slide are
given in the Supporting Information.

Atomic force microscopy (AFM) measurements were performed
using an NX 10 by Park System Corp. All images were taken in
noncontact mode with a scan rate of 0.5 Hz. The software “XEI”
(5.2.0 by Park System Corp.) was used for the data analysis.

The XPS depth profiling was performed with a PHI VersaProbe III
(Physical Electronics GmbH) XPS system. The chemical state of the
material was analyzed using microfocused Al Ka X-rays (1486.7 eV,
50 W, 15 kV) with an X-ray spot size of 200 ym in diameter; dual-
beam charge neutralization (a 1 V electron beam and a 7 V Ar" ion
beam) was applied during measurements. For the sputter phase (6 s
for every sputtering step), a 20 kV argon gas cluster ion beam with a
sputter raster size of 2 mm X 2 mm was used. The acquired data were
processed and evaluated using the MultiPak Software (ULVAC-PHI).

Krypton physisorption isotherms were recorded using an Autosorb
1 instrument from Quantachrome. The isotherms were evaluated with
the software ASiQwin 2.0 from Quantachrome. Samples were
outgassed at 120 °C for 24 h at reduced pressure. Measurements
were performed at 87.15 K (liquid argon). The Brunauer—Emmett—
Teller (BET) equation was applied to determine the BET surface
areas.

The argon physisorption isotherm of the Co-ZIF-90 powder was
measured at 87 K with a 3Flex instrument from micromeritics. 40 mg
of the powder was activated at 120 °C for 24 h under vacuum prior to
the measurement. The associated software from micromeritics was
used for the analysis of the data (Version 5.02). BET surface areas
were determined by the BET-auto function of the software.

Static water sorption isotherms of Co-ZIF-90 powders were
recorded on a vapor 1000C from 3P instruments. A powder sample
(50 mg) was activated at 120 °C for 20 h under vacuum. In situ
activation at 120 °C for 4 h was performed additionally before the
measurement. The isotherms were recorded at 25 °C.

3. RESULTS AND DISCUSSION

Thin films of different ZIFs can be grown directly at room
temperature.48 In these procedures, it is very important to
control the synthesis parameters because the type of metal
precursor, small changes of the precursor concentrations, and
pretreatment of the substrate, like seeding, can all largely
influence the MOF thin film growth.”*® It is worth noting that
for Co-ZIF-90 thin films, we have found only a strictly limited
synthesis window, as detailed below. In the course of this work,
powders of Co-ZIF-90 were also obtained.

3.1. Co-ZIF-90 in Powder Form. During our studies on
the formation of Co-ZIF-90 films on ZIF-8 seeding layers (see
Section 3.3), we performed syntheses using cobalt(II) acetate
as the cobalt source. Upon mixing solutions of imidazole-2-
carboxaldehyde (“HImCA”) in DMF and cobalt(Il) acetate in
methanol, precipitation occurs immediately. The resulting
precipitate can be isolated as a purple, crystalline powder. The
positions of the XRD reflections show good agreement with
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the calculated reflections of ZIF-90 (see Figure 1a).>” Particles
with a spherical shape and a diameter of ca. 2 ym which are
built up from nanocrystals and feature a rough surface can be
observed in the SEM images (see Figures 1b and S1). Argon
(c) and water (d) sorption isotherms are also given in Figure 1.
The sorption isotherms show that the Co-ZIF-90 powder is
porous. Analysis of the type I argon physisorption isotherm™*
results in a BET area of 750 m?/ g. No significant water
adsorption occurs until a relative water pressure of 0.4. The
main water uptake takes place at a relative pressure ranging
between 0.4 and 0.55.

