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Continuous-flow microfluidic systems are widely recognized as advanced and
robust tools for materials synthesis. Indeed, the exquisite spatiotemporal
control over reagent concentrations in a microfluidic channel has enabled
the formation of composite materials and structures with unique features.
Herein, we show for the first time that by combining reactive substrates with
continuous-flow microfluidic devices, material growth can be spatiotem-
porally driven and modulated on a surface. We demonstrate such unprec-
edented control by crystallizing and patterning compositional gradients of
HKUST-1 (a widely investigated metal-organic framework (MOF)) on a reac-
tive surface. We believe that this novel approach will engender new possibili-
ties for incorporating MOFs on reactive surfaces, and thus for developing

new advanced technological architectures and devices.

Surfaces play a key role in many aspects of nanotechnology,
as they can control the orientation, localization, and integra-
tion of functional materials in advanced technological systems
and devices.'">! However, the production of new marketable
products based on nanotechnology developments will be effi-
ciently accomplished when such control will be applied from
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the molecular level to the macroscale.[0-8

At the macroscale, functional materials
can be efficiently interfaced (connected)
to read-out components for device fabri-
cation. Accordingly, the last two decades
have seen a remarkable increase in the
number of methods able to integrate func-
tional materials on surfaces for micro- and
nano-electromechanical systems appli-
cations. In this respect, methods based
on atomic layer deposition (ALD) and
chemical vapor deposition (CVD),*'% 3D
printing,[''13] and microfluidic technolo-
gies1*1% have emerged as disruptive tools
in such manufacturing environments.
Functional materials such as porous
coordination polymers (also known as
metal-organic frameworks or MOFs) have
been the focus of much recent attention owing to their tun-
able physicochemical properties.'’-') MOFs are constructed
from metal ions (or clusters) and organic ligands, with their
synthesis and growth typically being performed in solution.
However, the bulk solution synthesis of MOFs does not facili-
tate their effective incorporation into devices, thus hampering
their widespread application. Unsurprisingly, much current
effort is focused on integrating MOF materials on surfaces by
controlling their orientation and grain structure (e.g., compact-
ness).2-24 Certainly, by reaching this level of integration (i.e.,
crystal orientation and grain boundary), MOFs will have the
potential to unleash their practical use in other research areas
such as, for example, semiconductor devices.?>28 To date, a
range of different approaches for the integration of MOFs on
surfaces have been investigated, including layer-by-layer deposi-
tion,?%3% Langmuir-Blodgett deposition,**?] lithography,33-3]
CVD,® and seeded growth from both reactive metal tem-
platesB’3°l and self-assembled monolayers (SAMs).[*% Interest-
ingly, studies addressing the nucleation and growth of MOFs on
SAM-functionalized surfaces indicate that the functional end-
groups present on the surface determine the crystallographic
orientation of surface-grown MOFs.[1#2 However, while suc-
cessful strategies have been demonstrated, current technolo-
gies cannot exert sufficient control over concentration gradients
of metal ions and organic ligands (on the surface) during MOF
growth. This lack of control hinders the formation of com-
positional MOF gradients on surfaces and limits the rational
design of defects. Importantly, new approaches for an accurate
control of MOF gradients (and MOF defect engineering) will
dramatically increase the number of applications and functions
of MOF films.*3*4 To this end, herein, we successfully develop
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Figure 1. a) Schematic illustration of the Y-shaped microfluidic device used in our investigations. b) Optical image of the microfluidic channel during
the growth of HKUST-1 in a coflow configuration between i) an H3;BTC-laden stream and ii) ethanol. It is noted that the bluish region is located where
H3BTC is injected, i.e., on the (i) side of the channel. c—e) SEM images of the bluish area ((i) area), Cu,O inside the microfluidic channel ((ii) area), and
Cu,O outside the microfluidic device. f) Grazing Incidence X-ray Diffraction (GIXRD) spectra of Cu,O (111), HKUST-1 generated inside the microfluidic
channel, and the simulated XRD pattern of HKUST-1. g) XPS spectra of Cu,O (111) and of material in the bluish area generated inside the microfluidic
channel. In the latter, two different zones along the length of the microfluidic channel are measured for comparison.

