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Graphical Abstract: 

The solid photocatalyst is dip-coated onto a 3D-printed sacrificial template made of 

ABS (acrylonitrile butadiene styrene) polymer, and such coated template is 

subsequently embedded in PDMS (polydimethylsiloxane) matrix to conform the body 

of the microreactor. The PDMS pre-polymer traps the photocatalyst nanoparticles while 

spreading across the ABS template, and once cured, this process leaves a continuous 

and homogeneous thin layer of photocatalytic nanoparticles intimately adhered to the 

microchannel polymer walls upon removal of the template with rinsing acetone. 
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Highlights 

 Innovative method for integrating Au@POM/TiO2 nanoparticles onto silicone 

microreactors 

 Effective adhesion of the photocatalysts to the microreactor channel walls 

 Good catalytic performance of Au@POM/TiO2 with only 0.18 % w/w. of Au 

nanoparticles 

 Photoreduction of 4-nitrophenol performed as test reaction in continuous flow 

regime 

 

Abstract 
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 Reproducible and controllable incorporation and immobilization of catalysts and other 

active particles onto silicone microreactor channels is still challenging. In this work, we 

present an innovative fabrication protocol to attain affordable, custom-designed 

photocatalytic microreactors in a fast and simple manner. In this protocol, a 3D-printed 

ABS microreactor mold is first dip-coated with the photocatalyst, and subsequently, the 

catalytic layer is transferred onto the microchannel walls by indirect immobilization 

during the silicone casting and scaffold removal step. Serpentine-shaped microreactors 

have been satisfactorily fabricated with Au@POM-impregnated TiO2 nanoparticles 

(Au@POM/TiO2; Au 0.18 % w/w, POM: H3PW12O40) as the integrated photocatalytic 

layer. The suitability of our fabrication method has been validated on the basis of the 

excellent photocatalytic performance shown by the microreactors in a model test 

reaction such as the continuous-flow photoreduction of 4-nitrophenol to 4-aminophenol 

with NaBH4 and monitored by UV-Vis spectroscopy. 

Keywords: 3D printing; silicone microreactors; photocatalysis; Au nanoparticles; 

polyoxometalates.  

1 Introduction 

The huge impact made by microfluidic systems during the last decade has permitted the 

development of a wide range of different lab-on-a-chip (LOC) devices for applications in 

several fields, including the biochemical, clinical, chemical and environmental areas [1-3]. 

Polydimethylsiloxane (PDMS) is among the most frequently used material for building 

microfluidic systems due to its extraordinary properties, such as biocompatibility, transparency, 

impermeability towards gas molecules and moisture, flexibility, or ease of replication among 

others [4, 5]. However, the fabrication protocol of this kind of PDMS-based devices often 

involves the use of sophisticated clean-room facilities and manufacture steps that are not easily 
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available. In particular, such microfluidic devices are usually made by soft-lithography 

procedures that require a mold fabricated in SU-8 resist by photolithography techniques [6]. 

Additive manufacturing techniques based on 3D printing constitute a prompted solution for 

many applications [7-10] as 3D-printing technologies enable rapid design and prototyping, 

while reducing costs as well as time and materials consumption. Moreover, these techniques 

make the development of microfluidic systems accessible to a wide range of users and allow for 

microfabrication at a non-specialized level. There exist many types of 3D-printing protocols 

[11], but that of the fused filament fabrication (FFF) is among the most popular because of its 

suitability even for homemade applications with very reasonable cost. The FFF technique 

consists in creating 3D objects following a layer-by-layer addition of a fused polymer filament 

under precise digital control. The resolution of this technique (minimum dimension that can be 

printed) depends of the nozzle diameter where plastic filament is extruded through. Standard 

nozzle diameters go from 800, 400, 300, to 200 μm and provide channels to similar diameter, 

achieving a good resolution for many applications. The ease-to-use, fast fabrication and roughly 

micro-scale accuracy are the main properties that makes the FFF 3D-printing protocol an ideal 

tool for the design and fabrication of microfluidic devices applicable in different areas [12-15] 

where minimum resolution is above 200 µm. In our particular case, a 3D-printed mold could 

enable the replacement of the SU-8 pattern [16], easily minimizing the drawbacks mentioned 

above. Moreover, more complex designs, that would otherwise be impossible to be created with 

the traditional 2D microfabrication technology, can be achieved with the FFF 3D-printing 

protocol. 

