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In the past two decades, significant advancements have been made toward thin film fabrication of metal-organic
frameworks (MOFs) on porous solid substrates for gas separation and catalysis applications. To enhance the
physical and chemical stability of the films, various top-down and bottom-up approaches have been imple-
mented. While both approaches have some advantages, they are mostly limited due to a lack of adhesion with the
substrate, cracking of the films, and non-uniform coverages. Therefore, there is a need for improvement in the
coating processes for the fabrication of robust, uniform, and scalable films. Here, we develop a novel percolation-
assisted coating (PAC) process that combines top-down and bottom-up approaches in a continuous-flow
microfluidic device to deposit HKUST-1 on a porous substrate, yielding controlled film thicknesses and mass
loading. The PAC process is optimized using a Multiphysics modeling approach to design the microfluidic
reactor, which can be readily scaled up and deployed to fabricate MOF films on various porous substrates. The
desired thickness in the range of 10-200 pm of the MOF film can be achieved by controlling the residence time
and temperature of the reaction mixture. The synthesized film is characterized for physical adhesion using
sonication, film coverage using scanning electron microscopy, and porosity using a porosimeter. The perfor-
mance of synthesized films is benchmarked for the effective separation of 50 vol% CH4—Hjy gas mixture with the
separation factor of 4. The microfluidic device is also applicable to synthesize films of various MOFs like MOF-5,
MOF-505 (also reported here), UIO-66, etc., over a wide range of porous substrates. Lastly, we propose a multi-
chamber design of the microfluidic device for high-throughput screening of thin-film growth using the PAC
process.

deposited on a substrate); thus, it is essential to fabricate uniform and
conformally coated MOF films with optimal thickness and mechanical
strength [10,14,18-22].

1. Introduction

Metal-organic frameworks (MOFs) are a class of hybrid, porous

crystalline materials that have gained significant attention in the pre-
vious two decades [1,2]. These complex networks are formed by
self-assembly and oriented attachment of metallic nodes/ions (mainly
transition metals) connected by an organic linker. These periodic net-
works exhibit large specific surface area, ordered pore diameters, and
flexibility for functional group modifications as needed, thus making
them a frontrunner in a wide range of applications [3-9]. Numerous
studies have demonstrated MOFs like UIO-66, HKUST-1, MIL-53,
MOF-5, etc., as excellent candidates in catalysis, gas adsorption and
separation, and water purification [3,10-17]. Majority of these appli-
cations use these materials as a film/membrane (either free-standing or

Pure or composite MOF films are deposited on a wide range of sub-
strates (solid and porous) by various solvothermal, electrochemical, and
coating techniques [20,21,23-25]. Solvothermally, layer-by-layer (LbL)
fabrication of MOFs is one of the primal techniques proposed by Fischer
and co. to deposit thin films of MOF-5 on gold substrates utilizing a
self-assembled monolayer (SAM) [26,27]. Similar approach was imple-
mented in fabricating HKUST-1 films by Farha and coworkers while also
displaying the effect of solvents on the qualitative aspects of the films
[27]. [28]. Although several studies claim that this approach yields
desired thickness and loading, the approach requires precise control of
heterogeneous nucleation to ensure uniform deposition [27,29-31].
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This makes the LbL protocol very time and labor-intensive. As an
alternative to a bottom-up approach like LbL, where the crystallization is
carried out directly on the substrate, researchers have also implemented
top-down approaches, in which the crystals are synthesized in batch and
then suspended in a liquid matrix to coat them on a substrate [3,18,19,
32]. Coating is carried out in a variety of approaches like spin coating,
dip coating, titration coating, etc. [3,32,33] While coating ensures a
uniform and conformal deposition, controlling the quantitative aspects
of the film such as thickness, grain size distribution, and uniformity,
limited scalability of the process and lower adhesion of the deposited
material on the substrate have been the primary concerns of this
approach [34].

In conjunction with these approaches, continuous processing tech-
niques have also been employed to overcome some of the diffusion
limitations and turbulent environments [16-26]. These approaches have
allowed significant control over the final attributes like film thickness
and grain size distribution of the deposited crystallites. The early-stage
continuous microfluidic synthesis of thin films was conducted using
hollow fibers to fabricate thin films of ZIF-8 [35]. Along with this
approach, nanoconfined channels have been used to fabricate high
aspect ratio deposition on the substrates [36]. Supersaturation-induced
film deposition is one of the most popular continuous microfluidic
techniques, where the reaction between the precursors is induced by
vaporizing the solvent via blade shearing [34,37-44].