a simple strategy to synthesize, pattern, and grow composi-
tional gradients of a well-known MOF (Hong Kong University
of Science and Technology (HKUST)-1) on reactive surfaces
through the use of continuous flow microfluidics. HKUST-1
(Cu3(BTC),(H,0)3, BTC = 1,3,5-benzenetricarboxylate) was
used in the current study since it is a model MOF compound
that has been extensively studied on surfaces**] and can be
easily synthesized under mild conditions!*®* for different
applications, i.e., gas separation,P% catalysis,! and sensing.l?’!
Specifically, we integrate a highly textured Cu,O (111) surface
within a microfluidic device, in which an ethanolic solution of
benzene-1,3,5-tricarboxylic acid (H;BTC) is flowed. Because of
the deprotonation of H3BTC into BTC?", this solution is mildly
acidic (with a pH of approximately 5) and partially dissolves the
Cu" ions of the textured surface. Molecular oxygen present in
the ethanol stream causes the oxidation of Cu® into Cu?*2
which is coordinated by BTC?", subsequently inducing the
nucleation of HKUST-1. It should be noted that the microflu-
idic devices used throughout the current study are structured
from polydimethylsiloxane (PDMS), a silicone-based elastomer
that is highly permeable to gases such as molecular oxygen.

In a typical experiment, a Y-shaped microfluidic reactor
consisting of two inlets and one outlet is used to synthesize
HKUST-1 (Figure 1a). This configuration, in contrast to other
reported methods, allows the direct formation of BTC3~ concen-
tration gradients inside a microfluidic channel when the incor-
poration of an unreactive flow inside the microfluidic device is
considered (vide infra). Initially, to clearly determine the effect
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of a reactive and unreactive flows, we injected a saturated etha-
nolic solution of H3;BTC (reactive flow) and pure ethanol (unre-
active flow) at constant flow rate of 10 uL min~! through the
inlets (Figure 1a). As expected, we observed that the two solu-
tions coflow in a side-by-side arrangement within the main
microfluidic channel due to the low associated Reynolds
number that was calculated to be below 2 (Figure 1b).>>>4 After
3 h of constant operation, a distinct color change (from orange
to blue) of the surface below the stream containing H3BTC
could be observed (Figure 1b). This color change is attributed
to the formation of HKUST-1 on the Cu,O substrate (Figure 1b,
Figure 2, and Movie S1, Supporting Information). Addition-
ally, we examined the reacted ((i) in Figure 1b) and unreacted
(i) in Figure 1b) regions of the microfluidic channel using
scanning electron microscopy (SEM) after device disassembly.
SEM images reveal that the bluish area is formed as a compact
film that perfectly covers the entire length of the microflu-
idic channel (Figure 1c). This film comprises particles with a
smooth and dense appearance. In contrast, the surface exposed
to the pure ethanol stream contains few particles (Figure 1d),
those of which are probably formed by diffusion of H3BTC
into the ethanol stream. Outside the microfluidic channel, the
Cu,O (111) surface was smooth and contained no particles
(Figure 1e).

Subsequently, X-ray diffraction (XRD) and X-ray photo-
electron spectroscopy (XPS) analysis were used to confirm
the formation of HKUST-1 inside the microfluidic channel.
X-ray patterns were obtained via grazing incidence diffraction

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. a) Schematic illustration of the generation of graded HKUST-1 surfaces inside the microfluidic channel. The time scale represents the total
exposure time of the surface to the H3BTC stream. This controlled exposure can be accomplished by varying the flow rate of H;BTC (reactive) and
ethanol (unreactive) flows. b,c) Optical images of the microfluidic channel after the formation of the graded HKUST-1 film at the inlet and outlet of
the microfluidic channel, respectively. (d) and (e) are SEM images taken across the width of the microfluidic channel where the graded surface has
been generated. The image shown in (d) was acquired in the region where the H3BTC stream was allowed to flow for more than 100 min, whereas the
image shown in (e) was acquired in the region where the H3BTC stream was allowed to flow for 60 min.