PDMS-based microdevices are the best candidates for photocatalytic applications due to the 

polymer transparency in the UV-Vis spectral range [4]. Besides, these devices display several 

other advantages associated with the microscale performance, such as good mixing 

characteristics, short diffusion distances for the reactants and products and an intensified 

interaction between light and photocatalyst. Thus, the combination of silicone-based materials 

(PDMS) and 3D-printing approaches (FFF) is a promising solution to achieve functional, 
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affordable and customizable microfluidic photoreactors. Nonetheless, the incorporation of the 

photocatalyst onto the microreactor channels walls is still a challenging key step in many cases, 

as flushing the pristine device channels with suspensions of a given photocatalyst usually leads 

to poor results in terms of adhesion and homogeneity, thereby forcing the use of sophisticated 

surface functionalization steps. A homogeneous and adhesive distribution of the photocatalytic 

material is required in order to prevent any loss of such material during the reaction and to 

improve the effectivity overtime, and to this end, coating methods such as dip-coating or 

spraying are commonly used for the functionalization of PDMS surfaces due to their availability 

and simplicity [17, 18]. Castedo et al. have recently made use of a 3D-assisted procedure to 

fabricate parallel channel microreactors (nine rods of 500 µm width × 1 mm depth × 47 mm 

length) for solar hydrogen production in which the Au-doped TiO2 photocatalyst is directly 

incorporated onto the internal channel surface by drop-coating prior to the microreactor sealing 

[19, 20]. Other researchers have in turn focused their attention on the catalyst integration during 

the fabrication procedure by exploring other interesting approaches including the wall surface 

engineering [21, 22] or the in situ incorporation by casting the polymer directly on the 

photocatalyst [23-25]. 

Another bottle-neck in the fabrication of photocatalytic microreactors is related to the fact 

that PDMS devices typically need to be sealed with a cover after the photocatalyst 

incorporation. The standard sealing must be performed by oxygen plasma bonding and this 

process requires flat and clean surfaces to achieve a proper sealing force, but the catalyst 

incorporation sometimes modifies the PDMS surface, thus making the sealing step difficult to 

be fulfilled or even impossible. To avoid the sealing step, different fabrication protocols based 

on soluble sacrificial molds like PVA (polyvinyl alcohol), wax, sugar or liquid metals have been 

developed [26-31]. Saggiomo and Velders [32] have established a scaffold-removal method 

through which a 3D-printed ABS (acrylonitrile butadiene styrene) mold is first immersed into 

PDMS, and lately, completely dissolved with acetone, resulting in a silicone single block that 

displays the desired channels without the requirement of any kind of sealing step and with the 
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possibility of achieving intricate and multilevel configurations. It is worth remarking that 

Saggiomo and Velders reported exclusively on a protocol for manufacturing pristine PDMS-

based microfluidic chips, but did not describe any further procedure for the functionalization of 

such chips with nanoparticles or other specific coatings, which limits to great extent the 

applicability of the reported technique in the fabrication of functional devices such as catalytic 

microreactors. Therefore, we have focused our attention on developing a suitable micro-

structured catalyst incorporation protocol which can entirely take place in an integrated 

fabrication process by combining the scaffold-removal method for fabrication with a dip-

coating process for incorporation. 

In this work, we have fabricated functional PDMS-based photocatalytic microreactors with 

the photocatalyst homogeneously distributed and firmly adhered at the silicone channel walls 

during curing step. Commercial TiO2 doped with as-synthesized Au@polyoxometalate 

(Au@POM/TiO2) nanoparticles has been selected as the photocatalyst subject to integration. 

The performance of the resulting microdevices has been tested in the continuous flow regime 

using the photoreduction of 4-Nitrophenol (4NP) to 4-Aminophenol (4AP) in the presence of 

NaBH4 as the model reaction. 

 

2 Materials and Methods 

2.1 Preparation and characterization of the Au@POM/TiO2 photocatalyst  

The synthesis of the precursory Au@POM nanoparticles was carried out in batches by 

irradiating aqueous mixtures of a AuIII-containing starting material, an electron-mediating 

photoactive polyoxometalate (POM) species and a sacrificial electron donor such as propan-2-ol 

(IPA) with UV light. More specifically, a water solution of 0.1 mM in HAuCl4 (Merck), 

0.035 mM in phosphotungstic acid H3PW12O40 (Strem) and 0.5 M in IPA (Scharlab) was 

deoxygenated by bubbling Ar, added to a quartz flask (20 mL) and irradiated with a 30 W Hg 

Lamp (Millipore S.A.S) under stirring for 25 min. The Au@POM nanoparticles contained in the 
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resulting pink solution were characterized by UV-Vis spectroscopy (Flame Ocean Optics 

spectrophotometer) and STEM (FEI Tecnai F30 transmission electron microscope at the 

Advanced Microscopy Laboratory-LMA at University of Zaragoza). 

The Au@POM/TiO2 photocatalyst was prepared by incipient wetness impregnation of the 

pre-synthesized Au@POM nanoparticles over commercial TiO2 fabricated by flame spray 

pyrolysis (TECNAN Tecnología Navarra de Nanoproductos S.L; particle diameter: 20 nm to 

50 nm, specific surface area: ca. 240 m2 g−1). The calculated gold loading was 0.18 % w/w with 

respect to TiO2. This low value of Au loading was chosen to illustrate the good photocatalytic 

performance of the as-synthesized Au@POM/TiO2 nanoparticles. The structural and elemental 

analyses of the Au@POM/TiO2 photocatalyst were carried out by using a scanning transmission 

electron microscope (STEM, FEI Tecnai F30 at the LMA) equipped with an energy dispersive 

spectroscopy detector (EDS).  

