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Metal—organic frameworks (MOFs) are ideal for
gas sensing due to their high porosity and chemical diversity.
However, their low electrical conductivity has traditionally
limited their application in chemiresistive-type sensors. The
recent development of electrically conductive MOFs (cMOFs)
has addressed this limitation. However, directly designing
cMOFs with specific sensing properties remains challenging
due to the limited understanding of their structure—property
relationships. At this stage, the synergistic integration of cMOFs
with conventional insulating MOFs has emerged as a viable
solution, enabling diverse gas interactions and the rational
design of sensing properties. Despite this potential, exploration
of the diverse roles of MOFs in such composites remains
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underutilized. Herein, we develop a series of MOF-on-cMOF sensors and demonstrate their tunable sensing properties. A two-
step solution-shearing-based film fabrication method enables facile integration of cMOFs with a wide range of conventional
MOFs in layered structures. On cMOF thin film as a primary sensing layer, secondary MOF layers with different pore
structures and adsorption properties were strategically selected and deposited. These layered film sensors exhibited tunable
sensing properties, including enhanced sensitivity, selectivity, response speed, and recovery for analytes such as NHj;, H,S, and
NO,. These improvements cannot be achieved solely through the conventional role of MOFs as sieving layers. Furthermore,
computational analyses elucidated the structure—property relationships underlying these improvements, offering key insights

into the rational design of MOF-based gas sensors.

metal—organic frameworks, conductive, layered structures, thin film, gas sensors

Metal—organic frameworks (MOFs) are viewed as promising
gas-sensing materials due to their large surface area and high
porosity, which facilitate efficient gas diffusion and adsorp-
tion."”” Additionally, MOFs offer extensive chemical diversity
due to virtually infinite combinations of linkers and nodes,
allowing them to interact with a wide range of analytes. These
properties make MOFs versatile and promising for various
sensing platforms, including optical,” capacitive,” and gravi-
metric sensors.” However, their low electrical conductivity has
traditionally limited their use in chemiresistive sensing
applications.” Recently, there have been growing efforts to
develop electrically conductive MOFs (cMOFs), which are
typically designed with 7-conjugated linkers and metal centers
to create p-d extended conjugation and p—p orbital overlap,
thereby achieving high electrical conductivity.” With their high
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electrical conductivity combined with the inherent advantages
of MOFs, cMOFs have emerged as promising materials for
chemiresistive sensors, setting them apart from conventional
sensing materials.”” While the applicability of cMOF sensors
has been demonstrated for various analytes,'’”'* their
sensitivity and selectivity have yet to reach sufficient levels.
However, directly modifying the structure of ¢cMOFs for
desired sensing properties remains challenging due to the
incomplete understanding of their structure—property relation-
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Figure 1. Schematic illustrations of (a) the fabrication process for a layered MOF-on-cMOF film using the solution shearing method and (b)

the functional roles of different MOF layers in the gas sensors.

ship. Additionally, maintaining optimal conductivity during the
modification process is particularly challenging, even though it
is one of the key advantages of cMOFs.”

A general strategy to address this issue is to design cMOF-
based composites by incorporating other materials with
relatively well-understood effects on the sensor properties.
Previously, foreign components like metal nanoparticles,'>~"”
metal oxides,'® and conducting polymers'’ have been
integrated into cMOF sensors to enhance sensing perform-
ance, though this often involved compromise in porosity. An
alternative approach is to combine multiple MOFs, which
inherently offer high porosities and diverse gas interactions.
When integrating cMOFs with other MOFs, two primary
approaches are possible. The first involves directly connecting
one MOF to another via coordination bonds.””*" This method
enables strong interactions between the two MOFs but
requires complex chemistry and imposes limitations on
possible MOF combinations. The second approach entails
integrating the two MOFs as separate layers with a van der
Waals gap.”” This configuration supports a broader range of
MOF combinations with complementary interactions with
gases. Consequently, this strategy holds the potential to
improve the sensing performance in diverse ways and across a
wide range of target analytes. Despite these advantages, the
utilization of MOF layers has been limited to acting as a gas
sieving layer for tuning the selectivity. The exploration of this
approach beyond conventional applications remains neglected
in this field.

In this work, we fabricated a series of MOF-on-cMOF thin
film devices using a microfluidic solution shearing process and
demonstrated their distinct roles in enhancing the gas-sensing
properties. The microfluidic solution shearing method,
previously developed by our groups,””** was employed to
fabricate highly uniform c¢MOF thin films with controlled
thickness. It served as the primary sensing layer for generating
reliable chemiresistive sensing signals. This process was then
extended to coat a secondary MOF layer on the cMOF film.