experiments involving two incidence angles (see the Experi-
mental Section for further details). As shown in Figure 1f, at
an incidence angle of 0.1° the reflections corresponding to
HKUST-1 were clearly observed, along with some reflections
from Cu,O (111). The calculated XRD spectra of HKUST-1 are
shown in Figure 1f for comparison. In contrast, at an incidence
angle of 0.35°, the Cu,0 (111) reflections were far more pro-
nounced vanishing completely the HKUST-1 reflections (Figure
S1, Supporting Information). We also tried to grow HKUST-1
from a Cu,O substrate of different texture, i.e., Cu,O (110).
Grazing incidence X-ray diffraction (GIXRD) spectra showing
reflections for HKUST-1 grown on both Cu,0O (110) and Cu,0
(111) surfaces are shown in Figure S2 in the Supporting Infor-
mation. The clear variations in peak intensities between the
two Cu,O textures could indicate a possible role of surface crys-
tallographic orientation on HKUST-1 growth. To confirm this
hypothesis, we conducted transmission electron microscopy
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(TEM) analyses on cross-sectioned samples. The resulting TEM
images (Figure S3a, Supporting Information) clearly show the
presence of a 15 nm thick layer on top of the Cu,O film that we
attribute to the HKUST-1 film (see also Figure S4, Supporting
Information). Unfortunately, selected area electron diffraction
patterns of this layer only indicated the presence of metallic
copper nanoparticles (Figure S3b, Supporting Information).
Accordingly, we assume that the electron beam reduces the
copper ions within the HKUST-1 film,>’ preventing an evalu-
ation of epitaxy in our samples.

Figure 1g shows the XPS spectra (Cu 2p edge) of the Cu,O
film (outside the microfluidic channel) as well as the XPS
spectra of two areas inside the microfluidic channel. While the
XPS spectrum of Cu,O (111) shows a typical asymmetric peak at
933 eV, with satellite signals between 940 and 945 eV,°% the XPS
spectrum measured inside the microfluidic channel exhibits a
clear elbow in the Cu 2p3/2 signal that corresponds to Cu?*.P!

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Accordingly, and despite the fact that the HKUST-1 film is on
top of the Cu,O (111) film, a clear increase in the amount of
Cu?* is observed from =40% to =60% (see Figure S5, Supporting
Information). Thus, we can conclude that a localized growth of
HKUST-1 films on a surface can be accomplished in flow.

Strikingly, under the same experimental conditions (i.e.,
fixed H3;BTC concentration, temperature, and reaction time)
compact HKUST-1 films could not be grown in a beaker where
confinement during the reactive process was missing (see the
Experimental Section for further details and Figure S6, Sup-
porting Information).”® In this situation, only isolated and
polydisperse HKUST-1 crystals were observed on the Cu,O
(111) substrate. Accordingly, these results clearly indicate that
mass transport is crucial for the controlled growth of a compact
and homogeneous HKUST-1 film.

To demonstrate the versatility of our approach, we took
advantage of the controlled molecular diffusion of reagent-laden
flows in Y-shaped microfluidic devices to design composition-
ally graded HKUST-1 surfaces. To this end, the flow rate of the
H;BTC solution (FRysprc) was progressively increased while the
flow rate of pure ethanol (FRgop) was decreased (Figure 2a). In
these experiments, the total flow rate (FRgoy + FRysprc) was
maintained at 20 uL min~! (see the Experimental Section for
details). As shown in Figure 2b,c, controlled chemical oxidation
and coordination on the surface led to a compositionally graded
film within the microfluidic channel. This was confirmed by
assessing SEM images across the width of the microfluidic
channel, where we observed different levels of compactness
in the region where HKUST-1 was grown (e.g., Figure 2d,e).
As expected, the compactness of the HKUST-1 film decreased
toward the side of the microfluidic channel where the pure eth-
anol stream was located (Figure 2e).

www.advmattechnol.de

Next, we conducted experiments in which different
H;BTC flow configurations were used to localize the forma-
tion of HKUST-1 films and generate complex 2D patterns of
any shape on reactive Cu,O (111) surfaces. For example, we
patterned serpentine structures (Figure 3b) and other geo-
metrically challenging forms with high accuracy (Figure 3d).
Moreover, our approach allows for the simultaneous forma-
tion of multiple patterns inside a microfluidic channel when
the number of coflowing streams is increased. An example of
such a scenario is illustrated in Figure 3e,f and Movie S2 in the
Supporting Information, in which two parallel HKUST-1 pat-
terns are obtained by alternating four coflowing streams (two
of pure ethanol and two of an H3;BTC solution). Importantly,
SEM characterization of material within the bluish region indi-
cates, again, the formation of a compact HKUST-1 film with a
dense and smooth appearance, whereas the orange patterned
regions only contain a small number of diminutive crystals that
are formed as a consequence of diffusion of H3BTC into the
ethanol streams (Figure 3g,h, respectively).

