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Zinc oxide nanorods were synthesized directly on a silicon micro-
cantilever and converted into a nanoporous ZIF-8 film via a solvothermal
reaction. The simultaneous measurements of the resonance frequency
and deflection of the cantilever revealed that the adsorption of alcohol
vapors induced a structural change in the ZIF-8 framework.

Zeolitic imidazolate frameworks (ZIFs), a subset of metal-organic
frameworks (MOFs) or porous coordinated polymers, have attracted
much attention recently due to their superior chemical and thermal
stabilities compared to conventional MOFs. The porosity and
chemical functionalities of ZIFs can be easily tailored by tuning
the central metal ions and the organic linkers,' thereby creating
materials that are useful in traditional applications such as gas
storage, gas separation, and heterogeneous catalysis,”™ as well as in
chemical vapor sensing applications.®® The integration of ZIFs into
gas sensing platforms, however, is not straightforward because
conventional gas sensors measure changes in electrical properties,
whereas most ZIFs are not conductive."

This problem may be overcome by using ZIFs in combination
with mechanical transducers, such as microcantilevers, as sensing
platforms. Microcantilevers have two operation modes, a static
mode and a dynamic mode, that detect changes in the deflection
and resonance frequency, respectively, induced by the adsorption
of gas molecules onto the cantilever surface."" The sensitivity of a
microcantilever is determined by its dimensions, whereas the
selectivity of a microcantilever sensor is achieved by applying a
particular coating material on the sensor surface.”'> Among the
various materials available as sensing materials, polymers are
preferred because their chemical composition may be tuned and
they are easy to apply to the cantilever surface."® The drawback to
using polymers as sensing materials is that their response to the
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adsorption and desorption of gas molecules is slow, which
degrades the sensor performance. By contrast, ZIFs respond
rapidly to the binding and release of gas molecules due to their
high porosity.” In addition, the large surface area and tunable
chemical composition of ZIF films suggest that ZIFs could
be excellent sensing materials that, when coupled with micro-
cantilever sensors, would yield high sensitivity and selectivity
and rapid response times.

Several methods have been developed for coating MOFs on
sensor surfaces. In order to measure simultaneously the responses
from the dynamic mode and static mode of a microcantilever
sensor, only one side of the cantilever surface should be coated,
which limits the application of conventional dip coating techniques.
Hwang et al. used photolithography techniques to pattern molds
with a square cross-section that permitted drop-casting of a ZIF
layer onto a bridge microresonator."* Allendorf and Hesketh
formed a self-assembled monolayer on gold-coated microcantile-
vers and synthesized a HKUST-1 framework on only the monolayer-
coated surfaces."

In this study, we developed a simple method for synthesizing
ZIF-8 films on one side of silicon microcantilevers and examined
the response of the ZIF cantilever to the adsorption of alcohol
vapor. A thin layer of zinc oxide (ZnO) was sputtered onto a
silicon wafer and a silicon microcantilever. ZnO nanorods were
synthesized directly on the substrates via solvothermal reactions,
and these layers were converted into ZIF-8 films. Unlike previous
methods, which used vacuum-deposited ZnO films as the metal
ion sources and required atomically smooth sensing surfaces
to produce a highly crystalline framework,'® the ZIF-8 films
obtained from the ZnO nanorods exhibited a high crystallinity,
even on the rough silicon microcantilever surfaces. Exposure
of the ZIF-8 film-grown microcantilevers (ZIF cantilevers) to
methanol, ethanol, or 1-propanol induced changes in the reso-
nance frequency and deflection of the cantilever. Simultaneous
measurements of the resonance frequency and cantilever deflec-
tion revealed that the ZIF-8 layer undergoes structural changes
during alcohol vapor adsorption, and that these changes depend
on the alcohol vapor concentration.

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Side-view SEM images of the ZnO nanorods grown with different
lengths ((@) 250 nm, (b) 360 nm, (c) 1.2 um, (d) 3.5 pm) on a silicon wafer,
and side-view and top-view SEM images of the corresponding ZIF-8 films
after 1 h solvothermal reactions. (e) Top-view SEM image of a ZIF
cantilever, and (f) magnified image of the ZIF cantilever surface.

