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3D Nanoweb of Zeolitic Imidazole Framework in Microfluidic 
System for Catalytic Applications†
Dong-Hyeon Ko,‡a Rui Chen,‡b Dengrong Sun,‡a Jin Woo Leem,d Jeong-Un Joo,a Il-Suk Kang,c Myung 
Mo Sung,d Haiwon Lee*bd and Dong-Pyo Kim*a

3D nanoweb-like zeolite imidazole framework (ZIF-8) as an efficient heterogeneous catalyst was structured inside a 
functionalized microfluidic channel by immobilizing the ZIF on 3D carbon nanotubes (CNTs) network across the gap among 
the built-in micropillars for the Knoevenagel condensation reaction. The quantitative conversion was achieved under mild 
conditions of ethanol solvent and room temperature. The ZIF-8 3D nanoweb systems showed higher conversion than the 
identical systems without CNTs-based networks which indicate the catalytic superiority of 3D nanoweb structures.

Introduction
Microfluidic reaction system, containing open paths for fluids 

with sub-millimeter dimension called microchannels, has been 
regarded as an enhanced alternative for traditional synthetic 
tools represented by the round-bottomed flask, owing to its 
increased surface to volume ratio.1-3 Utilization of 
heterogeneous catalysts, especially with immobilization 
technique, is a well-precedented option for synthetic chemistry 
in the microfluidic reaction system and has been thoroughly 
studied in the view of a full-contact of reactants to catalytic 
active sites in confined space.4-17

For instance, Zhang et al. reported a strategy of immobilizing 
silver nanoparticle catalysts on the walls of the microfluidic 
reaction system.7 The immobilized silver nanoparticles not only 
showed superior catalytic activities for a reduction reaction but 
also good stabilities after long-term uses. Uozumi et al. 
reported a strategy to form a catalytic polymer membrane of a 
palladium complex inside a microchannel by utilizing polymer 
deposition at a laminar interface.14 The catalytic palladium-
complex membrane was utilized for the carbon-carbon bond-
forming reactions of aryl halides and aryl boronic acids. 
Vishwakarma et al. reported an approach to immobilize ionic 
liquid catalysts on the interface of gas-liquid laminar flow with 
an aid of superamphiphobic silicon nanowires.17 By 
immobilizing ionic liquid catalysts on the tip of silicon 

nanowires, the interfacial catalysis between the gas and liquid 
was feasible for in situ carbon dioxide capture and utilization.

However, despite the successful applications with various 
immobilization strategies including on-wall types,7-13 
membrane types,6, 14-16 and interfacial types,17, 18 the 
microreaction systems are still challenging with the difficulties 
on the spatial positioning of the built-in microstructures on 
which heterogeneous catalysts are immobilized. Therefore, the 
reported researches have mostly attempted the planar or 
curved 2D spatial arrangement of heterogeneous catalysts. This 
inherently possesses limitations considering the contact 
between reactant molecules and catalysts.

The adoption of microstructures in the microchannel can 
enhance the efficiency of reaction by increasing the collisions 
between the reactants with repeated disturbance of reactant 
flow.19, 20 Among the microstructures, vertically aligned 
micropillar array in the microchannel,21-23 whose height 
matches that of the microchannel, are easy to made but still 
effective static mixer structures. However, despite efforts from 
the embedded micropillar structures, most of the reactant 
molecules flow through the gap between the micropillars with 
their highest fluidic speed, and the gap is still too large from the 
point of view of reactant molecules.24 Therefore, it is simply 
anticipated that the positioning of nanostructures as catalyst 
supporters across the gap between the micropillars may 
enhance the efficacy of microfluidic catalytic reaction to the 
ideal level.

Herein, we report on the microfluidic reaction system 
incorporated with 3D nanoweb-like zeolitic imidazole 
framework-8 (ZIF-8) catalysts on the carbon nanotube (CNT) 
networks that are grown across the built-in micropillars. The 
robust nanoweb-shaped CNT networks enable to stably support 
the immobilized ZIF-8 catalyst and to catalyze liquid-phase 
organic reactions under a fluidic flow (totally ~200 µL/min) of 
reactant liquids. The Knoevenagel condensation between 
benzaldehyde and malononitrile was performed as a model 
reaction to show the superiority of ZIF-8 3D nanoweb catalytic 
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microfluidic system compared to the ZIF-8 only on the 
micropillar system.