In summary, we have shown a novel strategy for the growth
and integration of intricate MOF architectures on highly ori-
ented copper oxide surfaces using continuous-flow microflu-
idics. Furthermore, we have shown that the ability to precisely
control reagent diffusion inside confined environments is key
to achieving homogeneous and compact MOF films. In the cur-
rent experiments, our approach is successful in creating highly
packed HKUST-1 films under mild conditions (i.e., room tem-
perature and pressure) as well as forming compositional gradi-
ents of HKUST-1. Accordingly, we believe that our technology
has the potential to open new horizons in the controlled fabrica-
tion of compositional and structural MOF architectures on sur-
faces, which will engender a range of novel MOF-based devices.

Figure 3. Images acquired a) during and b) after the synthesis of HKUST-1 inside a serpentine microfluidic channel. In (b), the PDMS slab containing
the microfluidic channel has been removed from the surface. c) Schematic illustration of a microfluidic channel with a wagon wheel shape showing
inlet and outlet positions. d) Image of a patterned HKUST-1 film taken after removing the PDMS slab containing the microfluidic channel with a wagon
wheel shape. e,f) Images illustrating the parallel synthesis of HKUST-1 using multiple coflowing streams. In (f) the PDMS slab has been removed from
the patterned surface. (g) and (h) present SEM images of the bluish area and the orange regions located inside the microfluidic channel after synthesis.
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Experimental Section

Materials: PDMS base and curing agent were purchased as a Sylgard
184 Silicone elastomer kit from Dow Europe, Wiesbaden, Germany.
Benzene-1,3,5-tricarboxylic acid (H3;BTC) was obtained from Sigma-
Aldrich (St. Louis, USA). High performance liquid chromatography
(HPLC) grade ethanol was purchased from VWR International (Fontenay-
sous-Bois, France).

Cu,0 Coated Glass Surfaces:>% Cu,0 films were deposited via Aerosol
Assisted metal-organic chemical vapor deposition (MOCVD) using a
homemade system. A 0.01 w trifluoroacetylacetonate (Strem Chemicals,
Newburyport, Massachusetts, USA) solution in 0.5 L of absolute ethanol
(Sigma-Aldrich, 99%, St. Louis, USA) was prepared. This precursor
solution was atomized into fine droplets by a piezoelectric ceramic at
4.2 Hz and 6 W, forming a mist on top of the solution. The mist was
then transported by a flow of nitrogen (2 L min') into the deposition
chamber (consuming the solution at a rate of 1.5 mL min™"). The
oxidizing gas flow was obtained by mixing 3 L min' flow of N, with a
5 L min~' flow of air (12% of O,). The oxidizing flow was divided in two
separate lines: one that was bubbled through water at room temperature,
to maintain humidity during the deposition process, and a second that
was fed directly to the reactor. The humidity of the carrier gas could then
be controlled by adjusting the relative flow rates. The deposition chamber
was maintained at close to atmospheric pressure, with deposition being
performed at 335 °C onto planar glass substrates (Carl Roth, Karlsruhe,
Germany).

Microfluidic Device Fabrication: The silicon master molds used in
the fabrication of microfluidic devices were fabricated using standard
photolithography techniques.l®® Subsequently, a replica molding work-
flow was used to produce the microfluidic devices themselves. First, the
silicon master mold was passivated with chlorotrimethylsilane under
vacuum for 30 min. Then a mixture of PDMS base and curing agent
(Sylgard 184 Silicone elastomer kit) mixed in a 10:1 ratio by weight was
cast against the mold and cured at 70 °C overnight. The cured PDMS was
peeled-off the master mold and diced using a razor blade. The inlets and
the outlet were formed using a 1.5 mm biopsy punch (1.5 mm, Miltex
GmBH, Rietheim-Weilheim, Germany). All channels in the Y-shaped
microfluidic device had a height of 50 um, with the main channel
having a width of 300 um. In addition, the serpentine microfluidic
device integrated a channel with a height and width of 30 and 100 pm,
respectively. Features in the four-inlet microfluidic device were 50 pum
high, with the width of the main channel being 250 um.

Videos/Optical Images: Videos and optical images were taken using a
Nikon Eclipse Ti microscope (Amsterdam, Netherlands) equipped with
a RETIGA R1 color camera (Rochester, USA).

Scanning Electron Microscopy: The SEM studies were performed on a
Zeiss Ultra 55 microscope operating at an accelerating voltage of 5 kV.
Samples were coated with a 4 nm thick film consisting of a mixture of
Pt/Pd using a sputter Quorum Q150T-S.

