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Abstract

In this article, we demonstrate a rapid and facile method for in-situ growth of metal-organic framework
(MOF) films on Cu or Zn metal substrates by sonochemical techniques. The substrates were first treated
with a strong oxidizing agent to convert the metal to the corresponding metal hydroxide. Ultrasonic
irradiation provided the energy to drive the reaction between the metal ion sources and organic ligands.
Four MOF films (Cu-BTC, Cu-BDC, ZIF-8 and MOF-5) were successfully fabricated by this approach.
The produced films were characterized by scanning electron microscopy and x-ray diffraction analysis.
The effects of organic ligand concentration and ultrasonic irradiation time on MOF film synthesis were
also systematically investigated. The rapid and facile fabrication method presented in this article could
serve a new route to grow MOF films on various gas sensor surfaces. Of the MOF films, ZIF-8 film was

tested as a potential methane sensor.
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1. Introduction

Porous coordination polymers, also known as metal-organic frameworks (MOFs), are one-, two-, or three-
dimensional crystalline structure materials consisting of metal cluster nodes and organic linkers, which
have uncommonly large surface areas [1, 2]. By rational selection of appropriate synthesis conditions
with nodes and linkers, it is possible to produce MOFs of desired surface area, pore size, functionality,
and topology [3]. Recently, the field of MOFs in chemistry is developing at a rapid pace with an increase
in the number of published papers and reviews appearing in the literature [4-7]. MOFs have shown
potential applications in gas storage and separation [8-10], catalysis [11, 12], ion exchange [13], and gas
sensing [14-16]. Crystal growth techniques such as slow diffusion, layering solutions, hydrothermal
methods and solvothermal methods are usually used to synthesize crystalline porous MOFs [17-19]. In
the conventional synthesis route, a mother solution containing metal salts are prepared in a capped
autoclave with different concentrations of organic linkers; the solution is then heated at a determined
temperature for a certain duration. Then the solid product is recovered by filtration or centrifugation.
Parameters such as solvent selection, temperature, pH, organic ligand concentration, synthesis time, and

even anion types are found to be major factors affecting the formation of MOFs [20].

Recently, many alternative synthesis techniques have been investigated where energy is provided through
microwave irradiation [21, 22], electrical potential (electrochemistry) [23, 24], mechanical excitation
(mechanochemistry) [4, 25], and ultrasound (sonochemistry) [26, 27]. Sonochemistry is a phenomenon in
which the reaction mixture undergoes a chemical change upon application of high-energy ultrasound
irradiation from 20 kHz to 10 MHz [24, 28]. The details of sonochemistry including ultrasound power,
temperature, reaction time, and their applications can be found in many publications [29-31]. When
passing through the reaction mixture, ultrasound irradiation can generate homogenous nucleation centers

that lead to decreased MOF crystallization time compared with classic solvothermal or hydrothermal



techniques [32, 33]. Son et al. reported successful preparation of high-quality MOF-5 crystals of 5-25 pm
in size via a sonochemical method in considerably reduced time (ca. 30 min) compared to conventional
solvothermal methods (24 h) [26]. In another report, Jung et al. used a low-cost solvent (1-methyl-2-
pyrrolidone, called NMP) for successful fabrication of high-quality MOF-177 crystals (size range of 5-20
pm) in 40 min via a sonochemical route [34]. Moreover, MOF-177 was produced under similar
conditions (35 min, size range of 5-50 pum) using microwave heating in NMP but exhibited lower
crystallinity. In contrast, a traditional solvothermal preparation route took approximately 48 h to produce
MOF-177 crystals (size range of 0.5-1.5 mm) in diethylformamide [35]. Kim et al. investigated a novel
sonochemical route for controlling the arrangement of CUTATB-n MOFs by adjusting the ultrasonic

power levels, and studied its effect on CO, adsorption [36].