During this process, the separately coated MOF layers can
preserve the inherent conductive pathways of the cMOF film.
Simultaneously, this approach enabled the incorporation of a
wide variety of MOFs with different pore structures and gas
adsorption properties, allowing for the selection of suitable
options for specific target gases. The resulting MOF-on-cMOF
devices exhibited diverse effects on the gas sensing perform-
ance, including enhanced sensitivity, selectivity, response
speed, and recovery for different target analytes, surpassing
the conventional role of MOFs as simple gas sieving layers.
Furthermore, computational analyses, such as density func-
tional theory (DFT) and molecular dynamics (MD)
simulations, were conducted to gain deeper insights into the
key properties of MOFs that influence the sensing performance
differently.

RESULTS AND DISCUSSION

Preparation of MOF-on-cMOF Thin Films via Solution
Shearing. Figure 1a is a schematic illustration of the two-step
fabrication process for the MOF-on-cMOF thin film. In the
fabrication process, thin films of cMOF and MOF crystals
(ZIE-8, MIL-53(Al)-TDC, MIL-53(Fe), and MEM-300(Al))
were sequentially coated by two distinct steps. For the ﬁrst
coating, Cus(hexahydroxytriphenylene), [Cu;(HHTP),],
typical 2D ¢MOF,* was directly synthesized as a thin ﬁlm
on a substrate using a microfluidic blade, which also serves as a
solution shearing blade (Figure S1). 2627 The microfluidic
blade is designed with a herringbone pattern for rapid
homogeneous mixing of precursor solutions and nucleation
(Figures Slc and S2). It ensures the fabrication of highly
uniform thin films without aggregation, as demonstrated in our
previous research.””** Combined with the subsequent solution
shearing process, the thickness of the cMOF film can be
regulated to the tens of nanometers scale, which enables
efficient mass transport across the entire film. In the second
step, a suspension of presynthesized MOF crystals was
solidified as the second layer onto the cMOF thin film using
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Figure 2. Characterization of MOF-on-cMOF thin films. (a) Cross-sectional SEM image of the cMOF thin film and (b) its top-view SEM
image. (c) Thickness variation of the cMOF thin film as a function of the shearing speed, with a fitting curve (thickness  speed *** in
evaporation regime). (d) Cross-sectional SEM images of the ZIF-8 layer on the cMOF thin film and (e) its top-view SEM image. (f)
Thickness variation of the ZIF-8 layer as a function of shearing speed. The fitting curve shows an exponential decrease in thickness for
speeds below 3 mm/s (evaporation regime) and a logarithmic increase for speeds above 3 mm/s (Landau—Levich regime).

the solution shearing process. Although directly growing the
second MOFs on the cMOF was not possible due to the
incompatibility of the synthetic conditions and the limited
stability of the cMOF film, this approach enables nearly all
types of MOFs to be integrated with the cMOF in a layered
structure. Consequently, this fabrication method facilitates the
utilization and investigation of various MOF interactions
within the hybrid system. Additionally, the thickness of the
second MOF layer can also be precisely controlled through
solution shearing. The thickness of the MOF overlayer is a
critical parameter that governs the inflow flux and penetration
depth of the target gas, directly affecting the sensing
performance. This two-step process is capable of large-scale
production, simultaneously and uniformly yielding about 300
gas sensor devices per batch over an area of 50 X 50 mm
(Figure S3). Furthermore, this approach has the potential to be
scaled up by increasing the size of the shearing blades and
integrating it into roll-to-roll manufacturing processes.”® Such
scalability could greatly enhance large-scale production and
quality control, addressing key obstacles to the commercializa-
tion of MOF-based sensors.

The sensing properties of cMOF were modulated differently
depending on the type of MOF overlayers and their gas
interactions. We hypothesized that the sensing properties of
MOFs can be tuned in terms of both selectivity and sensitivity
through two main mechanisms depending on the pore size and
reversibility of gas adsorption: (1) the sieving layer effect and
(2) the gas accumulation effect (Figure 1b). Layering MOFs
with small pores, comparable to the kinetic diameter of the
target gas, results in a well-known gas sieving layer effect and
selectivity tuning. For instance, a ZIF-8 overlayer with a pore
size of 3.4 A can selectively allow small NH; molecules (kinetic
diameter = 2.6 A) while blocking larger H,S molecules (3.6
A).”” On the other hand, layering MOFs with larger pores and

moderate binding energy for the target gas, such as MIL-
53(Al)-TDC and MEM-300(Al),>>*" can induce a gas
accumulation effect. These MOFs act as extended gas
adsorption sites by allowing the reversible adsorption and
desorption of gases, thereby increasing the effective gas
concentration near the cMOF sensing layer and improving
sensitivity.

