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In this review article, we discuss the latest advances and future perspectives of microfluidics for micro/
nanoscale catalyst particle synthesis and analysis. In the first section, we present an overview of the
different methods to synthesize catalysts making use of microfluidics and in the second section, we
critically review catalyst particle characterization using microfluidics. The strengths and challenges of these
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approaches are highlighted with various showcases selected from the recent literature. In the third section,
we give our opinion on the future perspectives of the combination of catalytic nanostructures and
DOI: 10.1039/c91c00318e microfluidics. We anticipate that in the synthesis and analysis of individual catalyst particles, generation of
higher throughput and better understanding of transport inside individual porous catalyst particles are

rsc.li/loc some of the most important benefits of microfluidics for catalyst research.
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1 Introduction

Catalysts are used in many different applications, such as fuel
cells, exhaust gas catalytic conversion, water purification and
chemical production amongst others. In all these fields, the
physical and chemical properties of the nanostructure of solid
catalysts are of great importance. Over 80% of chemicals
require a solid catalyst during their production, thus the role
of nanocatalysts has become crucial in order to achieve a
more sustainable society." The activity of these solid catalysts
relies on their size, shape and accessibility of active sites.
Therefore, more monodisperse and uniform catalyst materials
can tremendously increase their efficiency.

During the past two decades, microfluidics has been
widely used to analyse and sort micro- and nanostructures,
such as cells and microparticles,>® as well as to produce
catalyst nanoparticles (NPs) with better control of their
morphology and size.*” Small volumes, high operation
speeds, and small length scales in microfluidic devices give
more accurate control of the synthesis parameters affecting
the overall quality of the catalyst materials prepared.
Although microfluidics is a powerful tool for chemical
analysis,® its use in catalyst characterization is far from
reaching its full potential. As previously done in the cell-
biology field,” microfluidics could be an essential tool to
characterize single catalyst particles at high throughput.
Some critical reviews have focused on the synthesis of
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nanostructures using microfluidics, either as a general
approach™® or focused on the microfluidic principle used.”

In this review, we first focus on the latest advances of the
microfluidic  synthesis of metal and metal oxide
nanocatalysts. Second, we show how microfluidics has been
used for in situ characterization of nanocatalyst particles in
terms of shape, size, activity, selectivity, and composition.
Several characterization techniques working in synergy with
microfluidics are discussed. After both sections we introduce
the possible future applications that microfluidics can open
to the heterogeneous-catalysis field. This review is intended
to show an overview on synthesis and characterization, while
we will highlight future opportunities enabled by the
combination of both fields.

2 Synthesis

This section focuses on the most recent approaches within
the last 8 years. For a more extensive overview of the
synthesis of nanostructures focused on the processes taking
place inside the microfluidic systems,” the final application®
or the microfluidic technology used®” we refer the reader to
other review articles.

2.1 Metal nanoparticles

Metal nanoparticles exhibit very interesting catalytic, optical,
chemical, electromagnetic and magnetic properties, all of
them depending to a large degree on their size and
composition. Regarding catalysis, a decrease of the NP size
leads to a surface-area increase per mass, providing more
active sites. Also, the surface structure is of vital importance
for the NP selectivity: the presence of steps, edges or terraces
in the atomic surface can influence the reaction pathways to
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favour the production of certain compounds over other
Therefore, colloidal synthesis procedures to

products.
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prepare catalytic NPs gained increasing interest over the last
few years.'” Usually, catalytic NPs are deposited on catalyst

Table 1 Some characteristics of the synthesis of metal nanostructures using homogeneous flows (for a list of used acronyms, refer to the end of the