Even though many MOFs crystals have been synthesized by a sonochemical method, there have been
limited reports on the sonochemical fabrication of MOF films on metal substrates. In this paper, we
demonstrate a rapid and facile fabrication of MOF films on metal substrates using a two-step
sonochemical approach. The effects of sonication time and organic linker concentrations on the MOF film
morphologies were systematically investigated. In addition, to prove the versatility of this method, four
well-known MOF compounds (Cu-BTC, Cu-BDC, ZIF-8, and MOF-5) were synthesized on either a Cu
or Zn substrate and characterized by scanning electron microscopy (SEM) and x-ray diffraction (XRD)

techniques.

The rapid and facile method presented in this article could serve a new route to grow MOF films on
various gas sensor surfaces. Thus, to show a feasibility of sonochemically synthesized MOF film-based

gas sensor, ZIF-8 film on a metal substrate was tested and demonstrated as a potential methane sensor.



2. Experimental Details

2.1 Materials

Trimesic acid (1, 3, 5-benzenetricarboxylic acid [H3BTC, 98 %, Alfa Aesar]), terephthalic acid (benzene-
1, 4-dicarboxylic acid [BDC, 98+ %, VWR]), 2-methylimidazole (2-MIM, 99 %, Aldrich), N,N-
dimethylformamide (DMF, 99.8 %, VWR), triethylamine (TEA, 99 %, Alfa Aesar), ammonium
persulfate ((NH;)2S,0g, 98 %, Aldrich), acetone (ACE, 99 %, VWR), and distilled deionized water
(DDW) were used without further purification in the synthesis of MOF films. Copper-clad substrate (RS
component code: 159-5773) and zinc strip (0.25 mm thick, 99.98 %, Alfa Aesar) were used as substrates

in the MOF film syntheses.

2.2 Metal substrate preparation

Cu-BTC and Cu-BDC were synthesized on a copper-clad substrate, and ZIF-8 and MOF-5 films were
synthesized on a commercial zinc strip. Prior to synthesis of the MOF films on the metal substrate, the
substrates were sonicated for 20 min in a 1:1 mixture of ethanol and DDW to remove any contaminants
on the surfaces. After being washed with copious amounts of DDW and ACE, the substrates were dried
with nitrogen. After the metal substrates were cleaned, the metallic copper and zinc substrates were
immersed into an aqueous solution of 4 ml sodium hydroxide (NaOH, 10M), 2 ml ammonium persulfate
((NH4)2S,0g, 1M), and 9 ml DDW. Cu(OH); nanotubes and Zn(OH), nanostrands [37] were formed after

30 min and 60 min of oxidation, respectively.

2.3 Preparation of precursor solutions and synthesis of MOF films

For the preparation of Cu-BTC films, BTC (0.1 mM, 0.5 mM, 3 mM) were dissolved in 5 ml of DMF.
For Cu-BDC and MOF-5 films, the precursor solution was prepared by dissolving BDC (0.5 mM, 1 mM,
3 mM) in 11 ml of DMF. For ZIF-8 films, 2-MIM (0.05 mM, 0.1 mM, 0.5 mM) were dissolved in 100 ml

of DDW and 10.1 ml of TEA. After stirring the precursor solutions vigorously for about 10 min, the metal
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hydroxide substrates were immersed in the corresponding precursor solutions and then sonicated at room
temperature for times varying from 5 min to 60 min. A sonicator (GemOro, Richmond, VA) with a
frequency of 40 kHz and an ultrasonic power of 100 watts was used because it provided sufficient energy
for MOF film formation. The temperature gradually increased with increasing sonication time. The
starting temperature was 22 °C and increased to 25 °C, 30 °C, 35 °C, and 45 °C at intervals of 5, 15, 30,
and 60 min, respectively. After the fabrication of MOF films, the substrates were washed with copious

amounts of DDW and ACE, and dried with nitrogen.