3.2. Characterization of the ZIF-8 Seeding Layer. ZIF-
8 can be grown directly on substrates like glass and silicon at
room temperature We have modified the original synthesis
recipe”” and were able to improve the quality of the coatings,
for example, by elucidating how to avoid cracks in the films.*’

ZIF-8 thin films are grown by mixing methanolic solutions of
the two precursors zinc nitrate hexahydrate and 2-methyl-
imidazole in the presence of a substrate. This process can be
repeated to grow thicker films (cycle-based method). As a
result, crystalline and highly transparent thin films are
obtained. XRD patterns of the resulting films that were
synthesized on silicon wafers with one, and two deposition
cycles are given in Figure 2. The reflections in the XRD pattern

Mzm\s
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@© 1 cycle ZIF 8

~ w
silicon wafer

A ) .
ZIF-8 (calc.)
5 10 15 20 25 30

201 °

Figure 2. XRD patterns of ZIF-8 thin films on silicon substrates after
one and two deposition cycles compared to the calculated XRD
pattern of ZIF-8." An XRD pattern of an uncoated silicon wafer is
given as a reference.

of the coated substrates show a good agreement with the XRD
pattern that can be calculated from the crystal structure of ZIF-
8." An uncoated silicon wafer is given as a reference. Additional
signals can be seen especially at diffraction angles above 25°
26. These are caused by the substrate. Here and in the
following, we have normalized the XRD pattern to the highest
intensity between 5° and 10° 26 because of the high intensity
of the reflections that are caused by the silicon substrate.
Krypton physisorption measurements show that the thin
films are porous after only one deposition cycle, as shown
below (Section 3.4). The total uptake and the BET area both
increase with the number of deposition cycles, as we have
shown before.*” SEM images of the films after one and two
deposition cycles are given in the Supporting Information
(Figure S2). No significant differences are visible for the two
images. Both films are crack-free and dense. No voids or larger
inhomogeneities are visible. Further characterizations of ZIF-8
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thin films (ellipsometry, UV/vis spectra, and AFM data) can
be found in the Supporting Information (see Figures S3—SS).
These experimental data indicate that a crystalline and porous
ZIF-8 film can be formed after only one deposition cycle on
silicon. ZIF-8 thin films will be used as seeding layers in the
following subchapters. These seeding layers will be synthesized
with only one deposition cycle, as the results presented here
have shown that the quality of the thin films is sufficiently high
already after one deposition cycle.

3.3. ZIF-8 Seeding Layers for MOF-on-MOF Coatings.
Attempts to transfer the synthesis method described above for
ZIF-8 thin films to other ZIFs have usually not been successful.
The Fischer group® has presented optimized synthesis
conditions for some ZIF thin films, but as the aim of their
study was not directed toward optical applications, the
produced thin films do not possess the necessary optical
quality. Nevertheless, we have employed some of the
approaches described by the Fischer group,” like the use of
different metal precursors (nitrates and acetates), different
solvents (methanol and DMF), and of solvent mixtures.
However, even by broad-ranging variations of the synthesis
parameters, we were not able to obtain Co-ZIF-90 thin films of
optical quality on silicon or glass. Typically, rough coatings of
separated microcrystals were obtained, exhibiting strong light
scattering. Thus, we shifted our focus from thin films that were
directly grown on the substrate to ZIF-8-supported thin films.

In the following experiments, all Co-ZIF-90 films were
grown on top of a ZIF-8 thin film that was prepared with one
deposition cycle. These ZIF-8 seeding layers were synthesized
in situ and were directly used without drying or storage.

First, the growth of Co-ZIF-90 with cobalt(II) nitrate as the
only cobalt precursor was tested. No reflections are visible in
the XRD pattern of such a sample (Figure 3). Also, no
significant change in the UV/vis spectra before and after this
synthesis can be seen (see Figure S6, Supporting Information).
This indicates that no growth of Co-ZIF-90 takes place during
the Co-ZIF-90 growth attempt. Therefore, we tested cobalt(II)
acetate as an alternative cobalt source. However, when
methanolic solutions of imidazole-2-carboxaldehyde
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Figure 3. XRD patterns of MOF-on-MOF coatings of Co-ZIF-90 on a
ZIF-8 seeding layer. All films were synthesized on silicon with two
deposition cycles for the Co-ZIF-90 thin film. The influence of the
cobalt precursors was investigated by mixing cobalt(II) nitrate and
cobalt(IT) acetate in different ratios. The reaction time for the Co-
ZIF-90 deposition cycles was kept at 60 min per cycle. A calculated
XRD pattern of ZIF-90 is given as a ref 52.
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(“HImCA”) and cobalt(Il) acetate are mixed, precipitation
occurs immediately, resulting in the powder samples described
in Section 3.1.