Characterization of MOF-on-cMOF Thin Films. Figure
2a,b shows scanning electron microscopy (SEM) images of
cMOF thin films fabricated using a microfluidic solution
shearing process. Simultaneous synthesis and growth of cMOF
during the process enable the formation of cMOF crystallites
with an average lateral size of 52.2 nm in the thin film (Figure
S4). X-ray diffraction (XRD) patterns of the crystallites
obtained from the thin film clearly show the crystal structures
of Cu;(HHTP), (Figure SS). As mentioned above, the
thickness of the layer is a key factor in sensors, as it directly
influences the diffusion and interactions with gas analytes.
Therefore, precise control over the layer thickness is crucial for
studying and optimizing the sensing properties of MOF-on-
cMOF systems. The thickness was finely controlled by the
shearing speed of the blade (thickness o speed **®) down to
approximately 30 nm scale, which is consistent with the
previous studies (Figure 2¢).””**

On the ctMOF film, crystallites of various MOFs can be
deposited as a second layer through the solution shearing
process. Figure 2d,e shows SEM images of the ZIF-8 layer on
the cMOF thin film. ZIF-8 crystallites were uniformly
deposited on the cMOF thin film with a thickness of 750
nm at a shearing speed of 3 mm/s. Energy-dispersive X-ray
spectroscopy (EDS) analysis of the MOF-on-cMOF film
further confirmed the formation of two distinct layers (Figure
S6). XRD analysis of the second MOF layer reveals that the
crystal structure of the MOFs is retained during the solution
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Figure 3. Sensing performances with the ZIF-8 layer. Dynamic sensing traces of the cMOF thin film and ZIF-8 layers fabricated at different
shearing speeds toward (a) 2 ppm of NH; and (b) H,S. (c) NH;/H,S relative selectivity of a cMOF thin film and ZIF-8 layers fabricated at
different shearing speeds. (d) Dynamic sensing traces of the cMOF with a ZIF-8 layer fabricated at a shearing speed of 3 mm/s toward

varying concentrations of NHj.

shearing process (Figure S7). In addition, it was confirmed that
other MOFs, including MIL-53(Al)-TDC and MFM-300(Al),
can be successfully deposited onto the cMOF layer,
demonstrating the versatility of the solution shearing process
(Figures S8 and S9). Similar to the coating process for the
cMOF film, the thickness of the overlayers can be controlled
by adjusting the shearing speed. However, the thickness was
controlled on the micron scale, primarily limited by the size of
the crystallites (Figure 2f). While higher shearing speeds yield
thinner films, increasing the shearing speed beyond a certain
point (ie., evaporation regime) does not further reduce the
thickness.”>* Instead, as the shearing speed exceeds the rate of
solvent evaporation (i, Landau—Levich regime), solid-
ification occurs after the formation of a wet film, resulting in
lower uniformity (Figure S10 and related discussions in the
Supporting Information).**** Nonetheless, submicron thick-
ness can be achieved within the evaporation regime, which
corresponds to a few layers of MOF crystallites. Altogether, by
utilizing the two-step shearing-based film coating process,
various MOFs can be integrated with the cMOF in a layered
film structure. This approach enables precise yet independent
thickness control over the two MOF layers, offering significant
functional tunability to meet the specific requirements of the
target applications. Specifically, the thickness of the cMOF
layer can be adjusted to enhance the general sensitivity to a
wide range of gases, while the thickness of the second MOF
layer influences both the sensitivity and selectivity for specific
target gases.

Gas Sieving Effect for Enhancing Selectivity. To
investigate the effect of the second MOF layer in ¢cMOF-
based sensors, we first conducted sensing tests with ZIF-8 on
the cMOF films. Pristine cMOFs have been widely employed
as NH; sensors, demonstrating reasonable sensitivity and
reversibility toward NH,.***” However, cMOF-based NH,
sensors are susceptible to interference from H,S, exhibiting a

greater response to H,S than to NHj;, thereby raising a
selectivity issue (Figure S11). To address this, we utilized ZIF-
8 as a sieving layer to enable the selective detection of NHj.
ZIF-8 is well-known for its gas sieving effect due to its well-
defined micropores, which have a pore aperture of 3.4 A.*® The
H,S molecule, with a kinetic diameter (3.6 A) larger than the
pore size, can be effectively blocked by the ZIF-8 sieving layer.
In contrast, NH;, with a much smaller kinetic diameter (2.6
A), can more easily penetrate the ZIF-8 layer. This can result
in a reversal of the response to the two gases, making cMOF-
based sensors more selective for targeting NH;. Before the
ZIF-8 layer was coated, the NH; sensing performance of
pristine ¢cMOF films was optimized by controlling the
thickness. The cMOF thin films exhibited an approximately
4-fold higher response than drop-coated bulk samples, owing
to enhanced gas diffusivity and reactivity in the thin sensing
layer (Figure S12). Similarly, thinner films fabricated at faster
shearing speeds led to a further increase in response. The
thickness of cMOF thin film was then optimized at a shearing
speed of S mm/s.