review)
Material Microreactor Size Temp. Flow rate Reactants Ref.
Au NPs Glass 11.5 nm NS 0.05 mL min™*  HAuCl, + SC + tannic acid 28
Au NPs Silicon-glass 1 nm NS 43.3 mL min '  HAuCl, + NaBH, + PVP 48
Au NPs Glass capillary 48-135 RT 1 mL min™ HAuCl, + AA + PVP 49
nm
Au NRs PTFE ~50 nm NS 0.1 mL min* HAuCl, + CTABr + tannic acid + AgNO; 50
+ AA + NaBH, + PEG
Au NPs PDMS ~40 nm NS 0.005-0.07 Seeds + HAuCl, + AA 51
mL min "
Au NPs Stainless steel 24-36 nm NS 0.041-3.63 HAucCl, 22
mL min "
Au hollow NPs PTFE ~40 nm RT 0.42 mL min*  HAuCl, + NaBH, + PVP 52
Au NPs PDMS ~125nm 22-50°C NS HAuCl, + PDMS curing agent 23
Au NPs PE 2-37 nm RT 50 mL min* HAuCl, + SC + NaBH, 30
Au NPs PTP NS NS 1.7 mL min~! HAuCl, + DMSA + NaBH, 53
Au NPs Teflon and PDMS 3-25 nm RT 10 mL min ™" HAuCl, + AA + NaOH 31
Au NPs PTE 4.3-8.7 25-60 °C  0.042 mL min ' HAuCl, + dodecanethiol + ET;SiH + THF 54
nm
Au NPs PTE ~100 nm NS 5x107° HAuCl, + H,SO, 38
mL min*
Au NPs 3D-printed ~10 nm NS NS HAuCl, + NaBH, + SC 47
Au NPs PEEK 1-2 nm 100 °C 0.08 mL min '  HAuCl, + SC 14
Au NPs Glass capillary 1.8 nm 100 °C 0.01 mL min""  HAuCl, + SC 15
Au NPs Stainless steel or 1.5-181 RT 0.2-20 mL HAuCl, + AA or NaBH, 55
Teflon nm min "
Au NPs Teflon ~40 nm RT ~5.8-7 mL HAuCl, + NaOH + glucose 40
min
Au NPs Silicon-glass ~40 nm RT NS HAuCl, + SC 56
Au NPs PVDF 50 mL min * HAuCl, + NaBH, 57
Au NPs Low temp. ceramic 3 nm ~0.06 mL min ' HAuCl, + NaBH, + MUA 58
Au NRs Rotating tube ~30 nm RT 10-40 mL min™" HAuCl, + acetylacetone + CTAB + AgNO; 59
+ carbonate buffer
Ag NPs PDMS 5-12 nm RT 20 mL min* AgNO; + NaBH, + AA + PVP 34
Ag NPs & PDMS 30 nm RT 0.015-0.06 AgNO; + OPD 27
fibres mL min "
Ag NPs Glass capillary 3.1-9.3 RT 2.5 mL min™" AgNO; + SC + NaBH, 36
nm
Ag NPs Quartz spiral 5-40 nm  130-150 1 mL min™" Ag(NHj;), + glucose + PVP 60
°C
Ag NPs ETFE and PTFE 5.3-7nm 90 °C 0.2-0.6 mL AgNO; + NaOH + C. Platycladi 61
min*
Pd NPs Silicon-glass 1 nm 60 & 1 mL min™ Pd acetate + toluene + methanol + OLA + TOP 62
280 °C
FeZn NPs Stainless steel ~5 nm 30 & 3 mL min ! FeCl, + ZnCl, + NaBH, + PVP 63
150 °C
Fe;0, NPs PTFE ~11 nm 60 °C 2.5-5 mL min' FeCl, + FeCl, + NaBH, + PVP 16
Fe;0, NPs Hastelloy 4.9 nm 250 °C 0.19-6.6 Fe(acac); + anisole + (HOOC-PEG-COOH) 29
mL min™" + oleylamine
Cu NPs Stainless-steel ~10 nm RT 0.1-40 mL CuSO, + NaBH, + PVP 33,
min* 34
Cu NPs Teflon 135.6 nm RT 1.8 mL min* CuCl, + THF + LiBEt;H + SB;, + acetone + ethanol 64
CoFe,04 NPs PDMS and PTFE 5-15 nm 98 °C NS CoCl, + FeCl; + TMAOH 37
Ni NPs 10 nm 220 °C 2.2 mL min~" Ni(acac), + oleylamine + octadecene + 17
trioctylphosphine
Ni NPs Stainless steel 5-9 nm 80 °C 0.1-40 mL NiSO, + N,HH, + PVP + NaOH 65
min "
Ni NPs Stainless-steel 5.3-7.4 60-120 °C 3 mL min ™" NiCl, + hydrazine monohydrate + NaOH + EG 66
nm
Pt NPs PTFE 2.8 nm RT 0.02-0.5 H,PtCl; + PVP + HMP + UV (365 nm) 39
mL min*
Pt NPs Copper 5 nm RT 0.84-1.7 K,PtCls + NaBH, + PVP 67
mL min "
Pt NPs Glass 1.4 nm 0°C 6.7 mL min " H,PtClgNaBH, + PVP 68
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supports in order to stabilize them and avoid NPs clustering.
These catalyst supports are porous microstructures made of
an oxide and their morphology is of great importance
regarding catalytic performance."?