This could be explained with the basicity of the two anions:
the pKj values for acetate and nitrate are 9.25 (acetate) and
15.32 (nitrate). Hence, acetate is more alkaline in solution
than nitrate and has a higher ability to deprotonate linker
molecules. The linker deprotonation is an important step in
the formation of a ZIF since the linkers are incorporated into
the framework in their deprotonated form. The use of acetate
thus leads to a higher supersaturation, which increases the rates
of nucleation and growth.” Thus, when cobalt(II) acetate is
used as the only cobalt source, formation of Co-ZIF-90 takes
place immediately and throughout the solution. On the
contrary, no crystallization is observed when cobalt(II) nitrate
is the sole cobalt precursor, even after a few days. With the
correct mixture of the two anions nitrate and acetate, the rate
of the crystallization process can be fine-tuned so that the
formation of Co-ZIF-90 can occur but is governed by
heterogeneous nucleation and subsequent growth on the
ZIF-8 seeding layer.

Therefore, we attempted to control the crystallization of Co-
ZIF-90 from mixed solutions with different ratios of cobalt(II)
nitrate to cobalt(II) acetate in the cobalt precursor solutions:
the part of the acetate amounted to 25% (acetate/nitrate ratio
of 1:3), 33.3% acetate (1:2), and 50% acetate (1:1),
respectively. The XRD diffraction patterns of thin films that
were grown with these solutions are given in Figure 3. The
reaction time for all Co-ZIF-90 deposition cycles was kept at
60 min per cycle. It should be mentioned here that ZIF-8 and
ZIF-90 show very similar reflections in their XRD diffraction
patterns because both ZIFs crystallize in the sod topology with
very similar cell parameters. Thus, we have to assess the degree
of Co-ZIF-90 growth from intensity increases in the XRD
patterns. The highest intensities of the reflections were found
for an acetate to nitrate ratio of 1:2. Significantly lower
intensities were obtained for higher and lower acetate
concentrations (1:1 and 1:3). These results show that the
ratio of acetate to nitrate in the cobalt precursor solution has a
very strong influence on the Co-ZIF-90 growth. The ratio of
different metal precursors, that is, of different anions, appears
as an interesting novel synthesis parameter for the growth of
ZIF thin films, especially when it is reconciled that syntheses
with single component cobalt precursors do not work.
Accordingly, the synthesis window for the preparation of Co-
ZIF-90 thin films is very limited. A ratio of 1:2 (33.3% acetate)
was kept for the following experiments.

The influence of the reaction time on Co-ZIF-90 film
growth was investigated in the following experiments. XRD
patterns of thin films that were grown with reaction times of
30, 45, and 60 min per cycle are given in Figure 4. The
intensity of the reflections increases in comparison with the
XRD diffraction pattern of the ZIF-8 seeding layer, indicating
that Co-ZIF-90 films had grown (see Figure 2). Thus, at all
tested reaction times, crystalline Co-ZIF-90 thin films were
obtained, even after a short reaction time of 30 min per
deposition cycle. Also, an increase of the intensities with
increasing reaction time can be observed. This can be
explained by the increased thickness of films that had been
incubated for longer deposition times (see Figure S7,
Supporting Information). The thicknesses were measured via
ellipsometry and scale linearly in the investigated range (160
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Figure 4. XRD patterns of Co-ZIF-90-on-ZIF-8 thin films on silicon
substrates. The Co-ZIF-90 thin films were synthesized with two
deposition cycles with different reaction times ranging from 30 to 60
min per cycle. A calculated XRD pattern of ZIF-90 is given as a ref 52.

nm thickness after 30 min, 245 nm after 45 min, and 310 nm
after 60 min).

The quality of the Co-ZIF-90 coatings was first investigated
using SEM (see Figure S). Reaction times of 30 and 45 min
per cycle yield thin films of good quality with only very few,
very narrow cracks. Especially on the sample prepared with 30
min cycles, the cracks are hard to discern. On the contrary,
when the deposition time was increased to 60 min per cycle,
the sample shows a high number of considerably wider cracks.
Thus, a reaction time of 45 min per cycle should not be
exceeded to obtain high film quality. We used a reaction time
of 30 min per cycle for the following experiments.