2.4 Characterization

A field emission scanning electron microscope (FE-SEM, QuantaTM 250) was used to investigate and
analyze the morphologies and an x-ray diffractomer (XRD, Rigaku Multiflex) was utilized to characterize
the crystalline structure of the two metal hydroxide and four MOFs films. Adhesion tests of four MOFs

films were performed by tape test according to ASTM D3359-02 [38] and by a sonication method [39] .

3. Results and discussion

3.1 Selection of a substrate and surface modification

Adhesion, anchoring, and nucleation of MOF crystals to substrates depend on the structure and chemical
constitution of the substrate surface. Utilizing a metal substrate to act as a metal ion source facilitates the
formation of a thin MOF film. When the substrate is a metal such as Cu or Zn, the in-situ growth of the
MOF film can be more effective, because the metal substrate may act as a source of metal ions for the
synthesis of the MOF film [40]. Furthermore, the organic ligand can be easily combined with dissolved
metal ions on the metal substrate to form well-defined MOF structures. The binding strength of the linker

molecules mainly depends on the acid/base properties of the substrate surfaces. Moreover, some metal



oxide surfaces can form strong covalent bonds with carboxylic acids and therefore offer the anchoring of
carboxylic acid-based MOFs [41]. Figure 1 illustrates the two-step method for the rapid and facile
synthesis of MOF films on metal substrates. Oxidation of the metal surfaces to metal hydroxides
facilitates the liberation of metal ions over the surface [42]. The use of high-intensity ultrasound enhances
the dissolution rate of metal ions from the metal hydroxide. This facilitate the coordination with organic
ligands ions to form MOF networks [43]. Figure 2 (a) and (b) show that the copper surface has been
converted to copper hydroxide nanowires and that the zinc surface has been converted to zinc hydroxide
nanostrands after metal substrate oxidation step.

XRD was used to confirm the conversion from metal (Cu and Zn) to the corresponding metal hydroxides.
Figure 3 (a) and (b) show that new peaks have appeared after oxidation of the metal substrate, which
represents conversion of pure metal to metal hydroxide. In the case of copper shown in Figure 3 (a), three
new peaks at 26 = 16.9°, 24.02°, and 34.28° appeared after oxidation, which correspond to (020), (021),
and (002), respectively, for Cu(OH), [44]. Four new peaks also appeared for the Zn metal substrate as
shown in Figure 3 (b) at 26 = 21.6°, 32.38°, 35°, and 48.1°, which correspond to (101), (100), (002), and

(112), respectively, for Zn(OH), [45, 46].

3.2 Synthesis of copper-based MOF films: Cu-BTC and Cu-BDC

The primary mechanism in sonochemical synthesis is acoustic cavitation. The creation, growth, and
collapse of bubbles in the liquid generate extremely high local temperatures (5000-25000 K) and
pressures, and lead to rapid releases of energy [26]. The corresponding solid surfaces are cleaned, eroded,
or activated to promote chemical reactions under the high energy and intense shear force [47]. In this
work, the high transient temperature plays a major role in the reaction between the metal ion and organic
ligands [26]. Without ultrasonic irradiation, no MOFs were obtained under the same synthesis condition

(data not shown). First, the effects of varying ultrasonic irradiation time from 5 min to 60 min were



studied using SEM and XRD. As shown in Figures 4 (a) and 4 (e), both Cu-BTC and Cu-BDC films were
synthesized after just 5 min of ultrasonic irradiation. The ordinary octahedral cubic structure of Cu-BTC
was produced, and the rod structure of Cu-BDC with crystal size less than 500 nm was generated. In
addition, we noticed that by increasing the sonication time, the shape of the crystal became more defined
and well developed as shown in Figures 4 (b—d) and 4 (f—h). This effect was most evident after 30 min of
sonication. After examining and analyzing the SEM images of these samples, the crystal size of Cu-BTC
seems to increase as a function of ultrasonic irradiation time, and the same trend can be noticed with Cu-
BDC nanorods (see supplementary section S1). This size change is commonly observed in sonochemical
synthesis due to an increase in the crystallization and growth rate during the in-situ growth [26, 48].