While these continuous techniques have proven to be effective in
improving the final adhesion and minimizing the inter-grain spacing of
the films, they have mostly been implemented on solid substrates. In the
case of gas separations, pure MOF film depositions are required on a
porous membrane while ensuring strong adhesion, minimal grain
boundary defects, low inter-grain spacing, and narrow size distribution
of the deposited crystallites. Obtaining pure MOF membranes on porous
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substrates while ensuring these qualities has been challenging in the top-
down and bottom-up approaches mentioned previously due to cracking
and weak bonding with the substrates resulting in lower mechanical
integrity and many stability concerns [34]. These properties are essen-
tial to address for gas separation applications as they determine the
selectivity of the transport pathways for gas molecules in binary or
ternary mixtures. To overcome these challenges, a novel continuous,
in-situ approach is proposed, which involves a coupled seeding (bot-
tom-up approach) and percolation (top-down approach) deposition
method, demonstrated on HKUST-1. This technique, coupled with
optimal solvent choices and postprocessing procedures, ensures a
well-patched, continuous network with conformal material deposition
and minimal inter-grain spacing. HKUST-1 has proven to be an excellent
candidate for the separation of many binary gas mixtures like CO2/Nj,
COy/CH4, CH4/Hjy, etc. [34] The effectiveness of the fabricated
HKUST-1 films in this work has been demonstrated in the separation of
CH4/H; mixture.

Through an in-house 3D printed tubular flow reactor-separator as-
sembly, a well-controlled continuous approach to fabricating films of
HKUST-1 with a wide range of thicknesses (20-200 pm) and mass
loading (5-50 mg/cm?) is presented. HKUST-1 continuously forms in a
tubular chamber, opening into a square chamber where the crystallites
are deposited on a porous substrate. The deposition is completely guided
by percolation initially. However, as time proceeds, crystals start getting
deposited on the substrate, thereby blocking the passage of the reaction
effluent partially. This leads to heterogeneous nucleation-induced sec-
ondary growth of MOF film. The deposition mechanism is thus driven by
a combined percolation-assisted seeded growth. This percolation-
assisted coating (PAC) technique ensures the contiguous network of
crystallites, thereby minimizing the inter-grain spacing and strength-
ening the adhesion with the substrate. Once the deposition is complete,
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Fig. 1. (a) Overall schematic of fabrication of HKUST-1 films in a reactor-separator assembly using in-situ batch experiments combined with modeling and simu-
lations in COMSOL to design and model a lab-scale tubular flow reactor. (b) Solidworks design (TOP) of the 3D printed tubular reactor-separation chamber (top part),
membrane supporting mesh (middle part), and vacuum chamber (bottom part) for solvent separation. Optical image of deposited HKUST-1 (bottom, left) of 15 x 15
mm size on a nylon filter/membrane and the magnified SEM image of the deposited crystals.
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vacuum is applied to eliminate the small amounts of reactant effluent
trapped in the film/substrate. Fig. 1(a) shows the overall schematic of
the workflow. Batch in-situ Fourier Transformed Infrared Spectroscopy
(FTIR) experiments are first performed to study the kinetics of HKUST-1
formation for a range of temperatures. The reactive transport in
microfluidic channels is then simulated using the measured rate con-
stants in COMSOL Multiphysics to obtain MOF yield and mixing profiles.
Scanning Electron Microscopy (SEM) and optical microscopy are used to
measure the thicknesses of MOF films. Brunauer-Emmett-Teller (BET)
measurements of exfoliated films confirmed the characteristic porosity
of HKUST-1. Postprocessing strategies are applied to quantify the me-
chanical strength and adhesion of the films. Finally, the performance of
these films for CH4~H, separation is demonstrated, where HKUST-1
showed higher selectivity for CHy, similar to what has been observed
in previous studies.

2. Materials & methods
2.1. Materials

0.4 M Copper nitrate trihydrate (Cu(NOs)s 3H20) and 0.22 M Tri-
mesic acid (BTC) were individually dissolved in Dimethylformamide
(DMF) for the synthesis of HKUST-1 in FTIR and film fabrication ex-
periments. Refer section S1 of the supporting information for details.