All previous experiments were conducted using a HImCA
concentration of 50 mM. The influence of the linker
concentration was investigated in the range between 40 and
75 mM, keeping the ratio of HImCA to the cobalt(Il)
precursors at 4:1—in consequence, concentrations of 10—

18.75 mM were used for the mixed cobalt(Il) solutions. XRD
patterns of the resulting MOF-on-MOF coatings are shown in
Figure 6. The intensities of the reflections increase with

75 mM HImCC
. 60 mM HImCA
=
© k‘ J\J \
i "
e 50 mM HImCA
40 mM HImCA
J A A A
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5 10 15 20 25 30
20/ °

Figure 6. XRD patterns of MOF-on-MOF coatings on silicon
substrates. The Co-ZIF-90 thin films were synthesized with two cycles
of 30 min each with different precursor concentrations. The
concentration of the linker (HImCA) is given for each pattern; the
ratio of HImCA to cobalt(II) was kept at 1:4 for all syntheses. A
calculated XRD pattern of ZIF-90 is given as a ref 52.

increasing concentration, indicating that higher precursor
concentrations yield thicker Co-ZIF-90 films. Ellipsometry
measurements confirm the increase of the thickness of the Co-
ZIF-90 thin films at higher precursor concentrations (see
Figure S8, Supporting Information). Crystalline thin films were
obtained for all concentrations. Only for the film that was
synthesized at the lowest linker concentration, the reflections
exhibited considerably lower intensity. The ellipsometry results
prove that only a thin layer with a thickness below 100 nm had
grown at this concentration leading to the low intensity of
these reflections.

Figure S. SEM images of Co-ZIF-90 thin films that were grown with reaction times of 30 min [(a)—with zoom-in to one of very few, very narrow

cracks], 45 min (b), and 60 min (c) per cycle.
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Figure 7. SEM images of Co-ZIF-90-on-ZIF-8 coatings. The Co-ZIF-90 thin films were synthesized with two deposition cycles with a reaction time
of 30 min per cycle. The influence of the concentration of imidazole-2-carbaldehyde was investigated in the range from 40 to 75: (a) 40, (b) 50, (c)

60, and (d) 75 mM.

Figure 8. SEM cross-sectional image (left) and AFM topographical image (right) of the MOF-on-MOF thin film, consisting of ZIF-8 and Co-ZIF-

90 (two deposition cycles).

The quality of the coatings was assessed by the SEM images,
which are given in Figure 7. Two main influences of increasing
precursor concentration can be seen: (i) the number of
inhomogeneities (crystals that grow on the surface of the film)
decreases and (ii) the number of cracks and their width
increase. Cracks first appear at a concentration of 50 mM, but
these are small in number and narrow. Also, larger areas of the
films are crack-free, so that the optical quality of these films is
good. Increasing the concentration to 75 mM results in films
that have a large number of cracks that are evenly distributed
over the sample. The large number of cracks reduces the
quality of the films. Since inhomogeneities can cause scattering
and are therefore more problematic than narrow cracks, we
chose to conduct the optical characterizations on Co-ZIF-90
coatings that were prepared at a precursor concentration of 50
mM HImCA. Only two deposition cycles are needed for Co-
ZIF-90 to obtain a thin film with a thickness of around 150 nm
on top of a ZIF-8 thin film with a thickness of around 80 nm.
The total synthesis time to grow this system is 90 min, so the
growth is very fast compared to other procedures yielding
MOF-on-MOF coatings, which were described in the
introduction.
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The homogeneity of the film was also investigated using
SEM cross-sectional images (see Figure 8, left, and Figure S9
in the Supporting Information) and AFM (example image in
Figure 8, right). Both films (ZIF-8 seeding layer and Co-ZIF-
90 film) are intergrown very well. No separation of the films is
visible at the interface between the two ZIFs. According to the
SEM images, a total film thickness of 200—250 nm is found,
which is in good agreement with the ellipsometry result on the
same films (220 nm). The films are homogeneous over large
areas from the cross-sectional view. An analysis of the heights
of the pixels in the AFM topographical images results in a
roughness of R, = 9.0 + 0.6 nm. The roughness is slightly
increased in comparison with the ZIF-8 seeding layer (R, = 5.4
+ 0.5) but still reflects a nearly smooth surface.