Results and Discussion
Microfluidic reaction systems with embedded micropillars 

have been developed (Figure 1a) for heterogeneous catalysis. 
The microchannel with built-in micropillars was fabricated by 
silicon deep etching of p-type Si wafer. Computational fluid 
dynamics (CFD) simulation revealed that the fluid velocity is 
higher at free space between pillars than near the pillars due to 
steric resistance (Figure S1). For a comparative study, ZIF-8 

catalysts were immobilized on the systems in the absence and 
presence of CNT-based 3D networks as shown in scanning 
electron microscope (SEM) images in Figure 1b and Figure1c, 
respectively. The 3D networking of CNTs across the micropillars 
was conducted in the gas phase25 after atomic layer deposition 
(ALD) of Al2O3 to enhance the mechanical strength of the 
network and to introduce amine functional groups on the 
surface.26 Finally, ZIF-8 particles were grown on the CNT 
network in the liquid phase (Figure 1d).

The 3D network of CNTs is an excellent substrate to be a 
supporter for catalyst immobilization. The 3D networking of 
CNTs is mainly done by a vibratory growth with a swing of the 

Figure 1. (a) Illustration of ZIF-8 3D nanoweb-embedded microfluidic reaction system. Scanning electron microscopy (SEM) 
images of zeolitic imidazole framework-8 (ZIF-8) catalysts on (b) micropillars embedded in the microchannel and (c) 
micropillars with CNT-based 3D networks after atomic layer deposition (ALD) coating embedded in the microchannel. (d) 
Schematic illustration of ZIF-8 immobilization on the CNT-based networks after ALD coating.
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extended CNT from the surface of the micropillars and following 
nearest-neighbor interconnection.27 The aspect of CNT 
networking is mainly affected by the gap between the 
micropillars. We found that from 4 to 5 µm is a suitable size of 
the gap for the microfluidic catalysis. The narrower gap of less 
than 3 µm led to the formation of many strands of CNTs in high 
density. Growth of ZIF-8 on those narrower micropillars led to a 
formation of a wall-like aggregation of ZIF-8 catalysts which was 
immoderate for fluidic flow owing to severe pressure drop in 
the microchannel. When the gap was larger than 6 µm, the 
network growth of CNTs across the gap was incomplete which 
leads to few and weak CNT-based networks (Figure S2). 
Alternatively, the height of the micropillar was fixed to be 80 
µm since the taller micropillars rendered the non-uniform pillar 
shape along the column due to limited process control (Figure 
S3). Thus, a vertically aligned array of micropillars with a 
diameter of 2.5 µm, a height of 80 µm, and inter-micropillar gap 
of 4.5 µm was prepared by a deep Si etching process in the 
confined region of serpentine microchannel shape with a width 
of 500 µm and length of 25 cm (Figure 1a and Figure S4). A 
dense network of CNTs was observed across the 80-µm-height 
of micropillars (Figure 1c). The diameter of each CNT bundles 
after ALD coating was found to be ca. 50 nm (Figure S5a). 

 As a new subclass of metal-organic frameworks (MOFs), ZIFs have 
emerged due to their highly porous surfaces.28 Most of the 
applications using ZIFs have been carried out in the field of gas 
separation.29 Very recently, some studies have been performed on 
the catalytic performance of ZIFs.30-33 In spite of the researches to 
utilize ZIF catalysts in microfluidic systems, it still remained the 
challenge of expansion by macroscopic structuring of the ZIF crystals. 
In this context, a noble structure of ZIF-8 3D nanoweb is considered 
as an efficient tool for heterogeneous catalysis in microfluidic 
systems.

To immobilize ZIF-8 on the as-prepared CNTs-based networks 
as well as the micropillars, the layer-by-layer (LbL) method was 
exploited with the metal and ligand solutions (see Materials and 
Methods for the details).34 The surfaces of CNTs and 
micropillars were modified with polyvinylpyrrolidone (PVP) to 
control nucleation and growth of ZIF-8 crystals by flowing the 
PVP in methanol solution into the microfluidic system for 3 h,35 
and following LbL process was performed by feeding the 
metallic and the ligand precursor solutions in an alternating 
manner. The uniform decoration of ZIF-8 crystals on CNT 
networks was confirmed by SEM image and XRD analysis (Figure 
1c and Figure S6). The energy dispersive spectroscopy (EDS) 
further proved the formation of ZIF-8 crystals on Al2O3-coated 
CNT networks (Figure S7) with 28.55 wt% zinc, 18.41 wt% 
aluminum, 38.21 wt% carbon, 12.07 wt% oxygen and 2.76 wt% 
Si. To fabricate a comparative system, ZIF-8 immobilization on 
the micropillars without the CNT network in the microchannel 
was also carried out under the identical condition, as observed 
(Figure 1b and Figure S8).