The first column in Fig. 1(a)-(d) shows side-view scanning
electron microscopy (SEM) images of ZnO nanorods with different
lengths between 250 nm and 3.5 pm grown on a silicon wafer.
After conversion of the ZnO nanorods to ZIF-8 films via a
solvothermal reaction, the film thickness increased substantially
because the molar volume of ZIF-8 was 17 times larger than that of
ZnO (see the second column in Fig. 1(a)-(d) for side-view images of
the ZIF-8 films)."” The top-view SEM images of the ZIF-8 films
in the third column of Fig. 1(a)-(d) show that the ZIF-8 films
consisted of granules with diameters of a few hundred
nanometers. The granule size increased with the initial ZnO
nanorod length because the larger ZnO nanorods provided
more zinc ions for the solvothermal reaction, indicating that
the concentration of zinc ions limited the growth of the ZIF-8
films under our experimental conditions. The 250 nm ZnO
nanorods (Fig. 1(a)) produced a ZIF-8 film that partially covered
the surface, and the 360 nm ZnO nanorods (Fig. 1(b)) produced
a ZIF-8 film that was apparently weakly bound to the surface.
However, the 1.2 pm ZnO nanorods showed the uniform ZIF-8
film (Fig. 1(c)); these nanorods were used for the synthesis of
ZIF-8 films in all subsequent XRD characterization and gas
sensing applications. Fig. 1(e) and (f) show SEM images of the
ZIF cantilever at different magnifications. The conversion of
the ZnO nanorod layer to the ZIF-8 layer increased the film
thickness from 1.2 pm to 2.2 pm. Note that the ZIF-8 film was
synthesized only one side of the silicon cantilever, enabling the
observation of cantilever deflections during gas adsorption.:§

Fig. 2 shows the XRD patterns of a 30 nm thick ZnO seed layer
(black), ZnO nanorods after the hydrothermal reactions (blue),
and the resulting ZIF-8 film after the solvothermal reactions (red).
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Fig. 2 X-ray diffraction (XRD) patterns of the ZnO seed layer (black), ZnO
nanorods (blue), and ZIF-8 film synthesized from the ZnO nanorods (red).

The ZnO seed layer showed a strong peak at 32.9° corresponding
to the (112) plane of the Ti adhesion layer and a weak peak at
33.7° corresponding to the (002) plane of the ZnO film."®'® The
ZnO nanorods showed a strong (002) peak, suggesting that they
grew perpendicularly to the substrate. The ZIF-8 film showed
several peaks at 7.3°,10.4°, 12.7°, and 18.02°, corresponding to the
(100), (200), (211), and (222) peaks of ZIF-8, according to the CCDC
number 602542." Note that the presence of the (002) ZnO peak
in the ZIF-8 film indicated that the ZnO nanorods were not
completely converted to ZIF. The extent of conversion was inten-
tionally controlled to achieve strong adhesion between the ZIF-8
film and the silicon substrate.§

Fig. 3 shows the resonance frequency of the ZIF cantilever
during the adsorption and desorption of saturated methanol,
ethanol, or 1-propanol vapor. The adsorption of alcohol vapor
onto the surface of the cantilever instantly decreased the
resonance frequencies (indicating an increase in the mass).
The resonance frequency of a cantilever is directly related to the
adsorbed mass on the cantilever according to
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Fig. 3 Resonance frequency of the ZIF cantilever normalized by the
molecular weight of the alcohol during the adsorption and desorption of
saturated methanol (black), ethanol (red), or 1-propanol (blue) vapor.
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where f; m*, and k represent the resonance frequency, the effective
mass, and the spring constant of the cantilever, respectively. In the
present experiments, the actual mass of the adsorbed molecules was
not calculated from the frequency change due to the uncertainty in
the modulus of the ZIF-8 layer; however, it can be safely assumed
that the frequency change will be correlated qualitatively with the
mass change. The change in resonance frequency normalized by the
molecular weight of the alcohol provided a measure of the number
of adsorbed alcohol molecules.q