On the cMOF thin film, ZIF-8 layers were fabricated at
varying shearing speeds, and their NH; and H,S sensing
performances were evaluated. Overall, the ZIF-8 overlayer led
to a noticeable reduction in NH; response and sensing speed
(Figures 3a and S13). In particular, a thicker layer fabricated at
lower shearing speeds had a more pronounced effect on the
NHj; response. This implies that although the pore diameter is
larger than the kinetic diameter of NH;, the ZIF-8 layer still
partially impedes gas diffusion. However, this effect is even
more pronounced for larger H,S molecules, leading to a
significant response reduction of up to 92.4% with the ZIF-8
layer (Figures 3b and S14). The strong gas sieving effect of the
ZIF-8 layer remained consistent across varying shearing speeds
within the evaporation regime. However, a sample fabricated at
a shearing speed of 10 mm/s, corresponding to the Landau-
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Figure 4. Sensing performance with the MIL-53(Al)-TDC layer. (a) Dynamic sensing traces of the cMOF thin film and MIL-53(Al)-TDC
layers fabricated at different shearing speeds toward 2 ppm of H,S. (b) Response times of MIL-53(Al)-TDC layers fabricated at different
shearing speeds. (c) Dynamic sensing traces of the cMOF with a MIL-53(Al)-TDC layer fabricated at a shearing speed of 3 mm/s toward
varying concentrations of H,S and (d) the corresponding response vs concentration graph with linear fitting.

Levich regime, exhibited a significantly weaker sieving effect,
likely due to the presence of numerous defects (Figure S10).
Based on the relative response of NH; and H,S, the optimal
shearing speed for the ZIF-8 layer was determined to be 3
mm/s (Figure 3c). Under the optimized conditions,
integrating the ZIF-8 layer with the cMOF resulted in NH;/
H,S selectivity of 3.62, a significant improvement from the
0.33 observed without ZIF-8, indicating a successful reversal in
selectivity.

Figures 3d and S15 display the response traces of ZIF-8 (3
mm/s) on a cMOF sensor to NH; at concentrations ranging
from 0.2 to S ppm. The cMOF sensor exhibited clear and
distinct responses across all tested NH; concentrations.
Although the ZIF-8 layer partially hinders the diffusion of
NHj;, the sensitivity of the thin-film sensor is still comparable
to other previously reported cMOF sensors (Table
S1).107123037397%2 Additionally, the relationship between
response and concentration shows good linearity, enabling
accurate quantification of the NH; concentration within this
range (Figure S16). The ZIF-8 layer also suppresses the
response to SO,, which is another interfering gas, potentially
due to a larger kinetic diameter (Figure S17). Consequently,
the ZIF-8 on the cMOF sensor demonstrates excellent
selectivity toward NH; over other interfering gases (H,S,
SO,, ethanol, acetone, and acetylene).

Gas Accumulation Effect for Enhancing Sensitivity.
Next, we investigated another function of MOF layers beyond
the sieving effect by utilizing the MIL-53(Al)-TDC layer. MIL-
S3(Al)-TDC features wide pores with a diameter of
approximately 9 A, significantly larger than the kinetic diameter
of typical analytes of cMOFs. Therefore, a sieving effect based
on the molecular size, as observed in the ZIF-8 layer, is not
expected. Instead, MIL-S3(AI)-TDC possesses a significantly
greater specific surface area (1094.5 m*/g) than cMOF (259.5

m?*/g), specifically designed for adsorbing H,S with ultrahigh
capacity (18.5 mmol/g) (Figure S$18).*" In addition, the H,S
adsorption is known to be highly reversible, enabling easy
desorption and transfer of H,S to adjacent regions.’’ Based on
these properties, we hypothesize that the MIL-S3(Al)-TDC
layer acts as a H,S reservoir near the interface with the cMOF,
enhancing the effective activity of H,S and facilitating its
reaction with the cMOF to improve H,S sensitivity.

To test this hypothesis, we fabricated MIL-53(Al)-TDC
layers on cMOFs by varying the shearing speed, following a
procedure similar to that used for coating the ZIF-8 layer. The
cMOF with MIL-53(Al)-TDC layers showed up to a 2.6-fold
higher H,S response compared to that of the pristine cMOF
film (Figures 4a and S19). Interestingly, regardless of the
thickness of the MIL-S3(Al)-TDC layers, no significant
reduction in the response speed was observed (Figure 4b).
This behavior contrasts with that of the ZIF-8 layer, which
considerably reduced the response speed even for smaller NH;
molecules. Instead, the response speed was accelerated with
MIL-53(Al)-TDC layers, as evidenced by decreased response
time. This indicates that the role of the MIL-53(Al)-TDC with
wide pores is fundamentally different from that of sieving layers
such as ZIF-8. It does not significantly hinder H,S diffusion
but, as hypothesized, promotes its surface adsorption and
interaction with the cMOF layer. Another notable change by
the MIL-S3(Al)-TDC layers is the enhancement of the
recovery speed. Typically, cMOF-based H,S sensors operating
at room temperature exhibit insufficient recovery owing to the
slow desorption of H,S.”* While only 45.6% of the H,S
response of the pristine cMOF films is recovered after 40 min
in fresh air, the MIL-53(Al)-TDC layers improve the
recoverability up to 70.6% (Figure S20). This implies that
the MIL-S3(Al)-TDC layer not only facilitates the adsorption
of H,S but also enhances its desorption. Meanwhile, the
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Figure 5. Mechanism study by computational simulation. (a) Calculated MSD of NH; and H,S gas in ZIF-8. The inset figure is an enlarged
MSD of H,S. (b) Initial snapshot of the MD simulation in the ZIF-8 of H,S and NH;. Hydrogen atoms in the ZIF-8 are omitted for clarity.
(c) Trajectories of H,S and NH; gas during the MD simulation. Star-shaped markers indicate the initial position. (d) Calculated MSD of H,S
gas in the MIL-53(Al)-TDC. DFT optimized binding configuration of H,S gas in the (e) MIL-53(Al)-TDC and (f) cMOF. Al (purple), Cu
(green), S (sky blue), O (red), H (white), and C (black) atoms are represented in the structures.