The Knoevenagel condensation between aldehydes and the 
compounds with activated methylene group is a widely applied 
carbon-carbon bond-forming mechanism.36 The reaction was 
comparatively performed by separately injecting two reagents 
of benzaldehyde and malononitrile diluted in ethanol into two 

microfluidic systems: ZIF-8 immobilized on 3D CNT nanoweb, 
ZIF-8 on micropillar system. (see Materials and Methods for the 
details) at room temperature.

Two reaction systems showed different efficiency in the 
conversion of the Knoevenagel condensation. The ZIF-8 3D 
nanoweb microfluidic reaction system gave 55 % at 3.5 s of 
retention time and 96 % at 12 s, whereas the system with ZIF-8 
on micropillar reached only 10 % at 3.5 sec and 75 % at 12 s of 
the residence time (Figure 2). Finally, the micropillar system 
without CNT networks needed 35 s to obtain the full conversion, 
which took much longer than 17.5 s of the ZIF-8 3D nanoweb 
system. The superior reaction performance of ZIF-8 3D 
nanoweb to the batch as well as to the simple pillar system is 
the most likely attributed to the larger amount of ZIF-8 catalyst 
loading on the increased surface area of homogeneously 
suspended CNT, facilitating the access of substrates into 
catalyst (Table S1). It is well known that the pressure-driven 
flow in the microchannel caused a parabolic profile of fluid 
velocity, generally resulting in nearly zero flow velocity around 
the wall under ordinary slip condition.37 This implies that the 
immobilized catalysts in planar arrangement have a less chance 
to meet the reagents, the reactant molecules need some 
diffusion time to reach the catalyst on the supporters.

Materials and Methods
Preparation of the 3D network of CNTs on Micropillar embedded 
in Microchannel
The 3D network of CNTs was synthesized on micropillars by 
following the reported method. The micropillars were made on 
a confined region of 8-inch p-type Si (1 0 0) wafer by silicon deep 
etching process.38 The confined region had a serpentine shape 

Figure 2. Synthetic conversions (based on benzaldehyde) at 
different residence times for Knoevenagel condensation 
between benzaldehyde and malononitrile in ethanol at room 
temperature. Circles (●) and triangles (▲) indicate the 
catalytic reaction of ZIF-8 3D nanoweb microfluidic system, 
ZIF-8 on micropillar system without CNT networks, 
respectively. Insets indicate each heterogeneous catalysis 
system inside the microfluidic reaction systems.
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(width: 500 µm, length: 25 cm) which is within a rectangular unit 
(5 cm x 3 cm) on the Si wafer. The micropillars with a diameter 
of 2.5 µm, a height of 80 µm, and an inter-micropillar gap of 4.5 
µm were prepared within the confined region with the in-line 
arrangement, which is called micropillar-embedded 
microchannel. The Si wafer substrate with micropillar-
embedded microchannel was soaked in a piranha solution 
(H2SO4:H2O2 = 7:3) for 3 h for cleaning and surface-modification 
with a hydroxyl group. After the treatment, the substrate was 
fully rinsed with DI water followed by drying with nitrogen gas. 
0.404 g of Fe(NO3)3ꞏ9H2O and 1.37 mL of Mo in NH4OH solution 
was dissolved in 50 mL of ethanol by ultrasonication to make a 
catalyst solution.25 The piranha-treated substrate was dipped in 
the catalyst solution for 2 h and subsequently dipped in ethanol 
for 10 min for removal of excess Fe/MO catalyst. The 3D 
network of CNTs was synthesized by a thermal chemical vapor 
deposition method.39 The substrate was placed in a quartz tube 
reactor and the reactor was heated up to 800 °C. After the 
reactor’s temperature reached 800 °C, NH3 gas (300 sccm) was 
introduced into the reactor for 10 min followed by C2H2 gas (10 
sccm) for 20 min. The as-prepared samples with 3D networks of 
CNTs were cooled down to room temperature. The networked 
CNTs were coated with Al2O3 by using the ALD method to 
enhance the mechanical strength and to modify the surface 
with amine functional groups.26