Figure 5 (a) and (b) show the XRD patterns, which confirm that Cu-BTC and Cu-BDC crystals have been
formed on the Cu metal substrate. At longer reaction time, strong peaks with higher intensity were
observed. Distinct peaks at 26 = 6.82°, 9.64°, and 11.74°, which correspond to (200), (220), and (222),
respectively, suggest the formation of a thin Cu-BTC film [40]. For Cu-BDC, the peaks appear at 20 =
7.8° and 17.6°, which correspond to (001) and (002), respectively [49]. The intensity of the peaks
increased with longer sonication time until a maximum intensity was reached at 30 min. This might be

due to the complete conversion of all available metal ions on the corresponding metal hydroxide layer.

3.3 Synthesis of zinc-based MOF films: ZIF-8 and MOF-5

Figures 6 (a—d) show the growth of ZIF-8 crystals on oxidized Zn metal substrates as a function of
sonication time. The crystals have rough surfaces, but some angles could be observed. The shapes varied
from cubes exposing 6 faces to intermediate shapes to parallelograms exposing 12 faces. The 12-face
parallelogram could be considered the most stable equilibrium morphology of ZIF-8. The oxidation of
zinc metal to zinc hydroxide allowed many Zn?* ions to be available for reaction with the 2-MIM linkers.

Confined ZIF-8 crystals with an average size of approximately 500 nm could be noticed after only 5 min



of ultrasonic irradiation, but the ZIF-8 film is mainly composed of aggregates containing crystals with
poorly resolved shapes. As seen in Figures 6 (a—d), ZIF-8 crystal growth occurred when increasing the
reaction time to 30 min and 60 min. SEM images of the MOF-5 as a function of sonication time are
shown in Figure 6 (e-h). After 5 min of sonication, as shown in Figure 6 (¢), MOF-5 was formed in
spherical shapes composed of agglomerated sponge-type crystals. This deterioration in the crystal quality
seems to occur due to the decay of the organic ligand in the crystallized MOF-5 [50]. Excess zinc
clusters, formed on the surface, may also compete for organic ligand in the MOF-5 crystals already
formed. However, further increases in sonication time, shown in Figures 6 (f-h), seem to enhance
uniformity and particle definition. We analyzed the SEM images to determine the effect of increasing
sonication time on the crystal size. Contrary to the other three MOFs produced, MOF-5 had a decreasing
average crystal size with increasing sonication time. This is likely due to the complex formation of
several nuclei resulting in a decrease in crystal size.

X-ray diffraction patterns in Figure 7 (a) demonstrate that pure ZIF-8 phase is formed on the zinc metal
substrate. The comparative intensities and notable peak positions at 260 = 7.7°, 10.7°, 13°, 18°, 18.5°, 27°,
and 30° correspond to (011), (002), (112), (013), (222), (233), and (044), respectively. This is in good
agreement with previous reports [47, 51-53]. The results showed that, with the increased sonication time,
the peaks became more sharp and intense. However, a slight peak shift was noticed on ZIF-8 XRD
patterns. Strain resulting from prolonged irradiation of ultrasonic waves is very likely to occur in a thin
film. Peaks will typically shift to lower angle with compressive stress and to higher angle with tensile
stress [54].

Figure 7 (b), shows the XRD pattern of prepared MOF-5 at different sonication time. the appearance of
four peaks at 260 = 9.2°, 14.8°, 16.1°, and 17.8°, which correspond to (220), (400), (420), and (440),

respectively, suggest that the formation of MOF-5 films were achieved [26, 55] even at 5 min sonication.



The peak strength also increased with increasing the sonication time as we observed in other MOF film

cases.