thickness of the MIL-53(Al)-TDC layer is still a critical factor
for H,S sensing performance, as thinner layers exhibited higher
H,S sensitivity and response speed. This can be attributed to
the concentration of the H,S accumulation layer closer to the
interface in thinner MIL-S3(Al)-TDC layers, resulting in a
greater effect in promoting the reaction with H,S. Accordingly,
the shearing speed was optimized to 3 mm/s, yielding the
thinnest layer within the evaporative regime (Figure S8).
Under optimized conditions, the MIL-integrated sensors
showed good linearity from 0.2 to 3 ppm of H,S (Figures
4c,d and S21). Specifically, accurate sub-ppm quantification
within this range is crucial for disease diagnosis through H,S
sensing as a biomarker in exhaled breath.*® Overall, the sensing
performance is comparable to that of state-of-the-art MOF-
based H,S sensors operating at room temperature, with
exceptional recoverabilitgf attributed to the MIL-53(Al)-TDC
layer (Table §2).101%13,(7202444

As mentioned above, a large pore diameter is essential to
avoid impeding diffusion of the target gas. Additionally,
reversible adsorption is a crucial factor as it facilitates the
transfer of accumulated gas in the reservoir region to the final
sensing layer. MIL-53(Fe) is an isostructural MOF with MIL-
53(Al)-TDC, sharing a similar pore diameter. However, its Fe
nodes directly bind to and irreversibly react with H,S, unlike
MIL-53(Al)-TDC, thereby suppressing desorption.”” The
MIL-53(Fe) layer on cMOF sensors decreased H,S sensitivity
due to the accumulation of the irreversibly oxidized SO,*~ on
the MIL layer (Figure $22).* It highlights the importance of
reversible adsorption. On the other hand, we employed an
MFM-300(Al) layer, which has a wide pore diameter (6.5 A)
and high NO, adsorption capacity (14.1 mmol/g) and
reversibility.‘%o’47 In this case, the NO, response was enhanced,
similar to the effect of the MIL-53(Al)-TDC layer for H,S
(Figure S23). Altogether, we demonstrated that our MOF-on-

cMOF fabrication strategy not only facilitates the easy
integration of various MOF structures with ¢cMOF but also
allows for the rational tuning of sensor selectivity and
sensitivity for different target analytes based on the specific
characteristics of each MOF (Figure S24).

MD Simulation for Gas Diffusion in the ZIF-8 Layer.
MD simulations were conducted to explore the gas-sensing
mechanism facilitated by the ZIF-8 layer. H,S and NH;
molecules were initially positioned at the center of one of
ZIF-8’s large pores (Figure S25), and the simulation was
performed under room temperature conditions. Notably, H,S
molecules demonstrated negligible diffusion across the ZIF-8
pores, as evidenced by mean square displacement (MSD)
values oscillating within the 0—50 A* range (Figure 5a). This
observation indicates that H,S molecules remain confined
within the initial pore, unable to traverse the ZIF-8 framework
(Figure Sb,c and Video S1). As mentioned above, the
restricted movement of H,S is primarily due to the pore
aperture of ZIF-8 (3.4 A) being narrower than the kinetic
diameter of H,S (3.6 A). Consequently, the incorporation of
ZIE-8 layers on cMOF may hinder H,S diffusion toward the
sensing layer and diminish the H,S response, consistent with
the experimental results shown in Figure 3b.

In contrast, NHj is expected to exhibit different behavior as
its kinetic diameter of 2.6 A is smaller than the pore size of
ZIF-8. Unlike in the case of H,S, there is a noticeable increase
in the MSD of NH; over the simulation time, indicating
substantial diffusion through the ZIF-8 layers (Figure Sa—c
and Video S2). Based on the slope of the MSD over time, the
diffusion coefficient (D) for NH; was estimated to be 1.1 X
107 cm?/s. This corresponds to a diffusion length of 2790 ym
over 60 min of gas exposure for the sensors, which is sufficient
to penetrate submicrometer-thick ZIF-8 layers. Therefore, the
integration of a ZIF-8 sieving layer onto the cMOF sensor
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provides markedly different pore accessibility for H,S and
NH;, modulating their gas selectivity in a manner consistent
with the sensing results.