Normally, the NPs and catalyst supports are produced in
batch reactors with lack of controllability. Microfluidic NP
synthesis uses the same reactants as batch procedures,
however, with better control of the time and spatial
distribution resulting in better size homogeneity."*"” Also,
due to the smaller dimensions, heat transfer, which is
dominated by conduction and convection, can be achieved in
a faster manner."®>' Nevertheless, this comes at a price of
low throughput and the development of more complex
systems. Tables 1-3 show a summary of the structures,
techniques, NP size, temperature and reactants used to
synthesize metal nanostructures, silica and zeolites using
microfluidics. As can be seen, synthesis of metal NPs starts
with a metal containing salt solution and a reducing agent,
although sometimes the reducing agent is not needed.***
Thereafter, usually ligands or surfactants, the so-called
capping agents, are used to control the shape and size of the
structures. The type and mode of mixing of these ligands
have a great influence on the final shape and composition of
the NPs.>* The time and contact between reagents are of
great importance, both of them being better controlled by
microfluidic systems. As stated in previous reviews,>*®
microfluidic synthesis uses two different techniques to bring
the reagents into contact, the homogeneous and the droplet-
based approaches.

Homogeneous synthesis. Homogeneous synthesis consists
of simple mixing of reagents and surfactants using usually 2

View Article Online
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or 3 inlets which combine into a single channel,'>?°
altogether forming a Y or T shape depending on the angle of
contact between the channels, see Fig. 1a. The final shape of
the NPs will depend on the contact, shear between the
reagents, flows and temperature,”” see Fig. 1b. Yagyu et al.
and Jiao et al. showed that the size distribution of the
synthesised particles was best controlled by using smaller
channels and lower flow rates.”®*® Most of the studies
reviewed synthesised nanoparticles however other shapes can
be produced such as nanorods (NRs), nanostars (NSs) and
nanocubes (NCs). Lohse et al. synthesised NRs and NCs with
the same setup just by changing the flow rates of the
reagents.’® When reagents mix in a single channel, mixing
occurs by diffusion. Due to the typical parabolic flow profile
in microchannels, different velocities cause different
residence times and consequently non-homogeneous
diffusion over the channel height, Fig. 1b. Therefore,
sometimes mixers are used to enhance the mixing and to
provide better control of the metal NP size distribution and
composition. These mixers use the inertia of the fluid to
merge the reagents in a more vigorous manner*®*'?*?
reducing the time of mixing to a few ms.”® On the other
hand, Fu et al used the slow diffusion in homogeneous
synthesis as an advantage to slow down the process and
identify intermediate shapes formed during the synthesis of
NPs. Typically, the synthesis is performed at room
temperature, however higher temperatures are also used
which can be very well controlled when integrated in the
microfluidic chips. To control the contact between reagents,
resulting in a better size distribution, flows can be divided
into small sub-flows and then mixed together.**”** Also, to

Table 2 Some characteristics of the synthesis of metal nanostructures using droplets (for a list of used acronyms, refer to the end of the review)

Material Microreactor Size Temp. Flow rate Reactants Continuous phase Ref.
Au NSs PDMS 20-50 NS 0.0025 mL Seeds + HCI + AA + AgNO; + PVP + HFE-7500 + 2.5% Picosurf-1 69
nm min* DMF
Au NPs PDMS ~4nm RT 0.0083 mL HAuCl, + BMIM-Tf,N + Fluorocarbon oil 70
min™" methylimidazole + BMIM-BH,
Au NPs PDMS ~4nm RT 0.0083-0.015 HAuCl, + methylimidazole + Polychlorotrifluoro-ethylene 71
mL min* BMIM-BF, oil
CuNPs PDMS ~10 RT 0.17-0.51 mL  CuSO, + NaBH, + PVP + NH; + 72
nm min" NaOH
Ag NCs PTFE and glass capillary  30-100 150 0.1-0.3 mL (Ag seeds) + AgNO; + PVP + EG Air or silicone oil 73
nm °C min
Au NPs PTFE and PEEK 2.5-4 RT 0.087-0.7 mL  HAuCl, + photoinitiator + AA + PVP PP9 74
nm min~
Pd NPs PTFE and glass capillary 8.1-9.1 80°C 0.01-0.06 mL  Na,PdCl, + PVP + AA + KBr Silicon oil 75
nm min™"
Fe;0, PTFE, silicon tubing and 3.6 nm NS 0.067-0.6 mL  FeCl, + FeCl; + dextran + NH;0H Octadecene 76
NPs glass capillary min™"
FeMn PDMS ~3.6 NS 0.0015 mL FeSO, + MnCl, + E. coli + G-0il and Abil-EM90 77
NPs nm min™* PEG-PFPE
Pd NPs  PTFE and glass capillary  9-37 80°C 80 mL min™" Na,PdCl, + PVP + AA + KBr Silicon oil 78
nm
Pt NPs PTFE 15nm RT 0.175 mL H,PtCls + PVP + HMP + UV (365 PP9 79
min™" nm)
Ag NPs PEEK and PMMA 5-20 NS 0.035-1 mL AgNO; + KOH Air or kerosene 80
nm min~*
Au NPs Silicon-glass ~3-8 100 0.027-300 mL  HAuCl, + NaBH, Air, silicon oil or toluene 81
nm °C min™" (droplets)