2.2. In-situ kinetic studies using FTIR

The batch kinetics of HKUST-1 formation was studied using in-situ
FTIR in ATR mode. An in-house 3D printed cell was mounted on a
temperature-controlled ZnSe ATR crystal plate and a total of 1 mL
reactant mixture was loaded into the cell. The experiments were per-
formed at different temperatures to obtain the Arrhenius plot that
further yields the activation energy value required for COMSOL simu-
lations. The calibration plot of known HKUST-1 concentrations in DMF
and experimental setup for in-situ FTIR studies are included in section
S2, Figs. S1 and S2 of the supporting information.

2.3. COMSOL simulations

The 2D geometry of the reaction chamber was imported into COM-
SOL to perform the simulations for obtaining the velocity, temperature,
and concentration profiles of the reacting species [45,46]. The effect of
temperature and flowrates (or residence time) on the final crystalline
yield of HKUST-1 and uniformity of the deposition in the square
chamber were studied. To account for the reaction between the two
species, the activation energy and the pre-exponential factor obtained
from the batch experiments were used in the Arrhenius equation to
compute the rate constants. Navier Stokes equation was solved simul-
taneously with the continuity and energy balance equations to obtain
the reaction and the temperature profiles. A typical physics-controlled
mesh was utilized with the normal element size to perform these sim-
ulations. Further specific details of the computations are included in
section S3 of the supporting information.

2.4. Microfluidic setup

Fig. 1(b) shows the exploded view of the microfluidic device con-
sisting of three parts — reaction chamber, supporting mesh (membrane
holder), and vacuum chamber. A 0.22 pm nylon membrane is placed
between the reaction chamber and the supporting mesh. The three parts
(Fig. 1(b)) and the nylon membrane were assembled utilizing threaded
screws and bolts. Fig. S1 shows the snapshot of the complete experi-
mental setup for film deposition. The dimensions of the 3D printed parts
and their drawings are described in section S2, Figs. S3 and S4 of the
supporting information.
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2.5. MOF film synthesis procedure

The construction and working procedure for film deposition are as
follows. The syringes were first filled with 15 mL of each precursor so-
lution and wrapped with a silicon heating pad to attain the desired
temperature (60-90 °C). The precursor solutions were then pumped
through the microchannels at fixed flow rates (0.5-3 mL/min) to attain a
desired concentration of reactants in the reaction chamber. The length
and cross-section of the microchannel were adjusted to obtain the
necessary residence time to achieve a 5-10% MOF yield. The pre-
nucleated HKUST-1 crystals in the microchannel were then deposited
in a square chamber where the reaction effluent came in contact with the
nylon membrane. The continuous flow of the reaction mixture through
the nylon membrane supported on a 3D printed mesh allows the growth
of the deposited nuclei/crystals for the seamless formation of the film.
After the desired period of deposition (2-20 min), the syringe pumps
were switched off, and the vacuum pump was turned on to flush out the
remaining reaction mixture in the microchannel and reaction chamber.
The microfluidic device was disassembled, and the film was immersed in
ethanol for 24 h in a glass bottle for dissolution of trapped precursors.
Post this, the film was further dried under a vacuum at room tempera-
ture for 24 h.

The detailed experimental setup, CAD design, fabrication of the
reactor-separator assembly, and operating procedures are included in
sections S1, S2 and Figs. S3 and S4 of the supporting information.

2.6. Physical adherence test using sonication

The physical adherence of the HKUST-1 films on the nylon substrates
were tested after complete drying of the fabricated films. The films were
immersed in ethanol in a pyrex bottle and were placed in a Bransonic
Ultrasonic bath for various periods of time. The films were taken, dried
and SEM analysis were performed on all the films.

2.7. Characterization of HKUST films

The crystallinity of the thin films was confirmed using high-
resolution XRD technique. The pore size distribution and BET surface
areas of the deposited material were determined using Ny adsorption
isotherms. The deposition and thickness of the films were analyzed using
SEM and optical microscopy techniques. Specific instrumentation and
characterization procedures for each of the mentioned techniques is
included in section S2 of the supporting information.