3.4 Effect of different concentration of organic ligands on MOFs synthesis

The crystalline structure and morphology of the synthesized MOFs are greatly affected by the
concentration of organic ligands and the deprotonation rate. The rapid and facile synthesis of the four
MOF films was systematically studied as a function of organic ligand concentrations. All MOF films used
for studying the effect of organic ligand concentration were prepared using 5 min ultrasonic irradiation.
Figure 8 shows the XRD patterns of the four MOF films at different concentrations of organic ligands. At
3 mM of BTC organic ligand concentration, almost no Cu-BTC crystals were observed with SEM (see
supplementary section S2). We noticed an amorphous phase over the hydroxide layer; consequently, no
peaks of either Cu-BTC nor Cu(OH), were observed in the XRD pattern as shown in Figure 8 (a). At this
high concentration, not all organic ligands were dissolved; consequently, the solution was very turbid, and
the undissolved organic ligands may prevent dissolved ones from diffusion towards Cu ions causing the
reaction to be very slow. This behavior may be changed if we change the solvent used in this study. In
contrast, for the 0.5 mM of BTC solution condition, well-defined cubic crystals of Cu-BTC were clearly
observed (see Figure 4 (a)). In addition, a lower concentration of organic ligand (0.1 mM of BTC) also
resulted in the formation of Cu-BTC with some well-defined cubic structures. However, the surface
density and homogeneity of the crystals are not as good as Cu-BTC crystals with 0.5 mM of BTC (see
supplementary section S2). For Cu-BDC, the rod structure was well observed at the concentration of 1
mM of BDC, which was confirmed by SEM (see supplementary section S2) and the XRD pattern in
Figure 8 (b). However, at a lower concentration of BDC (0.5 mM), an amorphous phase was observed
with very few Cu-BDC crystals formed. Moreover, we noticed trace amounts of Cu(OH), nanowires in

the SEM images (see supplementary section S2). This suggests insufficient organic ligand ions exist to



crystallize and form well-developed Cu-BDC crystals. At a higher concentration of BDC (3 mM), even
though some nanorods of Cu-BDC crystals were observed, the Cu-BDC film lacks surface density and
homogeneity. In addition, we noticed residues of unreacted Cu(OH), nanowires in the SEM images (see
supplementary section S2). This is also reflected on the XRD pattern showing a peak at 26 = 24.02° in

Figure 8 (b).

Figure 8 (c) shows the XRD patterns of ZIF-8 films at different organic ligand concentrations. Crystals of
ZIF-8 with well-defined edges were observed at 0.05 mM of 2-MIM. However, the surface density and
homogeneity of the film was low (see supplementary section S2). At 0.1 mM of 2-MIM, a highly dense
film of ZIF-8 crystals was observed (see Figure 6 (a)). By increasing the concentration of 2-MIM up to
0.5 mM, we could still observe a highly dense film with larger ZIF-8 crystals (see supplementary section
S2). This may be due to the high solubility of the 2-MIM organic ligand in polar solvents even at high
concentrations. The dissolution rate of organic ligands seems to be sufficient to form well-developed ZIF-

8 crystals.

For MOF-5 preparations at 0.5 mM of BDC, the MOF-5 crystals were much smaller than those obtained
with 1 mM of BDC (see supplementary section S2). Even though MOF-5 crystals were observed with
SEM, these small crystals were not detected with XRD as shown in Figure 8 (d). By increasing the
concentration of BDC up to 1 mM, we could observe larger MOF-5 crystals with SEM (see Figure 6 (e))
and confirm the formation of a MOF-5 film with the XRD pattern in Figure 7 (b) and 8 (d). In addition,
larger crystals with defects were observed at 3 mM of BDC (see supplementary section S2). This was
reflected in the XRD pattern, shown in Figure 8 (d), where a very sharp peak with high intensity at 26 =
9.1° was noticed alongside new peaks at 26 = 17.3°, 25.2°, 25.7°, and 28.1°. It seems that aggregation of

BDC organic ligand molecules has occurred at higher concentrations.