2.2 Fabrication protocol of Au@POM/TiO2-coated silicone microreactors 

Silicone microreactors were fabricated by following the scaffold-removal procedure 

described by Saggiomo and Velders [32], but with some changes in order to incorporate the 

photocatalyst nanoparticles during the fabrication process. Fig. 1 summarizes the main steps 

undertaken for the fabrication of the photocatalyst-coated microreactors, which include: i) 

design and 3D printing of the ABS mold; ii) incorporation of the Au@POM/TiO2 photocatalyst 

by dip-coating over the ABS mold; iii) PDMS casting and curing; and iv) mold removal and 

insertion of the microfluidic connections. Scanning electron microscopy (SEM, FEI Inspect 

F50) coupled to energy-dispersive X-ray spectroscopy (EDX) over samples sputtered with 

20 nm of gold for a better visualization was the technique selected for characterizing and 

visualizing the different stages throughout the microreactor fabrication process. Jo
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Fig. 1. Scheme of the fabrication protocol of silicone microreactors with integrated photocatalysts by following the 

“scaffold-removal” method. 

i) Design and 3D printing of the ABS mold: a computer-aided design software (AutoCAD®) 

was used to design two serpentine-shaped models with squared cross-section channels of 

0.5 mm × 0.5 mm (0.5 × 0.5) and 1.0 mm × 1.0 mm (1 × 1), a total estimated volume of 

0.21 mL and 0.42 mL, and a theoretical length of 1070 mm and 420 mm, respectively (see 

supplementary Table S1 for more details on the design parameters). The sacrificial molds were 

fabricated in ABS (SMARTFIL® ABS Smart Materials 3D) by the fused filament fabrication 

technology using a replicating, rapid ZortraxM200 3D printer (extrusion parameters: nozzle 

400 µm, 220 ºC, 1.75 mm filament, 10 mm·s−1).  

ii) Incorporation of the Au@POM/TiO2 photocatalyst by dip-coating: the deposition of the 

Au@POM/TiO2 material over the surface of the ABS molds was carried out by dip-coating 

conducted with a ND-DC dip-coater system (Nadetech Innovations). A suspension of the as-

synthesized photocatalyst nanoparticles was prepared by mixing Au@POM/TiO2, propane-1,2-

diol (Aldrich) and H2O in a ratio 1:10:90 (w/w). Propane-1,2-diol was added to the mixture for 

tuning its viscosity and giving stability to the resulting suspension The mixture was then 

sonicated for 30 min to ensure a homogeneous dispersion. The selected 3D-printed ABS mold 

was first subjected to an environmental plasma treatment (corona discharge - BD-20AC 
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ElectroTechnic Products) for 1 min to improve its wettability, and then fixed on a scotch tape as 

a support for a better handling during the dip-coating process. The tape is also needed to avoid 

the coating of the mold top face with any photocatalyst layer, which would block the light 

incidence during the microreactor operation, thereby reducing its effectivity. For other potential 

non-photocatalytic applications, the use of this support can be avoided and the ABS mold can 

be dip-coated directly over all its faces. The mold was subsequently dip-coated twice into the 

above colloidal suspension with the following operational parameters: immersion speed 

100 mm min-1, waiting time 10 s, withdrawal speed 10 mm·min-1. Finally, the resulting coated 

ABS mold was dried in an oven at 80 °C for 3 h and peeled off from the scotch tape support. 

iii) PDMS casting and curing: a liquid mixture of the PDMS prepolymer (elastomer) and the 

curing agent (cross-linker) Sylgard 184 (Dowsil) was prepared with a ratio 10:1 (w/w) and 

degassed under vacuum (20 mmHg) for 30 min. The coated 3D-printed ABS mold (3D ABS + 

Au@POM/TiO2) was placed inside a molding container with the aid of small PDMS pieces that 

are used as supports to stabilize the position of the free serpentine at the centre of the container 

during the subsequent PDMS pouring (see Scheme S1 in supplementary data). The molding 

container was then filled with the PDMS liquid mixture. After 30 additional min under vacuum 

followed by 30 min of curing time at 80 °C, the resulting PDMS block (3D ABS + 

Au@POM/TiO2 + PDMS) was peeled off from the container and cut in square shape keeping 

the inlet and outlet opened. 

iv) Mold removal and insertion of the microfluidic connections: the square-shaped PDMS 

block was immersed in acetone (Scharlab) at 35 °C for 12 to 48 h. During this period of time, 

the ABS mold was partially degraded and could be completely removed from the PDMS block 

by passing fresh acetone through the serpentine-shaped channel repeatedly until full dissolution. 

Possible impurities associated to acetone and rests of degraded ABS inside the channels that 

could poison the catalyst surface, were removed by passing propan-2-ol and later distilled water 

through the channel. Finally, drying was conducted by means of a dry N2 flow and storage in an 
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oven at 100 °C during 1 h. Finally, connection tips (Nordson EDF) were fixed to the block 

inlet/outlet positions and sealed with silicone glue. 