Computational Analysis of H,S Sensing in MIL-53(Al)-
TDC and cMOF. MIL-53(Al)-TDC features infinite one-
dimensional pore channels with a diameter of around 9 A
(Figure S26). This diameter is much larger than the kinetic
diameter of H,S gas, thereby allowing unhindered passage
through the MIL-S3(Al)-TDC layers. MD simulations revealed
a linear increase in the MSD of H,S gas over time, with the
diffusion coefficient calculated to be 2.6 X 10™* cm?/s (Figure
5d). This value corresponds to centimeter-scale diffusion
length, which exceeds the diffusion rate of the smaller NH;
molecule in ZIF-8, highlighting pore diameter as a critical
parameter. These simulation results align well with the rapid,
unhindered response observed in MIL-S3(Al)-TDC layered
cMOF sensors toward H,S.

In addition to facile diffusion through the pores, the MIL-
53(Al)-TDC layer should enable moderate and reversible
adsorption for aiding in the transfer of H,S gas toward the
cMOF sensing layer at the interface. Accordingly, DFT
calculations were conducted to further investigate the
interactions between H,S and the MOFs. DFT simulations
revealed that MIL-S3(Al)-TDC has a moderate binding energy
of —0.48 eV for H,S, occurring when the H atom of the
hydroxyl group (u—OH) bound to the AI(III) center
interacted with the S atom of the H,S molecule (Figure Se).
In cMOF, the optimal binding site for H,S was identified
where the hydrogen atoms of H,S interact with the oxygen
atoms of the HHTP ligand within the pore (Figure Sf).
Interestingly, this yields a binding energy of —0.41 eV, similar
to that of MIL-53(Al)-TDC. These comparable gas adsorption
energies enable the facile transfer of H,S molecules between
the two MOFs, which is advantageous for both the sensing
response and recovery performance.

In terms of sensor response, the moderate binding energy of
MIL-53(Al)-TDC, combined with its greater surface area and
H,S adsorption capacity, increases the local concentration of
H,S at the interface of the two MOFs. Simultaneously, cMOF,
with comparable binding energies, can effectively capture the
accumulated H,S from the MIL-S3(Al)-TDC layer. This
process facilitates a more rapid and sensitive detection of H,S
gas within the sensing layer. For sensor recovery, MIL-53(Al)-
TDC also acts as a secondary bindin% site for facilitating
desorption during the recovery phase.”*” This aligns with the
improved recoverability observed in the sensing tests. Overall,
the computational analysis further substantiates the crucial role
of the MOF overlayer for enhancing the sensing performance,
specifically through facile diffusion and reversible adsorption.

CONCLUSIONS

In summary, we demonstrate a rational approach to tuning the
sensing properties of cMOF-based sensors by integrating them
with other MOFs in layered structures. The two-step film
fabrication method using solution shearing enables the
construction of layered films from various MOFs. The sensing
properties of the cMOF sensor were effectively modified based
on the pore structure and gas adsorption affinity of the MOFs.
Notably, we propose a gas accumulation effect that enhances
the sensitivity, response, and recovery speed for different
analytes, thereby expanding the conventional role of the MOF
layers. Computational analyses reveal that wide pores to
facilitate diffusion of target analytes and moderate binding

energy to ensure reversibility are critical for achieving the
desired sensing performance. This study presents a promising
strategy for designing multifunctional sensing platforms by
leveraging the versatile properties of conventional MOFs,
which can be adapted to complex environments, such as
atmospheric conditions and exhaled breath. With the
combination of the scalability of the fabrication method, this
approach is expected to accelerate the development of MOEF-
based sensors for real-world applications.

EXPERIMENTAL SECTION

Materials. Copper(II) acetate monohydrate (Cu(OAc),-H,0,
99%), zinc(II) nitrate hexahydrate (Zn(NO;),-6H,0, 98%), 2-
methylimidazole (2-MIM, 99%), hexadecyltrimethylammonium bro-
mide (CTAB, 98%), dimethyl sulfoxide (DMSO, 99.9%), methanol
(99.8%), ethanol (99.5%), aluminum chloride hexahydrate (AICL;-
6H,0, 98%), 2,5-thiophenedicarboxylic acid (99%), dimethylforma-
mide (DMF, 99.8%), iron(III) chloride (FeCly, 97%), terephthalic
acid (98%), aluminum nitrate nonahydrate (Al(NO;);-9H,0, 98%),
piperazine (99%), and Nitric acid solution (HNO; 70%) were
purchased from Sigma-Aldrich. 2,3,6,7,10,11-Hexahydroxytripheny-
lene hydrate (HHTP, 95.0%) and biphenyl-3,3’,5,5'-tetracarboxylic
acid (98%) were purchased from Tokyo Chemical Industry.