2.8. CH4—H3 gas separation experiments

Two identical cells with inlet and outlet channels were 3D printed in-
house. The fabricated films on nylon were sandwiched between the two
cells. The side exposed to HKUST-1 film was the feed chamber and the
other side exposed to bare nylon was the permeate chamber. This setup
was fastened with screws and bolts to ensure no gas leaks, the edges
were sealed with the help of the 3D printing resin and the setup was
cured under UV light for 30 min. CH4 and Hy 50% by volume each, were
sent to the feed chamber at fixed flowrates and the carrier gas, Argon
(Ar) was sent to the permeate chamber in a cross-current fashion. The
separated gas mixture on the permeate side was fed to a gas chroma-
tography system, where the concentration of each gas was measured.
These experiments were performed for 1 h continuously and the data
was recorded every 10 min. Control experiments with bare nylon were
conducted to demonstrate the effect of HKUST-1 film on the separation
factor of the gas mixture. Experimental details for the gas separation
experiments are included in section S4 of the supporting information.

3. Results and discussion

In-situ  FTIR experiments for batch syntheses were initially
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performed to obtain the rate kinetics of HKUST-1 formation. The
experimental setup and strategy were similar to the in-situ FTIR studies
performed in previously published work, where rate kinetics of UIO-66
were computed and found to be in agreement with the Wide-Angle X-ray
Scattering (WAXS) studies [38].

Fig. 2(a) shows the spectral signature of synthesized HKUST-1 in
real-time, where the C=0 peak at 1633 em ™}, C-O at 1370 cm ™!, and
the C-H out of plane bending at 729 cm™! are HKUST-1’s molecular
signatures [47,48]. Absorbance at the unique peak at 729 em ! was
chosen to be correlated with HKUST-1 formation to determine the yield
in real time due to its reliable and reproducible intensities at specific
product concentrations [47-49]. Calibration of the signal at 729 cm !
was performed with known concentrations of HKUST-1 (see Fig. S2).
Fig. 2(b) shows the increase in intensity at 729 cm™! as a function of
time during the reaction between the precursors (T = 60 °C). Using this
calibration model, the crystalline yield was calculated at different time
points during the synthesis, which was, in turn, studied at multiple
temperatures, as shown in Fig. 2(c). The rate constants for each tem-
perature were determined using the differential rate expression,
compiled as the Arrhenius plot in Fig. 2(d). From this information, the
overall activation energy was calculated to be 64.83 kJ/mol, which is in
agreement with the previously published in-situ WAXS studies (~64-72
kJ/mol) [50]. Due to experimental limitations involving the ATR ZnSe
crystal (elucidated in section S2, Fig. S5 of the supporting information),
studies in the batch mode were performed only up to 60 °C. The acti-
vation energy obtained from these experiments was utilized to model
reaction profiles and the product distribution in the reaction chamber
(shown in Fig. 3) using COMSOL.

To design the continuous microfluidic reactor, a preliminary 3D
model of the reactor was charted in Solidworks. A 2D version of this
model was imported into COMSOL to setup Multiphysics simulations to
gain further insights into the yields, velocity profiles and temperature
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drops across the length of the reactor. A broad parameter range for
flowrates (0.5-3 mL/min) and temperatures (60-100 °C) was used as the
simulation space to understand the final product profiles, which facili-
tated the determination of an experimental design operation space for
film deposition. The setup of the simulations is explained in detail in
section S3 of the supporting information. The flow velocity profiles were
first studied, as shown in Fig. 3(a), which helps us visualize patterns as
the inlet of each precursor is set to 0.5 mL/min leading to an average
flowrate of 1 mL/min. The gradient across the cross-section of the
channel is due to the parabolic average velocity profile typically
observed in laminar flows. Similar profiles were obtained across the
range of all flowrates tested. To ensure that the reaction proceeds with
significant yield, it was essential to understand the temperature drops
across the length of the reactor. This was simulated by tweaking the
channel length between 60 and 100 mm, where negligible temperature
drops were observed across the channel length (Fig. 3(b)). This result
assisted in eliminating irregular temperatures as a variable and reducing
the model to account only for the most important variable, the residence
time, to calculate yield. To study the HKUST-1 formation profile, the
activation energy from the batch experiments was utilized by the
Arrhenius expression in the Chemistry module to calculate rate con-
stants at desired temperatures. These constants, coupled with tempera-
ture and flowrates used in the simulation, provided the crystalline yield
profiles, as shown in Fig. 3(c). For the tested variable ranges, a yield
between 5 and 10% was obtained at the exit of the channel, which opens
to the square chamber. This observation is crucial because (1) it
informed the mechanical design of the reactor, i.e., the length and
diameter of the tubular channel; (2) it provided the uniform dispersion
profile of the reaction effluent after it exited the tubular channel; and
lastly (3) the effects of residence time in controlling the heterogeneous
nucleation and growth on the porous substrate to some extent in the
square chamber were assessed, which is discussed further later. The
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Fig. 3. COMSOL Multiphysics simulations to obtain different profiles across the length of the reaction channel at a flowrate of 1 mL/min (0.5 mL/min each pre-
cursor) and 90 °C inlet temperature of each precursor (a) Volumetric flowrate (mL/min) profile, (b) Temperature profile (OC), (c) HKUST-1 crystalline yield profile
across the length of the channel, (d) HKUST-1 crystalline fraction predicted at different temperatures and residence times from COMSOL simulations. (e) Predicted
mass loading and thickness of HKUST-1 films as a function of residence times with reaction temperature of 90 °C from COMSOL simulations. The length of the