2.3 Photocatalityc test reactions  

The UV-light-driven photoreduction of 4-nitrophenol (4NP) to 4-aminophenol (4AP) with 

NaBH4 in continuous flow regime was selected as the model test reaction to evaluate the 

catalytic performance of the Au@POM/TiO2-coated silicone microreactors [33]. A freshly 

prepared aqueous solution of 4NP (Merck, 20 mg·L-1) and NaBH4 (Merck, 1 g·L-1) was injected 

into the microreactors at different volumetric flow rates (0.5, 1.0, 2.0 and 4.0 mL h-1) by using a 

syringe pump (PHD 2000, Harvard Apparatus). A highly efficient LED (1200 mW radiant flux) 

was used to illuminate the microreactor at 365 ± 2 nm. The LED (LED Engin LZ1-10U600) 

was centred at a distance of 25 mm from the device (see supplementary Fig. S1 for more 

technical specifications). The irradiance was measured directly in the centre of the microreactor 

(4.5 mW cm-2) with a BlueWave spectrometer (Stellarnet INC) before performing the 

experiments.  

The concentration of 4NP was continuously monitored downstream in the 220-700 nm 

spectral range by using a UV-Vis spectrophotometer (Flame Ocean Optics) equipped with a 

microfluidic cell and a compact source light (DH-mini Ocean Optics). The conversion (X) of 

4NP to 4AP was calculated as X=1-At/A0 where At is the absorbance of 4NP at 400 nm at a 

given reaction time t, and A0 is the original absorbance at t = 0. The presence of 4AP in samples 

obtained from the final reaction mixtures was confirmed by HPLC analyses, which were 

performed on an Agilent 1100 chromatograph coupled to an UV-Vis detector set at 245 nm (see 

Fig. S2 in supplementary data). 

 

 

3 Results and discussion 
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3.1 Photocatalyst characterization 

Noble metal ions such as AuIII are known to reduce easily to metal nanoparticles through 

straightforward light-driven reactions with the class of metal-oxygen anionic clusters known as 

polyoxometalates (POMs) acting as photocatalysts [34, 35]. Owing to the ability of undergoing 

fast, reversible and multi-step proton-coupled redox processes upon excitation with UV light 

without experiencing any substantial structural impact, the POM can simultaneously plays the 

roles of transferring electrons to AuIII from a sacrificial donor such as an alcohol (IPA in our 

case) and stabilizing the resulting to Au0 nanostructure by forming an outer protective shell of 

clusters that prevents from further aggregation processes due to electrostatic repulsion. The 

results obtained from the UV-Vis and STEM characterization of the Au@POM nanoparticles 

synthesized in this work by UV-irradiation of a HAuCl4:H3PW12O40:IPA aqueous mixture are 

shown in Fig. 2. The UV-Vis spectra show the characteristic absorption band of plasmonic gold 

nanoparticles around 530 nm, which reaches its maximum absorbance after 25 min of 

irradiation time revealing the complete reduction of AuIII to Au0. As illustrated in the STEM 

images displayed in Fig. 2 B, the shape of the Au@POM nanoparticles is nearly spherical and 

they show a very homogeneous size distribution. The average nanoparticle diameter was found 

to be 30±8 nm upon systematic measuring of the STEM images (above 100 particles).  

 

Fig. 2. Characterization of Au@POM nanoparticles: (A) UV-Vis spectra at different irradiation times; (B) STEM 

images of the nanoparticles at two different augmentations. 

As for the TiO2-supported catalysts, Fig. 3 depicts STEM representative images of the 

Au@POM/TiO2 solid prepared by incipient wetness impregnation of commercial TiO2 with the 
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Au@POM nanoparticles. These images evidence that the Au@POM nanoparticles (marked with 

arrows) are well dispersed on the TiO2 matrix and do not lead to any significant agglomeration 

or big aggregates as expected from the low Au loading (0.18 % w/w) and the nanoparticle core-

shell structure. Indeed, the protective shell of clusters of such Au@POM nanoparticles allowed 

for obtaining a homogeneous distribution of nanoparticle sizes during the wet impregnation of 

the commercial TiO2. It is worth noting that many different POMs in terms of shape, size, 

composition and charge can be used for the light-driven synthesis of plasmonic metal 

nanoparticles suitable for integration with photoactive supports, so that the activity of the 

resulting photocatalytic material can be tuned by changing the nature of the POM [36]. This 

challenge remains open to further investigation in the near future. 

 

Fig. 3. STEM images of Au@POM/TiO2 nanoparticles. The arrows highlight the places where the Au@POM 

nanoparticles are deposited on the TiO2 matrix after incipient wetness impregnation. 