The MOF-on-MOF film of Co-ZIF-90 on ZIF-8 on silicon
substrates was further investigated using two sensitive
methods, ellipsometry and XPS. In an ellipsometry measure-
ment, the amplitude ratio ¥ and the phase difference A are
measured in a chosen wavelength range. Afterward, a model
has to be chosen for the fitting of the data. Values for the
refractive index (n), the absorption (k), and the thickness (d)
of every film are fitted by the software according to this model.

https://doi.org/10.1021/acs.cgd.2c00664
Cryst. Growth Des. 2022, 22, 7008—7020


https://pubs.acs.org/doi/suppl/10.1021/acs.cgd.2c00664/suppl_file/cg2c00664_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.2c00664?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.2c00664?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.2c00664?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.2c00664?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.2c00664?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.2c00664?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.2c00664?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.2c00664?fig=fig8&ref=pdf
pubs.acs.org/crystal?ref=pdf
https://doi.org/10.1021/acs.cgd.2c00664?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Crystal Growth & Design

pubs.acs.org/crystal

80 - _
70
| 300
o J—
L 240
501
o
30 A 1Y
L 120
20 g
P — experimental [ %
o fitted
| 0

400 450 500 550 600 650 700 750 800 850
Al nm

~

100

80

60 -

Co-ZIF-90 silicon substrate

40

20

Atomic concentration / %

O T T T T T
2 3 4 5

Sputter time / min

T
6

Figure 9. Results from ellipsometry and XPS obtained on Co-ZIF-90-on-ZIF-8 coatings (two deposition cycles for Co-ZIF-90 on a ZIF-8 seeding
layer). Left: plot of the experimental and fitted data from the ellipsometry measurement. Right: depth profile of the atomic concentrations on the
sample surface measured by XPS, given as a function of the sputtering time.

The quality of the fit, which strongly depends on the chosen
model, can be observed by comparing the experimental curves
for ¥ and A with the fitted ones. A typical result is given in
Figure 9 (left): the agreement between the experimental
(lines) and the fitted data (dots) is very good. The fit has a low
mean squared error (MSE) of 0.5, which underlines the good
agreement. Details about the used ellipsometry model and the
set values are given in Table S1, accompanied by explanatory
text, in the Supporting Information. The refractive index of
Co-ZIF-90 at 589 nm is 1.457 with an absorption maximum at
552 nm. According to the fit, the total thickness of the MOEF-
on-MOF coating is 232.5 nm.

Using XPS, we measured depth profiles of a MOF-on-MOF
coating. In these experiments, the surface is treated with an
argon cluster ion beam that removes the surface of the sample
in a time-controlled sputtering process. Sputtering was
performed for 6 s each, followed by an XPS measurement.
This process of sputtering and measurements was repeated
until no MOF film was present anymore. The resulting atomic
concentrations as a function of sputtering time are shown in
Figure 9 (right) for cobalt (from Co-ZIF-90), zinc (from ZIF-
8), and silicon (from the silicon wafer which was used as the
substrate). No significant signal for zinc and silicon is present
in the beginning of the experiment. According to this, Co-ZIF-
90 forms a dense coating on top of the ZIF-8 seeding layer.
After ca. 2 min of sputtering, a decrease of the cobalt
concentration can be detected. The atomic concentration of
zinc increases at the same time. By further removing the
surface during sputtering, the cobalt signal further decreases,
whereas the zinc signal passes through a maximum. After 6
minutes, no more signals for cobalt and zinc can be detected,
whereas the atomic concentration of silicon increases to 100%,
showing that the MOF thin films were completely removed
from the silicon surface. Although it is not easy to give
quantitative data for the thicknesses of the individual film, it is
obvious that the Co-ZIF-90 part of the total deposited is
considerably larger than that of ZIF-8.