Synthesis of ZIF-8. Five mL of Zn(NO,),-6H,O solution (0.083
g/mL in methanol) and S mL of 2-MIM solution (0.226 g/mL in
methanol) were mixed with the addition of 1 mg of CTAB for tuning
the size of crystallites.’” The mixed solution was left to stand for 1.5 h
at 30 °C. The resulting white precipitate was washed three times with
methanol via centrifugation, followed by drying at 60 °C for 1 h.

Synthesis of MIL-53(Al)-TDC. MIL-53-(Al)-TDC was synthe-
sized according to a previously reported method.>" First, 65 mg of
AICl; and 2,5-thiophenedicarboxylic acid were dissolved in 2.5 mL of
deionized (DI) water and 1.8 mL of DMF, respectively. The two
solutions were mixed in a 25 mL glass vial, and the mixture was stirred
for S min. The mixture was heated at 100 °C for 5 h and then cooled
to room temperature. The remaining reactants in the product were
washed three times with DMF through centrifugation. For further
washing, the product was reimmersed in DMF at 150 °C for 1 h. To
remove DMF molecules from the pores, the product underwent
solvent exchange with acetone for 3 days and was dried under
vacuum.

Synthesis of MIL-53(Fe). MIL-53(Fe) was synthesized according
to a previously reported method.>" 261.9 mg of FeCl; and 268.2 mg
of terephthalic acid were dissolved in 35 mL of DMF. The solution
was transferred to a 50 mL Teflon-lined autoclave and heated at 150
°C for 15 h. The resulting yellow product was filtered and washed
with DMF. The product was then reimmersed in DMF and heated at
150 °C for an additional 12 h. To remove DMF, the solid underwent
solvent exchange with DI water for 1 day and was then dried under a
vacuum.

Synthesis of MFM-300(Al). MFM-300(Al) was grepared
following a previously reported method with modifications.”® 90 mg
of biphenyl-3,3",5,5'-tetracarboxylic acid was dispersed in 7.5 mL of
DI water and ultrasonicated for S min. Then, 350 mg of AI(NO;);-
9H,0 and 150 mg of piperazine were dissolved in 7.5 mL of DI water
and mixed with the suspension. The mixture was transferred to a 20
mL Teflon lined autoclave, and 3 mL of 3 M aqueous HNO; was
added, forming a white slurry. The mixture was heated to 210 °C for 3
days. After cooling to room temperature, the resulting white
crystalline solid was filtered and washed with DI water and ethanol,
followed by drying under vacuum at 80 °C for 12 h.

Fabrication of the Microfluidic Blade. The polyimide (PI) film
(Kapton HN film) with 125 um thickness was ablated in the inlet,
outlet, backplate, path, and micro herringbone pattern using a UV
laser.>* To deposit 3 gm FEP nano-powders on the top side of these
patterned PI films, we spin-coated them with a fluoroethylene
propylene (FEP, ND-110) solution (purchased from DuPont and
Daikin). After spin-coating, we evaporated the solvent at 100 °C for §
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min. For alignment and stacking of PI films, four 1 mm diameter holes
at the corners were used to fit onto pins on a metal plate. Seven PI
films were vertically stacked on that plate. Then, they were baked and
pressed at 350 °C under 10 kPa pressure for S h in an oven. For the
hydrophobic surface treatment, the fabricated microfluidic blade was
coated with 5 nm Cr and S0 nm Au by electron-beam evaporation and
immersed in 10 mM 1H,1H,2H,2H-perfluorodecanethiol (PFDT)
with ethanolic solution for 1 h.

Synthesis of a ¢cMOF Thin Film Using the Microfluidic
Solution Shearing Process. Cu(OAc),-H,0 solution (0.12 mM in
DMSO) and HHTP solution (0.10 mM in DMSO) were injected into
a microfluidic channel using a syringe pump (PHD ULTRA, Harvard
Apparatus) and 2.5 mL syringe (Hamilton 1002 LTN SYR) with a
200 pL/min flow rate. The microfluidic channels were shaped in a
herringbone pattern for efficient mixing. The mixed solution was
discharged and coated on the UV—ozone-treated (for 20 min)
alumina sensor substrate by solution shearing. The substrate
temperature, coating speed, tilted angle of the blade, and gap (i.e.
the distance between blade and substrate) were 150 °C, S mm/s, 30°,
and 100 pm, respectively. The synthesized Cu;(HHTP), thin film was
washed with DMSO and ethanol.