The magnitudes of the normalized frequency changes upon
vapor adsorption followed the order of methanol > ethanol >
1-propanol and were inversely proportional to the molecular
weight of the alcohol molecules. The pore size of ZIF-8 was
1.2 nm,*® and the aperture sizes of the ZIF-8 varied from 0.35 nm
to 0.58 nm, depending on the gas adsorption-induced structural
changes of the framework.>" The molecular sizes of methanol,
ethanol, and 1-propanol are 0.36 nm, 0.45 nm, and 0.47 nm,
respectively,* and the largest change in the normalized resonance
frequency was observed for methanol, which had the smallest
molecular size. The desorption of methanol molecules from the
ZIF-8 film induced a rapid change in the frequency, indicating
that the interactions between methanol and the ZIF-8 film were
not strong. By contrast, the desorption of ethanol or 1-propanol
molecules from the ZIF-8 film induced sluggish changes in the
frequency, and a slower response was observed from the desorption
of 1-propanol than of ethanol. These results indicated that the
alcohol vapor molecules adsorbed or desorbed mainly at the hydro-
phobic imidazole linkers.*?

The changes in the deflection of the ZIF cantilever were
measured simultaneously with the changes in the resonance
frequency (see Fig. 3), as shown in Fig. 4. The largest deflection
was observed during the adsorption of methanol, indicating
that the many more methanol molecules were adsorbed to the
cantilever compared to ethanol and 1-propanol; however, the
cantilever deflections due to the adsorption of 1-propanol were
larger than the deflections induced by ethanol adsorption, even
though the number of adsorbed 1-propanol molecules was smaller.
This result suggests that the deflection of the cantilever is affected
not only by the number of alcohol molecules but also by the
interactions between the adsorbed alcohol molecules and the
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Fig. 4 Deflection of the ZIF cantilever during the adsorption and desorption
of saturated methanol (black), ethanol (red), or 1-propanol (blue) vapor.
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ZIF surface. The strong adsorption of 1-propanol resulted in
slower recovery of the deflection during its desorption compared
to ethanol or methanol.

It is interesting to note that, during desorption of the alcohol
molecules, the changes in deflection (Fig. 4) differed significantly
from the changes in resonance frequency (Fig. 3). Specifically, the
resonance frequency changes during desorption lasted longer than
the deflection changes during desorption. This unusual result can
be attributed to the presence of two different types of alcohol
molecules inside ZIF-8 pores: molecules adsorbed onto the surface
of ZIF-8 and free molecules not bound to the surface. The adsorbed
molecules affected both the resonance frequency and the cantilever
deflection, whereas the unbound molecules affected only the
resonance frequency of the cantilever. In this situation, the
longer time for the recovery of the resonance frequency com-
pared to the deflection indicates that the desorption process
was diffusion-limited. The separation of the adsorbed mole-
cules from the ZIF surface was faster than the rinsing of the
separated molecules out of the pores.

Fig. 5(a) shows the variations in the normalized resonance
frequency of the ZIF cantilever as a function of the vapor
concentrations of methanol, ethanol, and 1-propanol. For each
alcohol, the frequency changes increased with the concen-
tration and displayed S-shaped isotherms at room temperature.
The alcohol vapor concentration at which the abrupt change
occurred was defined as the critical concentration. The critical
concentrations are associated with the gate opening-induced
structural changes in the framework and determined for
methanol, ethanol, and 1-propanol to be 10%, 5%, and 3%,
respectively, which agreed well with the results reported by
Remi et al>** The critical concentration decreased as the
hydrophobicity of the adsorbed alcohol molecules increased,
further indicating that the ZIF-8 films were hydrophobic.

Fig. 5(b) shows the deflections measured simultaneously
with the resonance frequencies of the ZIF cantilever upon the
adsorption of various concentrations of methanol, ethanol, and
1-propanol. It is interesting to note that the cantilever bent
upwards (i.e., toward the ZIF-8 film) at low concentrations, but
bent downwards (i.e., away from the ZIF-8 film) at high con-
centrations. The alcohol vapor concentrations at which the
cantilevers began to bend upward coincided with the critical
concentrations determined from the resonance frequency mea-
surements, indicating that tensile stresses formed during the
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Fig. 5 The normalized resonance frequency (a) and the deflection (b) of
the ZIF cantilever due to the adsorption of various concentrations of
MeOH (black), EtOH (red), or 1-propanol (blue).
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gate opening of the ZIF-8 film. The further adsorption of alcohol
molecules onto the ZIF-8 film caused the framework to expand
(i.e., bend downward), and the balance between the two effects
produced maximal concentration-dependent deflection changes.