Accessible porosity is a major property of MOFs important
for many applications. In Figure 10, two krypton physisorption
isotherms are shown: one of the ZIF-8 seeding layer (one
deposition cycle) and one of the MOF-on-MOF coating, both
synthesized on silicon wafers. Both diagrams show type I
isotherms typical of microporous materials.”* An increase of
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Figure 10. Krypton physisorption isotherms of the ZIF-8 seeding
layer (one deposition cycle) and of the MOF-on-MOF coating (one
cycle ZIF-8 and two cycles Co-ZIF-90).

the total uptake can be seen when Co-ZIF-90 is coated on top
of the ZIF-8 seeding layer. From the BET analysis on both
isotherms, an increase of the BET area from 250 c¢m?/cm? for
the ZIF-8 seeding layer to 470 cm?®/cm? for the MOF-on-MOF
coating is found, verifying that the Co-ZIF-90 film is porous
and both layers of the coating can be accessed by krypton gas.

We also studied the deposition of Co-ZIF-90-on-ZIF-8
MOF-on-MOF coatings on glass substrates. Photographies of
Co-ZIF-90 thin films that were synthesized on glass substrates
with two, four, and six deposition cycles are given in Figure 11.
Uncoated glass and ZIF-8-coated glass are given as a reference.
XRD patterns of the samples prepared with different numbers
of Co-ZIF-90 deposition cycles are given in the Supporting
Information (Figure S10), confirming that the films are also
crystalline when the synthesis is performed on glass instead of
silicon. All coatings with Co-ZIF-90 layers have a purple color,
which is homogeneous over the whole samples and which
intensifies with increasing number of deposition cycles. The
samples are highly transparent to the naked eye. No turbidity
or scattering can be seen.

The results presented in this subchapter show that we have
been able to optimize the synthesis conditions for the growth
of a Co-ZIF-90 thin film on ZIF-8-coated silicon or glass
substrates. An important factor for the success of the synthesis
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Figure 11. Photography of MOF-on-MOF coatings, which were
synthesized with two, four, and six Co-ZIF-90 deposition cycles
(bottom, from left to right). Uncoated glass (top left) and a glass slide
with the ZIF-8 seeding layer only (top right) are shown for
comparison. Copyright for use of the logos of the Leibniz University
Hannover and the Institute for Inorganic Chemistry was permitted.

lies in the adaptation of the types of precursors and their
concentrations. These strongly influence the formation of
cracks or other inhomogeneities. The crystallization of high-
quality optical coatings was enabled by mixing one part of
cobalt(IT) acetate and two parts of cobalt(Il) nitrate as cobalt
precursors. Optimal concentrations are 50 mM for the
imidazole-2-carbaldehyde and 12.5 mM for the cobalt solution.
Nearly no cracks were obtained at these concentrations. With
short reaction times of 30 min per cycle (longer reaction times
result in films with larger cracks), the total synthesis time for a
MOF-on-MOF coating amounts to only 90 min.

3.4. Optical Characterization. In order for an optical
material to function in an optical device, it should be fabricated
in a shape and a quality which allows for the incoupling,
transmission, or outcoupling of light. Thin films are a suitable
morphology for many applications, but they need to be of
optical quality. Therefore, the following properties should be
given: the films should provide a high transparency and a high
homogeneity as well as none or only very few scattering
centers. Scattering occurs when materials with two different
refractive indices are present and when their dimensions are
similar to the wavelengths of light. Especially large refractive
index differences occur when one of the materials is air (or
vacuum). In thin films, this relates to the outer boundary of the
thin film—so the films should be smooth—and to voids within
the film—so the films should be dense. Voids within a film are
an example for scattering centers and may appear as
interparticle gaps (typical of films obtained by nanoparticle
deposition) or as cracks (often forming in directly grown films
during drying or as a consequence of temperature changes).
Also, additional deposits of foreign substances (either within
the film or on its surface) can act as scattering centers,
although the refractive index difference is smaller then. With
regard to thin films of MOFs, we expect in addition that they
feature an addressable porosity which may, for example, be
used in sensors”**” or to manipulate the refractive index.*>*’
Preferably, the films should be crystalline, with the defined
structure enhancing, for example, the selectivity in sensing.
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We have shown that our Co-ZIF-90 thin films are crystalline
and nanoporous. Also, they are homogeneous and void-free as
well as rather smooth; in addition, when prepared under
optimized conditions, they possess only very few very narrow
cracks. Therefore, they are well-suited to further explore their
optical properties and functionalities.