channels to obtain the results in this figure is set to 82 mm.

predicted final crystalline yields were obtained at various residence
times for temperatures 70, 80, and 90 °C, as shown in Fig. 3(d). Sig-
nificant crystalline yield is obtained at higher temperatures and longer
residence times, due to which the temperature of the precursors was
maintained at 90 °C during the experiments. As a best condition case,
the mass loading and thickness of deposition across different residence
times at this temperature were evaluated and graphed in Fig. 3(e). The
final crystalline yield in the square chamber of the device was averaged
in Fig. 3(d) and (e) due to the presence of a slight gradient, as seen in
Fig. 3(c). These findings gave us strong insights into efficiently con-
trolling the loading and thickness of the films while conducting the
experiments.

Furthermore, based on the mechanical design parameters obtained
from COMSOL simulations, a 3D model of the device was fabricated
(section S2 and Fig. S1 of the supporting information. HKUST-1 was
deposited on nylon substrates at 90 °C by the coupled percolation-
secondary growth mechanism. The residence and processing times
were varied to obtain a range of mass loadings and thicknesses. High-
resolution XRD and BET measurements (Fig. 4(a) and (b)) confirmed
crystallinity and the pore size distributions of HKUST-1 deposition. The
BET surface area of particles was obtained to be 1493 m?/g, which is
equivalent to the previously reported values via the microwave
approach for HKUST-1 film synthesis [51]. The N, adsorption isotherm
obtained is included in the supporting information (Fig. S6). Fig. 4(c)
shows the comparison of the theoretically predicted and experimentally
obtained mass loading as a function of processing time. Film thicknesses
were measured using optical microscopy, in which the portions of the
films were mounted on vertical scanning electron microscopy (SEM)

stubs for measurements. Thickness measurements of a few samples were
performed under SEM and were in good agreement with that obtained
from optical microscopy, as shown in Fig. 4(d) and (e). Details of the
instruments and characterization procedure for optical microscope and
SEM are included in section S2 of the supporting information. Fig. 4(f)
shows the comparison of the theoretically predicted and experimental
film thicknesses with an increase in time. The deviation of the quanti-
tative aspects of the experimentally fabricated films (seen in Fig. 4(c)
and (f)) from the theoretical predictions can be attributed to the inter-
facial growth of crystals that occur due to the heterogeneous nucleation
on the binding substrate.

Since a quantitative parameter to model for the heterogeneous
nucleation cannot be included in the Multiphysics model, experimen-
tally controlling the flowrates and passage of the reactant effluent
through the porous substrate allowed its control to some extent. Due to
the lack of a significant pressure gradient across the porous membrane,
the reaction effluent would easily pass through during the initial time
stamps, leaving the crystals onto the substrate. However, with
increasing yield, a fair amount of the reaction mixture accumulates in-
side the square chamber (approximately 30-40% by volume), and the
remaining seeps through the membrane due to crystals blocking the flow
path. The quantity of deposited crystals can be controlled per unit time
by controlling the residence time in these situations. Thus, operating at
low residence times (high flowrates) results in maximum removal of the
reaction effluent, minimizing the heterogeneous growth on the substrate
if desired. However, in the best interest of obtaining well-adhered and
contiguous films, heterogeneous growth, to some extent, is desirable.
Compared to films fabricated at low residence times, significant
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differences in the adherence to these substrates were observed. The
physical stability of the film on the substrates was tested by the soni-
cation method, which has been used before to demonstrate the stability
of MOF films subjected to harsh conditions [52].