This journal is © The Royal Society of Chemistry 2019
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Table 3 Some characteristics of the synthesis of bimetallic, quantum dot, silica and zeolite nanostructures using microfluidics (for a list of used
acronyms, refer to the end of the review)

Material Microreactor Size Temp. Flow rate Reactants Ref.
CoFe,0, NPs PDMS and PTFE NS 98 °C NS CoCl, + FeCl; + TMAOH 37
AuPd NPs PTFE and PEEK 10 nm NS 80 mL min* Pd seeds + KBr + PVP 78
+ AA + HAuCl,
AuPd NPs Zirconia 0.9-2.8 nm NS 43.3 mL min™! HAuCl, + H,PdCl, + 35
NaBH, + PVP
PtBi NPs Capillary 260 & 350 NS BiNO; + H,PtCl, + NaBH, + PVP 82
°C + EG + PG
FePt NPs Stainless steel ~2 nm 120 °C 0.8-1.5 mL min " FeCl, + H,PtClg + SnCl, + 83
PVP + NaBH,
Ag/CuO, core-shell PTFE ~100 nm 0.25-0.5 mL min™" (Ag seeds) + CuSO, + 84
NPs NaOH + AA
CdSe NPs 5 nm 250 °C 0.42 mL min* CdO + Se + TOP + E acid 85
CdSe NPs PMMA 4 nm 250 °C 0.05 mL min " CdO + Se + TOP + oleic acid 86
CdSe NPs Capillary 3-10 nm 250 °C 0.05-0.6 mL min " Cd(OAc), + Se + TOP + oleic 87
acid
CdSe NPs PTFE reactor ~3 nm 300 °C 0.6 mL min™* CdO + Se + TOP + oleic acid 88
PbS NPs PTFE and PEEK ~5 nm 80-150 °C 0.03-0.06 mL min * Pb(OAc]2 + TMS,S + Se 89
SiO, PDMS 8 um, 3 nm RT TEOS + CTAB + HCI 90
pores + ABIL EM 90
SiO, PDMS 10-30 um NS 1 %102 mL min™* TEOS + P123 + HNO; 91
Sio, PDMS 800 nm hollow RT 0.4 mL min™" TEOS + NH,OH + CTAB 92
Si0, PDMS 34 um RT 16.5 x 10 mL min " TEOS + P104 + ethanol + HCl 93
Zeolite A Stainless steel and 0.9-1.5 pm 90 °C 0.2-1 mL min™* NaOH + SA + SC 94
PTFE
Zeolite A Stainless steel and ~400 nm 90 °C 0.2-0.85 mL min " NaOH + SA + SC 95
PTFE
Zeolite A Stainless steel and 70-1500 nm 80-100 °C  0.13 mL min* NaOH + SA + SC 96
PTFE
Zeolite A PFPE and PFA ~100 nm 100 °C 2%x107°-5x 10 mL NaOH + TMAOH + TEOS 97
min*
HKUST-1 PDMS and PFA 1-15 pm 90-140 °C 103-0.012 mL min* Cu(NO3)2-H20 + H3BTC + EtOH 98
+ DMF
MOF-5 Zn(NO;),-6H,0 + H,BDC + DMF
IRMOF-3 Zn(NO;),-6H,0 + H,BDC-NH,
+ DMF
Ui0-66 ZrCL, + H,BDC + HCI + DMF
HKUST-1 Digital microfluidics 5 um NS Cu(NO3), + H3BTC + DMSO 99
@ Microfluidic channel
P 1 C i
: Homogeneous-synthesis approach } : Droplet-synthesis approach }
I \ I \
I (b) } G }
e T — = = 1
| ‘,‘ L B = =i |
: } : Droplets }
l L 1
I [ I \
I © Capillary-inside-capillary } | (e  Segmented flow }
| | | |
| | | |
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: } : or oil droplets ;
Fig. 1 (a) Schematic drawing of a typical microfluidic chip used to synthesise NPs that consists of 3 inlets and 1 main channel. (b) Main channel