Important optical properties of the thin films are their light
transmission characteristics and their refractive index. The
UV/vis transmission spectrum of a Co-ZIF-90-on-ZIF-8
coating on glass (two deposition cycles for Co-ZIF-90) in an
argon atmosphere is given in Figure 12. A high transmission of

100~
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Figure 12. UV/vis transmission spectra of Co-ZIF-90-on-ZIF-8
coatings on glass substrates, synthesized with two deposition cycles
for Co-ZIF-90. The transmission is given for samples in an argon
atmosphere (orange line), in moist argon (blue line), and again in
argon after the water treatment (red line). The transmission of the
blank glass slide substrate is given as a reference.

at least 80% is given above 370 nm. Absorption can be
observed between 500 and 600 nm with a maximum at 558
nm, which is in good agreement with the ellipsometry
measurement that is discussed in Section 3.4. This absorption
in the area of the yellow light is reflected by the purple color of
the samples. An increased absorption is observed in the near
UV, resulting in a lower transmission compared to glass below
400 nm. Nearly no transmission difference between the coated
and uncoated glasses can be seen in the red and near IR range
of the light spectrum. The films provide a high quality
especially in this range of the light spectrum. When the
samples are exposed to humidity, a shift of the spectrum can be
observed. The transmission through the films decreases, but a
transmission of at least 80% is still given above 390 nm. The
absorption maximum shifts to 565 nm. This shift is reversible
when the films are exposed to dry argon again. The highest
transmission differences can be found at the border to the UV
region between 325 and 400 nm. A shift in the transmission
spectrum corresponds to a change in the optical properties of
the thin films and should also be visible for other optical
properties like the refractive index of the MOF films.

We investigated the refractive index of the Co-ZIF-90 thin
films in atmospheres with controlled RH using ellipsometry.
This was performed in a static experiment, so the films were
left in the atmosphere with the predefined RH for a few
minutes before the ellipsometry measurements were taken in
eightfold replication. The refractive index dispersion curves
were averaged for each RH value. Figure 13 shows the
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Figure 13. Left: refractive index dispersion curves of Co-ZIF-90 thin films at a different RH ranging from 4 to 90% RH. Right: a plot of the

resulting refractive indices at 589 nm (np,) as a function of RH.

averaged refractive index dispersion curves at different RH (left
graph) and the refractive index at 589 nm (np, D line of
sodium vapor) for different RH values. For a better overview,
not all of the refractive index dispersion curves are shown in
this graph. The dispersion curves measured at all investigated
RH values are given in Figure S11. As usual, the refractive
index dispersion curves globally show a decay with increasing
wavelength. The observed increase of the refractive index
around 575 nm is found for all samples. It is caused by the
absorption of the yellow light in this wavelength range and is
expected for a purple-colored material. An absorption in this
range also appears in the UV/vis spectrum of a Co-ZIF-90-on
ZIF-8 coating on glass, which is shown in Figure 12. In our
ellipsometry experiments, the lowest RH is 4%, and the highest
is 90%. In the range from 4 to 20% RH, only a small increase of
the refractive index is visible. A pronounced increase of the
refractive index can be observed between 20 and 40% RH with
the largest change of Anp = 0.07 between 30 and 35% RH
(Figure 13, right). In total, a refractive index increase of Anp =
0.10 takes place between 20 and 40% RH. At higher humidity,
the refractive index stabilizes between 40 and 90% RH and
shows no further significant increase. A similar behavior is also
found for the Co-ZIF-90 particles in water vapor sorption
experiments. These exhibit a pronounced water uptake step at
a relative pressure between 0.4 and 0.55 (see Figure 1). The
difference in the positions of the water uptake step on the RH
versus the relative pressure scale can be explained by the
different experimental approaches and specifically by the
medium of the water vapor: water in argon for the ellipsometry
measurements on the thin films and vacuum for the water
sorption measurements on the powder.