We developed a facile method for synthesizing nanoporous
ZIF-8 layers directly on silicon microcantilevers by using a ZnO
nanorod layer as a metal ion source. The volume expansion due
to the conversion of the ZnO nanorods to a ZIF-8 film was
accommodated by the open spaces between the ZnO nanorods,
which prevented excessive bending of the cantilever during the
growth of the ZIF-8 layer. The ZIF cantilever was exposed
to methanol, ethanol, and 1-propanol vapor. The changes in
the resonance frequency and deflection of the cantilever were
measured simultaneously during the adsorption and desorption of
these alcohol vapors onto the ZIF-8 layer. The critical alcohol vapor
concentration needed to induce structural changes in the framework
was found to decrease in the order of 1-propanol > ethanol >
methanol. This trend was attributed to differences in the concen-
tration of alcohol required to induce gate opening of the ZIF-8
framework. The molecular weight-dependent adsorption and
desorption kinetics of the alcohol vapors on the ZIF-8 may be used
to separate a target alcohol from an alcohol vapor mixture.

This work was supported by Research Institute of Industrial
Science and Technology (RIST), Pohang, Korea.

Notes and references

i Materials. Zinc nitrate hexahydrate (Zn(NOs),-6H,0), ammonium
hydroxide solution, 2-methylimidazole (2-MIM), methanol, ethanol,
and 1-propanol were purchased from Sigma-Aldrich and were used
without further purification. Rectangular silicon microcantilevers were
obtained from Micromotive (Mainz, Germany). The length, width, and
thickness of each cantilever beam were 450 pm, 90 pm, and 5 pum,
respectively.

§ Synthesis of the ZnO nanorods and their conversion into ZIF-8 films
on silicon wafers and microcantilevers. Ti adhesion layers (3 nm) and
ZnO seed layers (30 nm) were sputtered sequentially onto one side
of the silicon wafers and silicon microcantilevers. ZnO nanorods
were hydrothermally synthesized on the ZnO-deposited substrates over
various periods of time in a 10 mM Zn(NOj), solution at a pH of 10.3
and 90 °C. The substrates were then rinsed with deionized water and
ethanol repeatedly and dried under a gentle nitrogen flow. The ZnO
nanorod-coated substrates were UV-irradiated to produce hydroxyl
groups on their surfaces. The conversion of ZnO to ZIF-8 was governed
by the competition between the dissolution and coordination of Zn**.'®
To avoid the rapid dissolution of ZnO in the aqueous solution, the
conversion was conducted by immersing the ZnO nanorod-grown
substrates in a 1 M 2-MIM methanol solution at 160 °C for 1 h. The
resulting ZIF-8 film-coated substrates were rinsed with deionized water
and methanol and dried under a nitrogen flow. The ZnO nanorods and
ZIF-8 films grown on silicon wafers were characterized by collecting
side-view scanning electron microscopy (SEM) images and X-ray diffrac-
tion (XRD) patterns. The ZIF cantilever was used to monitor changes in
the resonance frequency and deflection during the adsorption of
alcohol vapors.

€ Instrument set-up. Fig. S1 (ESIt) shows a schematic illustration of the
instrument set-up used in this study. The ZIF cantilever was mounted in
a flow cell featuring an embedded piezoelectric actuator. A laser beam
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reflected from the silicon side of the cantilever was tracked using a
position-sensitive detector, and changes in the deflection were mon-
itored. The resonance frequency of the cantilever was determined using
a home-built LabView program based on a fast Fourier transform (FFT)
algorithm.?® Dry nitrogen was passed through a gas bubbler containing
methanol, ethanol, or 1-propanol to generate vapor. The wet nitrogen
flow containing the alcohol vapor was combined with a dry nitrogen
stream, and the vapor mixture flow was injected into the flow cell. The
gas flow rates of the dry and wet nitrogen were controlled using mass
flow controllers (Brooks Instruments, Hatfield, PA), and the total flow
rate was fixed at 100 mL min~". All experiments were conducted at
room temperature.
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