section where the 3 different inlets merge into a single channel. (c) Tube inside tube configuration where the contact of both reagents occurs at
the centre of the big channel. (d) Droplets of similar size formed using a typical microfluidic droplet generator and (e) mixing of the segmented
flows separated by gas bubbles or oil droplets.
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avoid clogging of the channels due to particle agglomeration,
a glass-capillary injection into a bigger tube can be used.>**’
This technique consists of introducing a glass capillary inside
a bigger channel in order to bring into contact both reagents
in the middle of the channel. By doing so, the nucleation of
NPs is confined in the bigger channel's centre which avoids
the particles getting stuck on the walls, as shown in Fig. 1c.
Alternatively, electrochemistry®® or photochemistry®® is
sometimes used to synthesise NPs with an external trigger for
the reaction. Table 1 presents an overview of the different
studies found that used homogeneous flows to synthesise
metal NPs. As can be seen in Table 1, the size of the NPs
synthesised in microfluidic channels ranges from 1 to 181
nm with no relation to the temperature or chemicals used.
The metal-containing salt coincides with the same NP
materials however the reducing agent differs considerably.
The reducing agent can behave as a stabilizer and therefore
sometimes is not needed.'”'® Some reducing agents are
known for their toxicity, thus Ishizaka et al. used glucose as a
more environmentally friendly reducing agent.*’ In general,
the flow rates used are in the micro- to milliliter per min
range which is common in microfluidic technologies and
known as the main drawback for industry when trying to
apply this technology. A common issue occurring during NP
synthesis is the aggregation of the catalytic NPs: NPs in water
tend to aggregate under the action of London forces,"’ and
eventually precipitate. The classical method to prevent this
phenomenon is to add surfactants or ligands to the medium.
Ligands are molecules grafted or adsorbed at the interface of
the NPs, which consist of polymer (or oligomer) chains
soluble in the surrounding solvent that form a layer repelling
the NPs from each other. Repulsion works either by
electrostatic forces if the ligands are charged, or by steric
forces in the case of neutral polymers.*>** Choosing the right
ligand can be challenging and must be adapted to every
situation. The choice depends on the NP's material and its
environment, to ensure the stability of the polymer chains in
the medium and hence of the NPs.** The strong effect of
ligands on the final quality of the NP batch makes it one of
the key factors of the synthesis. However, it has been shown
that ligands can limit the catalytic activity of the NPs by
covering the surface and hindering the contact between
reactants and the catalyst.*>*> Hence, the ligands must be
eventually removed totally or partially from the particles
before their use. Typical ligands or surfactants used are

cetyltriammonium bromide (CTAB),
ethylenediaminetetraacetic acid (EDTA), sodium dodecyl
sulfate (SDS), polyvinylpyrrolidone (PVP), poly(ethylene

glycol) (PEG) or thiols.**** PDMS was the most popular
material to fabricate microreactors during the early stage of
NP fabrication using microfluidics,” however, during the last
8 years few studies have been found using this material.
These have been replaced with PEEK, stainless steel or even
3D printed”” microreactors to ensure better mechanical
stability for temperature and pressure and better chemical
stability.