The reversibility of the refractive index modulation upon
exposure of the thin films to different RHs was investigated
using ellipsometry. The refractive index was measured while
the RH was alternated between 10 and 60% RH in cycles
showing a high reversibility (see Figure S12 in the Supporting
Information). This experiment still shows the static refractive
index modulation and is not time-resolved, since the
ellipsometry measurements take around 15 s per measurement.
The rate of the refractive index change caused by humidity was
investigated in a UV/vis kinetic measurement that is described
in detail in the Supporting Information. A home-built
measurement cell with quartz glass windows and an inlet and
outlet for gases was used. The transmission through a Co-ZIF-
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90-on-ZIF-8-coated glass slide was automatically measured
every 0.1 s at a wavelength of 350 nm. This wavelength was
chosen because the films have the highest transmission
difference between the dry state (in argon) and the moist
state (in humidified argon) here. Figure 14 shows the

604 water on
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Figure 14. UV/vis kinetic experiment on a Co-ZIF-90-on-ZIF-8-
coated glass slide in dry and moist argon atmosphere. Different time
steps were employed for the switching between dry and moist argons.
The transmission was measured at 350 nm with a resolution of 0.1 s.

evolution of the transmission in this time-resolved experiment.
Arrows indicate changes between the dry and moist
atmosphere. A complete recovery of the transmission is
achieved even for the fastest switching times of 5 s showing
that the adsorption and desorption of water in the films take
place very fast. A reference experiment that was performed on
a ZIF-8-coated glass slide is given in Figure S13 (Supporting
Information). Also, further explanations on this experiment can
be found in the Supporting Information. Nearly no trans-
mission changes are visible for the ZIF-8 thin films when the
atmosphere is switched from dry to moist or reverse. Hence,
the ZIF-8 seeding layer has no impact on the switching
behavior of the Co-ZIF-90-on-ZIF-8 coating. Since the
changes in the transmission and the refractive index are
related with each other,”” we can say that the switching of the
refractive index takes place on the second time scale. A detailed
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analysis of the switching times in the “S s steps” is shown in
Figure S14. The transmission was normalized for this analysis
with the transmission in dry argon atmosphere being 100% and
the transmission in moist argon atmosphere being 0%. We
analyzed the time difference between the beginning of the
transmission decay of the signal and the time, where 90% of
this decay is completed. Based on this evaluation, we can say
that the water sorption takes around 1 s. An analogously
performed analysis for the water desorption results in a
desorption time of around L.S s.

4. CONCLUSIONS

We have reported the synthesis of thin films of the cobalt
version of ZIF-90 (Co-ZIF-90) that can be grown at room
temperature using a cycle-based growth method. This method
enables a fast growth of the thin films within 90 min. High-
quality ZIF-8 thin films were used as seeding layers to enable
the growth of the Co-ZIF-90 thin films as a MOF-on-MOF
coating. We have shown how the different synthesis parameters
influence the quality of the thin films in terms of crystallinity
and optical quality. Co-ZIF-90 cannot be grown from solutions
containing only cobalt(Il) nitrate or acetate since either no
growth of the MOF is observed or a very fast crystallization
takes place directly after mixing the precursor solutions. Mixing
the nitrate and acetate in different ratios enables the control
over the growth of the MOF, which is key to grow the thin
films. We have optimized the concentration range, the acetate
to nitrate ratio, and the reaction times and have obtained
nearly crack-free Co-ZIF-90-on-ZIF-8 coatings of optical
quality. The films provide a high transparency and are highly
crystalline and porous. Two aspects of our investigation on the
preparation of the Co-ZIF-90 thin films can be considered as
promising novel approaches to control the growth of MOF
thin films (or other morphologies of MOFs): (i) the use of a
high quality seeding layer of one MOF to enable the direct
growth of another MOF and (ii) the use of a mixture of salts of
the same metal with different anions as precursor.

We have investigated the refractive index of the thin films in
detail. The films show a high affinity toward water above a
certain RH that results in a strong refractive index change with
a jump of the refractive index between 30 and 35% RH. In
total, a refractive index change of An & 0.1 was achieved by
changing from dry to moist argon and reverse. Further
ellipsometry measurements and a UV /vis kinetic study showed
the high reversibility of the refractive index modulation that
takes place very fast, with a switching time on the time scale of
1 s. Alternation between dry and moist argon can be resolved
well even at a fast alternation time of S s.

Basically, this study shows that by using novel concepts
(seeding layer) and by studying reaction conditions in depth,
the generation of thin films of optical quality from novel
materials using cycled direct growth becomes possible. Cycled
direct growth yields high quality films considerably faster than
traditional LPE growth techniques for MOF thin films.
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