Preparation of CNT-networked Microfluidic System
A polydimethylsiloxane (PDMS) slab with a thickness of 0.5 mm, 
on which two holes for inlet and outlet were punched with a 
diameter of 1.5 mm, was used as an upper part of the 
microfluidic system. The PDMS slab was bonded to the 
substrate with CNT-networked microchannel by positioning two 
holes directly on each end of the CNT-networked microchannel. 
PDMS precursor solution was used for strong and 
homogeneous bonding between the PDMS slab and the 
microchannel substrate with a modified method inspired by the 
microcontact printing method (Figure S9).40 PDMS precursor 
solution mixed at 10:1 curing ratio was degassed and spin-
coated on 3-inch Si wafer at 6,000 rpm for 30 s. The PDMS slab 
was treated with oxygen plasma for 1 min and gently placed on 
the spin-coated thin layer of PDMS precursor solution to make 
the plasma-treated surface to contact the precursor solution. 
After a few seconds, the precursor solution was fully immersed 
on the surface of the PDMS slab. The PDMS slab with uncured 
PDMS precursor layer was then aligned on the substrate with 
CNT-networked microchannel and the PDMS precursor layer 
was cured by heating them at 70 °C for 2 h. Connection of PTFE 
tubings on inlet and outlet was followed to finish making the 
microchannel system (Figure 1a).
With the adopted bonding method, the PDMS slab and the 
substrate with CNT-networked microchannel showed secure 
bonding even with water flowing test through the microchannel 
with a high flow rate up to 100 µL/min for 60 min. It was also 
confirmed by SEM that after the water flowing test with the 
flow rate of 100 µL/min for 20 min the 3D network of CNTs 
remained intact without any damage (Figure S5b).

Preparation of ZIF-8 3D Nanoweb-embedded Microfluidic Reaction 
System
The as-made microfluidic system was turned into a ZIF-8-
immobilized microfluidic reaction system by synthesizing ZIF-8 
on the 3D network of ALD treated CNTs by LbL synthesis 
method.34 PVP in methanol solution (2 mg/mL) flowed into the 
microfluidic system at a flow rate of 10 µL/min for 3 h to control 
the growth of ZIF-8.35 A pure methanol flowed into the system 
at the same flow rate for 5 min. 2-MeIM in methanol solution 
(0.35 mg/mL) and Zn(NO3)2·6H2O in methanol solution (0.9 
mg/mL) were prepared. A flow cycle consists of the flows of two 
solutions in 5 min for each was repeated 20 times. The flow of 
pure methanol was performed between changing the solution 
from each to each to wash out the excess of precursors. After 
the 20 cycles of LbL synthesis, the entire system was vacuum-
dried overnight at 80 °C. The synthesized nanoweb-shaped ZIF-
8 crystals were characterized by SEM analysis.

Preparation of ZIF-8 on Si wafer for XRD analysis
The ZIF-8 on Si wafer was prepared following similar procedures 
as ZIF-8 3D nanoweb with slight modifications. Si wafer was 
treated with PVP in methanol solution (2 mg/mL) for3 h. After 
washing with fresh methano twice, the surface modified Si 
wafer was immersed in methanol solution of Zn(NO3)2·6H2O 
(0.9 mg/mL) for 5min. Subsequently, the methanol solution of 
2-MeIM (0.35 mg/mL) was added. The vial was kept 
undisturbed overnight. The obtained ZIF-8 grown Si wafer was 
washed with methanol several time and dried for XRD analysis.

Catalytic Studies
The Knoevenagel condensation between benzaldehyde and 
malononitrile using the immobilized ZIF-8 as a catalyst was 
carried out both in the ZIF-8 3D nanoweb-embedded 
microfluidic reaction system and the comparative system 
without CNT network at room temperature.30 Benzaldehyde in 
ethanol solution (5.3 mg/mL) and malononitrile in ethanol 
solution (3.3 mg/mL) were prepared. Both solutions contained 
in each syringe flowed in PTFE capillary tubings at a flow rate 
ranging from 10 to 100 µL/min for each and was mixed using a 
micro-mixing tee. The mixed solution was immediately flowed 
into the microfluidic reaction systems by flowing in another 
short (~2 cm) capillary tubing. The solution flowed through the 
microchannel embedded with micropillars, 3D network of CNTs 
and ZIF-8 crystals on them. Another capillary tubing was 
connected to the outlet of the microfluidic reaction system, 
whose other end is connected to a vial containing 2 mL DI water 
for quenching the reaction. After collecting 400 µL of total 
product-containing solution for each flow rate (20 min for 10 
µL/min flow rate and 2 min for 100 µL/min flow rate of each 
solution), 8 mL ethyl acetate was mixed to the 2 mL DI water 
mixed with the product-containing solution for extraction of 
product. The extracted product was measured by GC-MS to 
calculate and compare the conversions for each flow rate.

Conclusion
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In summary, a novel microfluidic reaction system with 
embedded 3D nanoweb of ZIF-8 catalysts assisted by the carbon 
nanotube (CNT) networks has been presented. The inherent 
strength of CNT networks treated by the ALD process enables 
the high-flow-rate liquid-phase reactions with secure 
immobilization of ZIF-8. The results of the Knoevenagel 
condensation reveal the superiority of 3D nanoweb structuring 
of ZIF-8 in terms of heterogeneous catalysis. This truly 3D 
structuring of ZIF catalysts bodes well for liquid phase organic 
reactions catalyzed by heterogeneous catalysts which can be 
immobilized on the surface of CNTs.
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