3.5 Adhesion tests of the MOF films
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Strong adhesion of a MOF film at the interface between the film and the metal substrate is important
especially in gas sensing applications. We tested the adhesion of the four MOF films by tape test
according to ASTM D3359-02 [38] and by a sonication method [39]. Four MOF films, Cu-BTC with 0.5
mM BTC, Cu-BDC with 1 mM BDC, ZIF-8 with 0.1 mM 2-MIM, and MOF-5 with 1 mM BDC, were
prepared by the method stated above with 5 min of ultrasonic irradiation. Standard tape tests were
performed according to ASTM D3359 by applying and removing pressure sensitive tape over cuts made
in the MOF films. SEM images show that the films have good adhesion as most crystals are still attached
to the substrate after tape test (see supplementary section S3). In addition, ultrasonic tests were performed
by placing four MOF films separately in vials containing ethanol. Then they were sonicated in an
ultrasonic bath (40 kHz and ultrasonic power of 100 watts) for up to 60 min. SEM images in Figure 9
show that the films have good adhesion as most crystals remain still attached to the substrate after 60 min

of sonication. Minimal changes to MOF films occurred at time intervals of 5, 10, 30, and 60 min.

3.6 Methane sensing potential of ZIF-8 film

ZIF-8 film on a Zn substrate was employed to demonstrate the feasibility of sonochemically synthesized
MOF film-based gas sensor. ZIF-8 is commonly used for methane storage and separation due to excellent
molecular sieving properties [37]. The framework’s structural flexibility, via a swing effect in the
imidazole linkers, allows the adsorption of methane (kinetic diameter ~ 0.38 nm) even into the smaller
secondary pores (average pore size ~0.34 nm) [53, 56]. Furthermore, it has been shown that ZIF-8 is
selective to methane because it is more permeable to smaller molecules such as H,, CO,, O, and N, [53].
Potentio electrical impedance spectroscopy (PEIS) was utilized to show methane sensing potential of ZIF-
8 film. Setup for gas sensing experiments is well described in supplementary information section S4.
Figure 10 shows the results from running PEIS on the ZIF-8 film after it was exposed to different

methane concentrations. The results show that the total impedance decreases as the injected methane
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concentration increases and low frequencies result in larger responses. At frequencies, f, above 100,000
Hz, the responses are almost negligible. The largest sensor responses (AR/Ry), 26.4%, 24.0%, and 15.1%,
were obtained at 3600 Hz for 375 ppm, at 1.98 Hz for 250 ppm and at 27.3 Hz for 125 ppm, respectively.
These sensor responses suggest that ZIF-8 films may be feasible as a methane sensing material with low

frequency impedance measurements.

4. Conclusion

In summary, four well-known MOFs were synthesized as films over a metal substrate by a rapid and
facile sonochemical method. The process is simple, straight-forward, and has yet to be reported. The
sonication time and organic ligand concentrations are crucial factors. The crystal size increased with
prolonged exposure to the ultrasonic irradiation except in the MOF-5 film. The use of high-intensity
ultrasound enhanced the reactivity of metal hydroxide and the organic linker. This led to an increase in
the crystallization and growth rate during the in-situ growth for Cu-BTC, Cu-BDC, and ZIF-8. The
optimal concentrations of organic ligands are 0.5 mM BTC for Cu-BTC; 0.1 mM 2-MIM for ZIF-8; and 1
mM BDC for MOF-5 and Cu-BDC. The films were fully converted and homogeneous at these
concentrations. Utilizing the metal hydroxide to act as the metal ion source facilitated the formation of
good MOF films with strong bonding with the metal substrate. This method is expected to be useful in the
preparation of other MOF films such as MOF-74, IRMOF-62, MIL-101, and MOF-199.

It was also shown that the sonochemically synthesized ZIF-8 film exhibited noticeable responses to
methane gas. The sensor showed potential in differentiating various concentrations of methane. Future
works will look to expand on the gas sensing performance of the synthesized MOFs. The selectivity of

the MOF film gas sensors will be tested using different gases.
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min (magenta).
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