3.2 Microreactor fabrication strategy 

The strategy followed for the fabrication of the silicone microreactors is based on the 

scaffold-removal procedure described by Saggiomo and Velders [32], which includes as main 

features the design and 3D printing of a suitable mold of the microfluidic structure, the casting 

and curing of a silicone-based material such as PDMS, and the final degradation and removal of 

the sacrificial 3D printed mold. As a result, the desired microfluidic structure is fully integrated 

in a single block of PDMS without the need of any further sealing or bonding steps. This fact 

precludes any leaking problem in the resulting microdevice and facilitates the fabrication of 

intricate designs. The input/output tip connections are directly inserted into the microchannel 
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inlet and outlet positions and sealed with PDMS, which avoids any other leakage at the 

connections to the chip.  

Direct functionalization by dip-coating of the surface of the PDMS microchannels with the 

selected Au@POM/TiO2 nanoparticles results in a very fragile layer of the photocatalytic 

material that displays numerous cracks and very low adherence, as shown in the SEM images 

depicted in supplementary Fig. S3. Therefore, the novelty we propose in this work is about the 

simple and effective indirect integration of a solid catalytic material with a polymeric 

microfluidic device to construct a functional microreactor. This is accomplished by coating the 

3D-printed sacrificial mold made of ABS with the solid material of interest (Au@POM/TiO2 in 

our case) prior to the PDMS casting step. This fact results in a thinner and more robust layer of 

the Au@POM/TiO2 photocatalyst homogeneously deposited over, and more firmly adhered to 

the surface of the PDMS channel walls once the latter is cured and the mold degraded and 

removed by the action of a solvent such as acetone. 

Two serpentine-shaped Au@POM/TiO2-coated PDMS microreactor designs 

(1.0 mm × 1.0 mm and 0.5 mm × 0.5 mm square-shaped sections; hereon referred to as 

0.5 × 0.5 and 1 × 1, respectively) were successfully fabricated by following our modified 

variant of the scaffold-removal method. Dip-coating was the technique selected to cover the 3D-

printed ABS molds with the as-synthesized Au@POM/TiO2 photocatalyst because this method 

provides a good coverage in an easy and reliable way [37]. Two key parameters should be taken 

into account in order to achieve a homogenous, thin layer of the functional solid material of 

interest: the stabilization of the colloidal suspension of the catalyst nanoparticles and the 

wettability of the ABS surface, which must be suitable for the nanoparticles to graft at the 

sacrificial mold. An environmental plasma treatment by corona discharge was required in order 

to improve the wettability of the 3D-printed ABS mold, as O2 plasma is known to enhance the 

hydrophilic character of the ABS surface by creating -OH groups that facilitate the adhesion of 

the Au@POM/TiO2 nanoparticles [17, 38]. For both 0.5 × 0.5 and 1 × 1 microreactor designs, a 

suitable Au@POM/TiO2 photocatalyst layer could be satisfactorily deposited by the dip-coating 
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method onto the surface of the 3D-printed sacrificial mold as confirmed by the SEM images in 

Fig. 4, which show a continuous and very uniform coverage all over the ABS mold. The 

thickness of the photocatalyst layer is estimated to range from 1.5 µm to 2 µm according to 

these images. The EDX analyses of such 3D ABS + Au@POM/TiO2 systems confirmed the 

presence of TiO2 grafted onto the mold surface (see Fig. S4 in supplementary data). 

 

Fig. 4. SEM images at different augmentations of the 3D-printed 0.5 × 0.5 ABS mold covered with the 

Au@POM/TiO2 nanoparticles upon dip-coating (3D ABS + Au@POM system). The cross-section shows the 

thickness of the nanoparticle coating. 

 

Fig. 5. SEM images at different augmentations of the cross-section of the Au@POM/TiO2-coated, 3D-printed 

0.5 × 0.5 ABS mold embedded within the PDMS block upon casting and curing (3D ABS + Au@POM/TiO2 + 

PDMS system). 

The cross section images of the Au@POM/TiO2-coated 3D-printed ABS mold embedded 

within the PDMS block (3D ABS + Au@POM/TiO2 + PDMS system, design 0.5 × 0.5) before 

the acetone dissolution step are shown in Fig. 5. A gap under the ABS mold is observed in these 

images as a result of the cutting process during the preparation of the sample for SEM 

observation. Moreover, the mold also displayed the particular cross-section originating from the 

fused filament addition during 3D printing. The dissolution of the ABS mold with acetone stood 
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out as the key fabrication step because it proved to become more difficult to fulfil as the 

channels are designed narrower and longer. Indeed, the 0.5 × 0.5 design presented some serious 

difficulties for the complete removal of the sacrificial mold due to the limited contact area and 

mass transfer limitations between the solvent acetone and the ABS mold inside the 

microchannels, thereby requiring a remarkably long dissolution time up to 48 h as a 

consequence (see Fig. S5 in supplementary data). On the contrary, the ABS mold could be 

easily degraded and removed in less than 12 h for the 1 × 1 design.  

 

Fig. 6. SEM images of the final Au@POM/TiO2-coated 0.5 × 0.5 PDMS microreactor upon mold removal by 

acetone dissolution (Au@POM/TiO2 + PDMS system). Top: cross-section of the channels in which the 

photocatalyst layer has been fully transferred onto the PDMS walls. Bottom: top view of the channels showing 

selected nanoparticles layer. 