A set of films were synthesized to test the physical adhesion with a
flowrate of 1 mL/min for 10 min, vacuum dried for 24 h, and immersed
in ethanol. Sonication was performed for 30, 60, and 120 min on
separate films. Following this step, the films were vacuum dried for 24 h.
The surface coverage and orientation of HKUST-1 crystals were studied
by SEM and further analyzed in ImageJ to obtain the coverage values to
demonstrate the strong physical adhesion obtained using the PAC
technique. Fig. 5 (a)-(d) shows the SEM images of the deposited crystals.
It was seen that after 30 min, more than 95% of the deposited crystals
remained intact on the surface without any change in the thickness of
the film (observed under an optical microscope). Voids started to appear
in the deposition after 60 min with ~80% of the crystals intact, which
further reduced to 60% intact crystal after 120 min. The percentage
coverage vs. sonication time is shown in Fig. 5(e). Films of similar
thickness and loading were fabricated at higher flowrates, i.e., 2.5-3
mL/min and subjected to sonication for the physical adherence test. It
was observed that % coverage slightly dropped compared to the films
that were fabricated at 1 mL/min. This implies that the reaction effluent
in the square chamber promotes inter-grain growth on the substrate,
enhancing the packing and conformity of the deposited films with uni-
form coverage.

Along with the strong adherence to the substrate, minimizing the
inter-grain boundaries or, in other words, cracking is essential. This
phenomenon is more prominent in deposition on porous substrates than
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on solid substrates. It was worth noting that when the films were dried at
high temperatures in a conventional oven, significant cracks between
the films were observed compared to the vacuum-dried films. Therefore,
this post-processing step is equally crucial to preserve the synthesized
films’ physical stability. Ultimately, the films displayed strong adher-
ence and intact coverage post sonication, proving that the films can
withstand high-pressure environments. More SEM images (top and
cross-sectional view) are included in Fig. S7 of the supporting
information.

To prove the wide applicability and robustness of the developed
technique, MOF-505 films were also fabricated (SEM image shown in
Fig.S8 of the supporting information), where a previously reported
batch synthesis for MOF-505 was adopted to fabricate these films
continuously [53].

These materials were finally deployed for the separation of CH4 and
Hy gas mixture to benchmark the performance of the films and the
fabrication mechanism. The separation experiments were designed such
that the gas mixture enters the upstream at a flowrate of 200 standard
em®/min (SCCM), each at 50% by volume (100 SCCM H; + 100 SCCM
CHj,). Downstream of the separation process, the gas was mixed with
Argon (Ar) (the carrier gas) which was then sent to a gas chromatog-
raphy system to determine the concentration of separated species. Fig. 5
(a) shows the schematic of these experiments. The carrier gas Ar is flown
in a counter-current fashion. The device housing the membrane for these
experiments was fabricated in-house (Fig. 6(b)). As shown in this figure,
the setup is assembled as discussed previously in the main manuscript
(section 2.6) and the supporting information (section S4 and Fig. S9).