This journal is © The Royal Society of Chemistry 2019
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Droplet-based synthesis. Metal NP synthesis in droplets is
based on the enhanced mixing created by the droplets or
segmented flows. Normally, reagents come into contact with
each other in aqueous solutions and upon mixing with an
organic phase either small aqueous or organic droplets are
formed depending on the wetting properties of the chip, see
Fig. 1d. Lazarus et al. used ionic liquids in order to produce
NPs in droplets which opens the door to the use of many
other salts and therefore other applications.””’" Droplet-
based synthesis offers better mixing of the reagents due to
the small volume of the droplets (nanoliter to picoliter
regime), which is a great advantage for the particle size
distribution and composition. It was demonstrated that the
mixing of reagents in droplets is very sensitive to the initial
formation of the droplet and that the time of mixing can be
reduced down to a few ms.'® Although mixing in droplets
occurs spontaneously via recirculation of the liquid inside,"*
sometimes pinched, serpentine or spiral zones are
introduced in order to enhance mixing.”*’> As stated before,
low throughput is one of the main drawbacks of
microfluidics, however, Zhang et al managed to produce
large droplets (0.25 mL) by controlling the mixing inside the
droplet with a counter flow mixer and therefore were able to
increase the production of NPs using commercially available
hardware.”® Furthermore, using similar technology Kim et al.
produced Pd nanocrystals with different shapes.”> On the
other hand, Xu et al. found that by controlling the flow rate
they could control the size of Cu NPs. Frequently, droplets
are formed by the aqueous phase and the space between
droplets, the so-called continuous phase, forms a segmented
flow which is used to mix the reagents, see Fig. le. This
approach is found to better merge both reagents where the
mixing is enhanced by the slip velocity of both phases.®’ Lee
et al. formed hydrogel droplets that acted as cell membranes
for cell extracts or NPs formed in the interior.”” Zhang et al.
used air as a continuous phase to synthesise silver
nanocrystals, using O, directly from environmental air as a
reagent, and the buffer space for the sub-product NO.”?
Table 2 shows an overview of the different studies found that
used droplets to synthesise metal NPs.

2.2 Bimetallic NP, quantum dot, silica particle, zeolite and
MOF synthesis

An overview of the synthesis of other kinds of particles such
as: bimetallic NPs, quantum dots (QDs), silica microparticles,
zeolites and metal-organic frameworks (MOF) is briefly
mentioned but not comprehensively summarized in Table 3.
Bimetallic NPs have unique properties due to their
synergetic effect on catalytic reactions. By combining two
metals or metal oxides the properties of the final NPs can
differ from those of the pure metal NPs of the initiators.
Bimetallic NP synthesis is performed by mixing both salt
solutions, providing a mixed alloy, Fig. 2a, or by controlling
the deposition rate of a second metal on a seed from the first
one, Fig. 2b. Some studies have shown that NPs synthesised

Lab Chip, 2019, 19, 3575-3601 | 3579
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Fig. 2 (a) HAADF-STEM image and EDS element maps of PtBi
intermetallic NPs. Reprinted (adapted) with permission from Zhang, D.
et al.?'® Copyright (2015) American Chemical Society. (b) TEM image,
HAADF-STEM image and EDX mapping of Pd-Au core-shell
nanocrystals obtained using seeded growth of Au on the 18 nm Pd
cubes. Reprinted (adapted) with permission from Zhang, L. et al?v
Copyright (2014) American Chemical Society.

using microfluidic technologies have high electro- or
photocatalytic activity.®**

QDs are semiconductor particles smaller than 10 nm in
diameter and their unique optical properties are very
dependent on their size.'”> They are normally made of CdSe,
Cds, InP or PbS and have been extensively synthesised using
microfluidics due to the controllability enabled by this
technology. As examples, Wang et al. could control the size
and shape of QDs by using a standard microfluidic setup®®
and Lignos et al. could study the kinetics of PbS formation in
small droplets inside a microfluidic chip.** QDs such as CdSe
are always synthesised at high temperatures which can be
very well controlled in microreactors, Table 3. Recently, a
6-step (microfluidic chip) procedure was used to fabricate
different types of core-shell QDs in a very controllable and
reproducible manner.'*

To prevent aggregation of the catalytic NP dispersion
inside the channel while driving catalytic reactions, catalyst
supports are used to stabilize the NPs."* These supports are
frequently made of silica, alumina or titania and they need to
be very stable at high temperatures and pressures.
Furthermore, they are often very porous to increase the

3580 | Lab Chip, 2019, 19, 3575-3601
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available surface area. Various studies have synthesised
porous silica microparticles,”*®” however, not with a catalytic
purpose. Bchellaoui et al. used droplet microfluidics to
synthesise very monodisperse porous microparticles.”® This
confirms the suitability of this technology to fabricate catalyst
supports.