Fig. 6 shows SEM images for the 0.5 × 0.5 design of the final Au@POM/TiO2-coated PDMS 

microfluidic device (Au@POM/TiO2 + PDMS system), which reveal the total dissolution of the 

sacrificial mold. The Au@POM/TiO2 solid film remains adhered over the internal surface of the 

PDMS channel walls after the ABS dissolution with an estimated thickness in the 1.5 –2 µm 

range, which corresponds to a maximum estimated load of 12.2 mg of photocatalyst per 

microreactor. These results confirm the micro structured catalyst integration on the channel 

reactor. The homogeneous and thin photocatalyst coating is fully transferred from the ABS 
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mold to the PDMS block during the casting and curing steps. They also support our hypothesis 

about the fact that the indirect integration of the photocatalyst results in layers of the active 

material that show better adherence than those obtained from the direct coating over the PDMS 

channels (see Fig. S3 in supplementary data)  

Similar fabrication results were achieved with the alternatively proposed design 1 × 1 (see 

Fig. S6 in supplementary data) as a complete transference of the photocatalyst layer from the 

ABS support to the PDMS channel walls was also observed. In this case, the ABS mold 

removal was faster and easier due to the larger cross-section of the channel, which facilitated 

solvent renewal. The maximum load was estimated at 9.6 mg of photocatalyst per microreactor. 

The fabrication strategy presented in this work is very simple, versatile and suitable for the 

development of intricate and multilayer polymeric microreactors with catalysts fully integrated 

at the surface of the channel walls. As a result, the firm grafting of the catalyst over the polymer 

matrix helps minimizing any possible leaching issue during operation. However, we have found 

that the complete ABS mold removal is much harder to achieve in the case of long channels 

(1000 mm) with a cross section shorter than 0.5 mm × 0.5 mm. In the case of intricate designs, 

mass transfer problems during the removal step must be taken into account when following this 

protocol, but they could be overcome, for example: by adding extra inlet and outlet in order to 

facilitate acetone accessibility or by printing an ABS scaffold with a hollow core to improve the 

acetone transport. 

The ABS – acetone pair does not constitute the only combination possible or available for 

this type of scaffold-removal fabrication procedure. Many other polymeric filaments and 

compatible solvents can be explored, whereas stereolithography 3D printing offers a great 

variety of photo-curable resists and better accuracy levels. The incorporation of the catalyst to 

the 3D-printed mold and its later release are the key fabrication points. Dip-coating or spray-

coating are simple solutions for a rapid integration of pre-formed photocatalytic solid materials, 

but there are lots of other possibilities to be explored in order to obtain more homogeneous 

coverages like CVD (chemical vapor deposition) or sputtering [39, 40]. 
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3.3 Photocatalytic performance 

The photoreduction of 4NP to 4AP in the presence of an excess of NaBH4 as the reducing 

agent was selected as the model reaction for assessing the photocatalytic performance of the 

Au@POM/TiO2-coated PDMS microreactors [41, 42]. This reaction is catalyzed by Au 

nanoparticles and results easy to monitor by UV-Vis spectroscopy, thereby becoming certainly 

useful to compare the performance of different microreactors and to address a satisfactory and 

homogeneous distribution of the photocatalyst onto the channel walls. Scheme 1 depicts the 

mechanistic model for the reduction of 4NP to 4AP catalyzed by gold in the presence of NaBH4. 

The Au@POM nanoparticles act as electron scavengers of the electron-hole pair generated in 

the photocatalyst (TiO2) upon UV light irradiation. It has been reported that POM shell has an 

important role as electron shuttle promoting the electron exchange on the catalyst surface [43], 

thus enhancing the photocatalytic performance of Au@POM NP in comparison to bare Au 

structures [44]. The NaBH4 is decomposed by hydrolysis to generate hydrogen that is promoted 

to and adsorbed at the electron rich surface of the Au@POM nanoparticles. Finally, the 

hydrogen at the surface reacts with 4NP to yield the product 4AP.  

 

Scheme 1. Mechanistic model for the photoreduction of 4NP to 4AP catalyzed by Au@POM/TiO2 coating. 

The pristine 4NP and the photoproduct 4AP present characteristic absorption maxima in 

basic solution at ca. 400 and 300 nm, respectively. Monitoring these two absorbance bands 

facilitates calculating the yield of the photoreaction. Several microreactors of the two different 
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designs developed in this work (0.5 × 0.5 and 1 × 1) were tested at different total flow rates 

ranging from 0.5 to 4.0 mL h-1. 

This reaction is very sensitive to the presence of metal nanoparticles [41, 42] according to 

preliminary experiments we performed in batch mode. From these experiments, we could 

determine that, when the content of Au@POM nanoparticles reached 1 % w/w, the reaction 

afforded similar yields regardless of whether it was carried out with or without light. Thus, we 

selected a low Au loading as low as 0.18 % w/w to be able to differentiate the activity of the 

microreactors between light and dark conditions and to characterize them for photocatalytic 

applications.  