Fig. 6(c) shows the concentration of Hy and CH4 gas with a blank
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Fig. 6. (a) Schematic of CH4/H, separation using HKUST-1 membranes. The feed stream flowrate is 200 SCCM (100 SCCM CH,4 and 100 SCCM H,), and Argon (Ar) is
used as carrier gas on the permeate side. Ar is passed at 200 SCCM flowrate on the permeate side that carries certain amounts of CH4 and H, through the membrane
sent to Gas chromatography to determine the concentration of each gas, (b) 3D design isometric view of the device that is used for separation experiments. The
HKUST-1 deposited on nylon is sandwiched between the two 3d printed feed and permeate chambers, (c) Concentration of H, and CHy4 gases on the permeate side
from GC vs. time (for a single run), (d) Separation factor for blank nylon and HKUST-1 film of different thicknesses as a function of time.
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nylon membrane, with 50 pm and 100 pm HKUST-1 deposition on
nylon. The concentration of each of the gases on the upstream/feed side
was 20 mM (considering 100 SCCM flowrate of each gas). With no
deposition, about 70% of the H; and less than 50% of CH4 were detected
on the permeate side. However, with HKUST-1 deposited films, the
concentration of CH4 on the permeate side drops significantly, implying
that HKUST-1 adsorbs the majority of CH4. The concentration of Hy also
dropped; however, the separation gap between the two gases was
observed to increase, thus showing a high selectivity of HKUST-1 to-
wards CHy. The permeability values of Hy and CH4 were 4.85 x 107°
mol m~2s7!.Pa~! and 1.25 x 10~° mol m 2 s~!.Pa™" respectively which
are in agreement with the previously reported separation experiments
for this mixture [54-57]. Based on the obtained permeabilities, the
separation factors were calculated using the following equation:

Permeability of H, (mol.m=2s~'Pa™")

Separation factor = —
Permeability of CH, (mol.m=2s~'Pa~")

Fig. 6(d) shows the steady separation factor of 4.3 with a 50 and 100
pm thick HKUST-1 deposition. Negligible changes in the separation
factors were observed as a function of film thickness. This suggests that
the selectivity of CH4 on HKUST-1 has a very slight dependence on the
film thickness. The obtained values are not only in agreement with the
previous experimental efforts [54,57], but also with theoretical values of
the separation factor for Hy/CH4 mixture. The Knudsen separation factor
which is the ratio of the diffusion fluxes of both the gases, states that the
diffusion fluxes are inversely proportional to the square root molar
masses of the gas. Based on that, we obtain 2.82 as the separation factor
for this mixture. The gas separation experiments were also performed on
films that did not have complete coverage and the separation factors
were observed to drop. Thus, a uniform and contiguous deposition is a
prime aspect of ensuring the effective separation of this gas mixture.
Long term experiments upto 12h were performed to display the stability
of the separation which is included in Fig. S10 of the supporting infor-
mation. This would also be important for other gas mixtures that can be
effectively separated using HKUST-1 films.

To accelerate the fabrication and screening of these films, a reaction
chamber consisting of four deposition chambers was designed, as shown
in Fig. S11, that can be used to fabricate multiple films in a single run
inspired by previous studies for active pharmaceutical ingredient (API)
screening. Flow distributors [46] can be utilized instead of multiple
pumps to vary the residence times of the precursors entering the
different chambers. This would yield films of different thicknesses and
loadings as desired with very short processing times.

4. Conclusion

This work presents an inexpensive, reliable, and scalable PAC
approach to fabricating robust HKUST-1 films with the development and
use of a well-controlled continuous microfluidic device that helps fine-
tune the quantitative and qualitative aspects of the films. Optimizing
the deposition mechanism, i.e., percolation coupled with controlled
heterogeneous nucleation and growth, ensures film contiguity and
strong adherence to the substrate. The fabricated HKUST-1 films
perform well in separating the CH4—H; binary mixture with reproducible
and steady separation factors. These films can be easily adapted to other
applications like electrocatalysis by enhancing their conductivity by
simply soaking them in conductive solutions like Nafion, TCNQ, etc.
[37] This technique can be adapted to various porous substrates like
PVDF, PTFE, carbon paper, etc., while offering flexibility to make sub-
strate modifications before assembling the devices, making it applicable
for a wide range of multifaceted depositions.

In summary, kinetic data obtained from the batch was utilized to
develop a COMSOL Multiphysics model, which provided necessary
insight into the design and operational parameters for experimentation.
This straightforward protocol can be easily deployed in fabricating a
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wide range of MOF and COF films with effective kinetic formation rates.
To prove the wide applicability and robustness of PAC method, MOF-
505 films were fabricated using continuous microfluidic reactor. Based
on the rate kinetics of a given MOF/COF, film formation with effective
deposition can easily be achieved with this method by varying tem-
perature and residence time variables. The control of the operating pa-
rameters to obtain desired thickness and loading makes the PAC process
a potential candidate for scaling up the film fabrication processes.
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