Grazing Incidence X-Ray: GIXRD spectra were collected with a RIGAKU
Smartlab (Neu-Isenburg, Germany) equipped with a 9 kW rotating
anode Cu source (45 kV and 200 mA). A 1D parabolic mirror (with a
divergence less than 0.05° in the 26 direction), 2.5° Soller slits, a mask
of 5.0 mm, and a 0.05 mm slit were positioned before the sample. The
X-ray beam obtained was parallel to the sample surface. Optics after the
sample included a 0.5 divergence thin film collimator, 2.5° Soller slits,
no attenuator, and a punctual scintillator detector. A detector scan was
performed between 2° and 80° (in 26 scale) with steps of 0.04° and 2.4 s
at each step. The omega incidence was 0.1° or 0.35°. During acquisition,
the sample was kept in a horizontal orientation and held with double
face Scotch tape.

Transmission Electron Microscopy: TEM observations were carried out
at 200 kV with a JEOL 2010 microscope (resolution of 0.19 nm). Cross-
section samples were prepared as thin wedge-shapes via automatized
tripod polishing using a MultiPrep system (Allied High Tech Products, Inc.,
Campton, USA) and plastic diamond lapping films with grains of decreasing
size (i.e,, 15, 6, 3, 1, and 0.5 um). The final polish was performed on a soft
felt covered disc impregnated with a silica solution. Additionally, Ar ion
milling was used during 2-5 min to minimize further the thickness.
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X-Ray Photoelectron Spectroscopy: XPS analyses were carried out in a
K-Alpha apparatus from Thermo Fisher Scientific (Zurich, Switzerland).
In a UHV chamber (at 10~ mbar), sample surfaces were irradiated
with AlK, radiation (1486.6 eV). Ejected electrons were collected by a
hemispherical analyzer at 30 eV constant pass energy. The energy scale
was calibrated with the CTs line from contamination carbon at 285.0 eV.
Analyses were carried out at constant angle of 90° between the sample
surface and the analyzer.

Microfluidic ~ Synthesis of HKUST-1 on Cu,O Surfaces: Prior to
experiments, all microfluidics devices were clamped mechanically using
a homemade stainless steel clamp over the Cu,O coated glass slides.
The H3;BTC saturated solution was prepared by dissolving 0.7 g of
H3BTC in 10 mL of ethanol, followed by heating and sonicating until
a clear solution was obtained. Finally, the mixture was filtered using
0.45 um Teflon syringe filters (Merck KGaA, Darmstadt, Germany).

Microfluidic  Synthesis of HKUST-1 on Cu,O Surfaces—Y-Shaped
Microfluidic Chip (Isocratic Mode): A saturated solution of H3BTC was
pumped at 10 uL min~" through one inlet, while EtOH was driven at
the same flow rate via the other inlet. Cu,0 was exposed to both
solutions over a period of 3 h. Finally, the surface was rinsed with EtOH
(20 uL min™") for 3 min to eliminate excess H3BTC solution.

Microfluidic - Synthesis of HKUST-1 on Cu,O Surfaces—Y-Shaped
Microfluidic Chip (Gradient Mode): The microfluidic configuration
employed was the same as for the isocratic mode. However, the relative
flow rate (H3BTC/EtOH) was now increased from 1:9 to 9:1 in nine steps,
keeping the total flow rate at 20 uL min~' (i.e., 2:18, 4:16,...,10:10,...16:4,
18:2 uL min™"). Each step was performed for 13 min before changing the
relative flow rate. Finally, the microchannel was washed with EtOH (at
20 uL min for 3 min.

Microfluidic Synthesis of HKUST-1 on Cu,O Surfaces—Serpentine
Microfluidic Chip and Wagon Wheel Shape: A solution of H3;BTC
was injected into the microfluidic device at a constant flow rate of
10 uL min~' for 2 h. The microchannel was then washed with EtOH (at
10 uL min"y for 3 min.

Microfluidic ~ Synthesis of HKUST-1 on Cu,O Surfaces—Four-Inlet
Microfluidic Chip: Pure EtOH was injected into the first and third inlet,
while H3BTC was pumped through the second and fourth inlets. The flow
rate in the four inlets was maintained at 15 gL min™' for a period of 2 h.
Finally, all the channels were rinsed with EtOH (at 10 uL min™") for 3 min.

Microfluidic Synthesis of HKUST-1 on Cu,O Surfaces—Bulk Synthesis:
A coated Cu,O (111) glass slide was completely immersed in a beaker
containing a saturated solution of H3BTC for a period of 3 h and at room
temperature. Reacted surfaces were then removed from the beaker and
rinsed with copious amounts of EtOH.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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