Fabrication of the MOF Overlayer by the Solution Shearing
Process. For preparing the glass blade for solution shearing, a slide
glass was sequentially washed with toluene, acetone, and isopropyl
alcohol. After the use of an O, plasma (80 kW, 1 min), the glass was
treated with trichloro-(1H,1H,2H,2H-perfluorooctyl)-silane (FTS) by
chemical vapor deposition at 70 °C for 30 min. The various MOFs
(ZIF-8, MIL-53(Al)-TDC, MIL-53(Fe), and MFM-300(Al)) were
thoroughly ground and dispersed in ethanol at a concentration of 100
mg/mL with sonication for 20 min. The MOF suspension was then
directly coated on the surface of the Cuy(HHTP), thin film by
solution shearing with a glass blade. The substrate temperature, tilted
angle of the blade, and gap (i.e, distance between blade and
substrate) were 65, 8 °C, and 100 ym, respectively. The coating speed
was adjusted to control the thickness of the MOF layers.

Computational Details on DFT Simulation. In our computa-
tional study, the structures of MIL-S3(Al)-TDC and Cuy(HHTP),
were manually constructed using the unit cell and atomic coordinates
reported by Tschense et al.** and Jeon et al,** respectively. The ZIF-8
structure with a cubic lattice and an I-43 M symmetry group was
taken from Fairen-Jimenez et al>> Initial optimization of these
structures was performed using the Vienna Ab initio Simulation
Package (VASP) v.5.4.1 software.”® The exchange—correlation
interaction was treated using the generalized gradient approximation
and the projector augmented-wave method. The Perdew—Burke—
Ernzerhof functional and Grimme’s D3 dispersion were employed to
enhance the accuracy of intermolecular interactions.’”*® A cutoff
energy of 520 eV for the plane wave basis set was established. The
convergence criteria for electronic and ionic optimization were
rigorously set to 1 X 107 eV and 0.003 eV/A, respectively. For the
determination of DFT binding energies between the MOFs and gas
molecules, the formula Ey;ging = EmoF+Gas — Emor — Egas Was used.
Furthermore, various gas adsorption configurations and the influence
of stacking modes in 2D MOFs were considered to investigate the
optimal binding sites.”**” The computational setup included gamma-
centered k-point grids of 2 X 4 X 2 and 1 X 1 X 1 for the calculations
concerning MIL-53(Al)-TDC and ZIF-8, respectively. Additionally,
for the analysis of the stacked and slab structures of Cuy(HHTP),, k-
point grids of 1 X 1 X 3 and 1 X 1 X 1 were, respectively, utilized.

MD Simulation. The MD simulations were executed to
investigate gas diffusion within MOFs using the large-scale atomic/
molecular massively parallel simulator software.’” For these
simulations, the NVT ensemble (constant number of particles,
volume, and temperature) was employed. The force field parameters
for H,S®' and NH,* gases were sourced from the transferable
potentials for the phase equilibria database. The gas molecules were
treated as rigid entities, while the MOFs were allowed flexibility by
implementing intramolecular force field parameters.”> To accurately
model molecular interactions within the system, both Lennard-Jones
and Coulombic potentials were utilized. The charge values for the

MOFs were determined using the PACMOF python library, a
machine learning tool trained on a database of DFT-derived
charges.”* The simulation was conducted over a duration of 5 ns
with a time step of 1 fs at conditions of 298 K and 1 bar pressure. To
assess the mobility of gas molecules within the MOF structure, the
MSD was calculated at intervals of 1000 fs. Analysis of the MSD
versus time plot allowed for the extraction of the diffusion coefficient
(D) by fitting the linear region according to the Einstein relation (D =
Slope/6).

Characterizations. SEM and energy-dispersive X-ray spectrosco-
py (EDS) analyses of MOF thin films were conducted with a
Magellan 400 (FEI company). Film thicknesses of samples were
measured by a P-15 Long Scan Profiler (KLA). The chemical states of
samples were investigated through X-ray photoelectron spectroscopy
(XPS) using a Nexsa G2 (Thermo Scientific). Binding energy
calibration of the XPS spectra was conducted using an adventitious
carbon peak at 284.8 eV. XRD analysis was conducted with a
SmartLab (Rigaku) utilizing a Cu K, incidence beam. N, isotherm
analysis was carried out using a 3Flex instrument (Micrometrics). The
surface areas of the samples were determined through the Brunauer—
Emmett—Teller (BET) method.

Gas-Sensing Measurement. As sensor substrates, alumina plates
(2.5 X 2.5 X 0.2 mm) were patterned with interdigitated gold
electrodes with a 75 pm gap between them. To fabricate sensors from
bulk powder, S uL of an ethanol suspension containing sensing
materials (10 mg/mL) was drop-coated onto the sensor substrate
three times. Sensing tests were conducted in a sealed chamber with
controlled injection of gas flow by a mass flow controller. Before
injecting the target gas, the sensors were stabilized under dry air for at
least 3 h. Real-time changes in sensor resistances were measured by
using data acquisition equipment (Keysight 34972). The response of
the sensors was calculated using the formula [(AR/R,) X 100], where
R, represents the baseline resistance after stabilization under air, and
AR represents the change in resistance upon exposure to the target
gas. Response time is defined as the time required to reach 90% of the
maximum resistance change during gas exposure. Error bars of the
response were derived from more than three independent sensors.
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