A series of experiments was conducted to evaluate the activity of the photocatalyst with 

three different microreactors (1 × 1 design): a blank microreactor without any photocatalyst 

deposited at the surface of the bare PDMS channels, one microreactor coated with the 

commercial TiO2 support and another microreactor coated with the Au@POM/TiO2 

photocatalyst prepared in this work (Au 0.18 % w/w). Fig. 7 depicts the UV-Vis spectra 

obtained from such microreactors after reaching the steady state at a flow rate of 2 mL h-1 and 

compared with the spectrum of a pristine 4NP aqueous solution. The bare PDMS microreactor 

tested under UV light allowed for the photodegradation of 4NP by sensitization of the dye as 

indicated by the decay of the intensity of absorption maximum at 400 nm, but the lack of any 

absorbance at 300 nm together with the observation of the characteristic band of phenol at 

270 nm confirmed that the 4NP substrate could not be photoreduced to 4AP under these 

conditions. The TiO2-coated microreactor showed photodegradation to some extent, as a 

decrease in the intensity of the 4NP band at 400 nm occurred along with a slight increase in that 

at 300 nm associated with the photoproduct 4AP. This fact is attributed to the intrinsic 

photocatalytic properties of titania. Finally, the absorbance at 400 nm becomes very weak for 

the microreactor coated with the Au@POM/TiO2 photocatalyst, and results in a high 4NP 

conversion of around 93 % and a removal of 27.8 µmol · h-1 · g(cat.)-1. The photoreduction of 

4NP is heavily dependent on the presence of Au nanoparticles, which promote electron transfer 
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from the TiO2 to the 4NP molecules adsorbed on them [45]. HPLC-UV-Vis analysis of 4AP 

containing mixtures is challenging as 4AP is an ampholite and thus its analysis requires careful 

control of the pH in the mobile phase as well as the absorption wavelength; hence UV-Vis 

spectroscopy is commonly accepted as routine analytical technique for monitoring this reaction. 

In our case the reaction mixtures were qualitatively analyzed by HPLC (see supplementary Fig. 

S2) in order to unambiguously confirm the presence of 4AP in the reaction mixture, prior to 

routine UV-Vis quantification. 

 

Fig. 7. UV–Vis spectra at steady state for the photoreduction of 4NP in three different 1 × 1 microreactors: bare 

PDMS, TiO2-coated PDMS, and Au@POM/TiO2-coated PDMS (flow rate 2 mL·h-1, tr = 12.5 min). 

 

Fig. 8. UV–Vis spectra for the photoreduction of 4NP in Au@POM/TiO2-coated PDMS: (A) design 1 × 1 at flow 

rates 1, 2 and 4 mL h-1 (tr = 25.2, 12.5 and 6.3 min), and (B) design 0.5 × 0.5 at flow rates 0.5, 1 and 2 mL h-1 (tr = 

25.2, 12.5 and 6.3 min). The spectra were recorded at a reaction time of 60 min. 
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Two Au@POM/TiO2-coated microreactors of both designs were selected to carry out the 

photoreduction of 4NP at different flow rates (see Fig. 8). The 4NP conversions achieved at 

residence times (tr ) of 6.3, 12.5 and 25.2 min (flow rates of 1, 2 and 4 mL h-1) were 75, 93 and 

98 % for the 1 × 1 microreactor and 83, 90 and 95 % for the 0.5 × 0.5 microreactor, 

respectively. Blank experiments without any UV-light irradiation carried out at tr = 12.5 min in 

both systems gave low 4NP conversions of 6 and 12 % for the 1 × 1 and 0.5 × 0.5 designs, 

respectively. In absence of any incident UV light, the higher conversion provided by the 

microreactor with the shorter cross-section dimensions (0.5 × 0.5) can be attributed to its higher 

surface-to-volume ratio and higher photocatalyst load, and therefore, to an improved contact of 

4NP with the Au@POM/TiO2 catalyst. Under UV-light irradiation, both microreactors 

displayed very good photocatalytic performances even for the shortest residence times, 

affording conversions higher than 90 % for tr = 12.5 and 25.2 min. This observation 

demonstrates the good transference and integration of the photocatalyst during fabrication, as 

well as its homogeneous distribution inside the microrreactor channels. Comparing both 

designs, the 0.5 × 0.5 microreactor displayed better performance at tr = 6.3 min due to its higher 

photocatalyst load and larger surface-to-volume ratio, as mentioned above. On the contrary, our 

results showed that the performance of the 1 × 1 microreactor with lower photocatalyst load 

became slightly better than that of the 0.5 × 0.5 design when tr = 12.5 and 25.2 min. This fact 

could be related to the photocatalyst being more accessible to light than that in the 0.5 × 0.5 

microreactor, in which photons can get blocked more easily by the PDMS walls due to the 

shortest cross-section of the microchannels. 

Semiconducting oxides doped with metallic nanoparticles, especially Au and Ag, have been 

extensively studied for the photoreduction of 4NP to 4AP in batch slurry reactors [46-51]. All of 

these materials with typical dopant loads equal to or higher than 1 % have shown good catalytic 

performances, reaching conversions higher than 90 % in less than 30 min. Our Au@POM/TiO2 

catalyst shows comparable results in terms of conversion, but with the reaction carried out in 

continuous flow mode, with a much lower load of the dopant (0.18 % w/w of Au@POM, 
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around five times lower), and without the need of separating the catalyst. These facts highlight 

the advantages of the photocatalytic microreactor systems designed and manufactured in this 

work. Moreover, the plasmon resonance of Au@POM makes this photocatalyst suitable to carry 

out reactions not only under UV but also under visible light [52]. Anyway, the plasmonic metal 

content would have to be increased in order to achieve significant photocatalytic activities. 

 

Fig. 9. UV–Vis absorbance at 400 nm vs. reaction time for the photoreduction of 4NP in six PDMS + 

Au@POM/TiO2 microreactors. (A) R1−R3; dimensions 0.5 mm × 0.5 mm and (B) R4-R6; dimensions 

1 mm × 1 mm). Residence time of 25.2 min. 

Finally, Fig. 9 depicts the evolution under transitory regime of the quotient (A/A0) between 

the absorbance at 400 nm at a flow rate of 0.5 mL h-1 (tr = 25.2 min) to assess the performance 

of three 0.5 × 0.5 microreactors (labelled as R1–R3) and three 1 × 1 microreactors (labelled as 

R4–R6). At t = 0 min, the UV light source was switched on and the absorbance was registered 

in the optic cell placed downstream. After a period of c.a. 30 min the microreactors had reached 

reasonable stable response and noticeable catalytic performances, giving rise to 4NP 

conversions higher than 90 % for 0.5 × 0.5 that remained stable. The 1 × 1 reactors achieved 

conversions up to 98% but, the stability was worse. As discussed before, the microfluidic 

behavior is better in narrow channels leading to a stable performance, but light is more 

accessible in wider channels resulting in higher conversions. 

From the fabrication viewpoint, both designs, 1 x 1 and 0.5 × 0.5 microreactors were 

satisfactorily manufactured with comparable coating morphologies and afforded reproducible 
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results in the selected model test reaction. However, ABS removal step with acetone is critic in 

the case of narrower channels and long reactors such us 0.5 × 0.5 design and must be conducted 

under more strict conditions. A compromise between channel diameter and reactor length must 

be taken into account in order to facilitate dissolution. Making use of higher temperatures 

during the acetone dissolution step or ABS scaffolds with hollow cores could improve the mass 

transfer and facilitate the fabrication. Hence, such design and fabrication method could be 

envisioned for being implemented in e.g. waste-water treatment systems. 

4 Conclusions 

A new approach for integrating solid catalysts with polymer-based microreactors has been 

successfully developed and tested for photocatalytic applications in this work. The 

microfabrication protocol is based on the known 3D-printed scaffold–removal method, but 

involves the incorporation of photocatalyst nanoparticles at the surface of an ABS mold prior to 

the polymer casting and mold dissolution steps, which is satisfactorily achieved just by dip-

coating. To this end, plasma pre-treatment has been found to be essential in order to modulate 

the wettability of the ABS substrate. The transference of the nanoparticles from the surface of 

the ABS mold to the PDMS matrix takes place during the curing step, and is followed by the 

mold removal throughout a dissolution process with acetone. As a result, a PDMS block with 

the channel walls coated with a firmly adhered homogeneous thin layer (< 2 µm) of the catalyst 

of interest is obtained. The dissolution of the ABS mold has been found to be a critical step of 

the process, especially in the case of narrower and long channels which requires long time and 

superior temperature of the acetone bath.  

Several microreactors coated with Au@POM/TiO2 nanoparticles (0.18 % w/w of Au; POM: 

H3PW12O40) as the photocatalytic active layer were evaluated in the UV-light-driven reduction 

of 4-nitrophenol to 4-aminophenol with NaBH4, showing excellent photoactivity of the 

Au@POM nanoparticles used as co-catalyst. The conversions achieved were higher than 90 % 

at residence times longer than tr = 12.5 min for both serpentine microrreactor designs tested as 

monitored by UV-Vis spectroscopy, highlighting the good distribution of the photocatalyst all 
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over the channels achieved with this method. We have been able to identify the 1 mm × 1 mm 

serpentine microreactor with easier and cheaper manufacturing and operability than narrower 

one could be implemented for waste-water treatment.  

In summary, this study provides an innovative, simple and effective approach for integrating 

functional solid nanomaterials with polymeric microfluidic devices, which may offer new 

applications not only in heterogeneous catalysis or photochemistry as illustrated in the present 

work, but also in several other different fields such as nanocomposites or antibacterial surfaces 

depending on the functionality of the selected nanoparticles. 
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