Zeolites are another class of commonly used catalysts, due
to their nanoporosity and their acidity. However, very few
studies have tried to implement their synthesis in
microfluidics. Indeed, depending on the type of zeolite, the
synthesis conditions can vary from room temperature to high
temperatures (typically 200 °C for the reaction and more for
the calcination step'®*). In zeolite synthesis precise control of
the synthesis conditions is important, because there are
many different types of zeolites in terms of their structure. A
small change in the conditions may change the structure.
That is why zeolites have been synthesized at the sub-
millimeter range in microfluidic chips in droplets,®*?>7:1%
but only syntheses at relatively low temperatures and short
reaction times have been investigated so far. The catalytic
activity of these microfluidic-synthesized zeolites has been
shown to decrease the reaction time of alkyl borate synthesis
by a factor of ten.”’

Metal organic frameworks (MOFs) are crystalline
structures that can be used as heterogeneous catalysts. These
materials are normally porous and can contain different
transition metals or functional groups which can be very
suitable for catalysis.'”® Few studies have been found to use
microfluidics to synthesize MOFs.'”” In this work, the
authors synthesised different kinds of MOF structures
claiming that the time needed could be decreased from a few
hours to a few minutes by using microfluidic technologies.’®

2.3 Conclusions

Catalyst NPs have been extensively synthesised using
microfluidics. The shape and size of the particles are very
dependent on the contact form and time between the
different reagents. However, few studies were found where
they synthesised bimetallic NPs, zeolites and catalyst
supports. It has been demonstrated that microfluidic
synthesis of nanostructures provides a more uniform and
reproducible approach. However, low throughput seems to be
the main drawback hindering the widespread adaption by
industry.

Progress made in catalyst NP synthesis is realized by fine
characterization methods enabling the analysis of the NPs
and the quantification of their catalytic activity. Integration
of these methods in microfluidic devices to analyse the NPs
in situ could lead to fast analysis with few materials for rapid
feedback on the synthesis. The next section presents recent
advances in NP characterization and supported -catalyst
materials in microfluidics.

Whilst low throughput has always been the main
drawback for industry purposes, it is possible to increase it
by producing larger droplets while maintaining good control

This journal is © The Royal Society of Chemistry 2019
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of the system homogeneity.”® For catalysis, no studies were
found synthesizing catalyst NPs on top of catalyst supports
all together in the same process. Controlling the NP location
on the catalyst supports could increase the catalytic efficiency
of the NPs per mass which is of great interest when dealing
with noble metal materials. Also, no clear information was
found regarding the selection of ligands, which play a crucial
role in the synthesis of NPs. In general, if microfluidics can
control the synthesis and location of NPs on -catalyst
supports, thereby increasing the throughput in a cost-
effective manner, we foresee great potential for microfluidics
in industry.

3 Characterization
3.1 Introduction

In microfluidic synthesis, in situ (direct) characterization can
act as a fast feedback mechanism on important synthesis
parameters such as the flow rate and temperature. Examples
of the additional parameters that determine the success rate
of NP synthesis are the size, shape, uniformity, oxidation
state, activity and purity. In situ measurements allow for
information at different stages in both time and space during
synthesis or activity testing of catalyst materials. With this
information, the growth rate, reaction intermediates and
deactivation can be monitored>®>*76>198112 qllowing for
kinetic and mechanistic studies, as summarized in
Table 4 and illustrated in Fig. 3.

To narrow down the scope of this section, only in situ
characterization will be discussed, and it is divided into three
parts. First, characterization techniques used in microfluidics
will be discussed. Second, direct characterization of NPs will
be discussed, where the characterization of the shape, size,
oxidation state, crystal structure and elemental composition
is analysed,>®°*°7:621187121 45 can be found in Fig. 3. Last,
the activity of these NPs supported on porous materials
forming packed-bed or wall-coated microreactors will be
treated. Catalyst NPs are often supported on porous oxides or
polymers to provide stability and prevent sintering of NPs. In
the characterization of supported catalyst particles, mainly
the activity and selectivity of the catalyst material are of
interest. Furthermore, the dispersion and stability over time
of the catalyst on the support are important.

An overview of the characterization methods found in the
literature is shown in Table 4. Here, the type of reactor and
the nanoparticle/support combination are listed together
with the type of study, characterization and the temperature
reported. In the review of Yue et al. 2012,"** the combination
of spectroscopy and microreactors was already discussed in
great and excellent detail. In their review the working
principles of various spectroscopic techniques such as
fluorescence spectroscopy (FS), infrared (IR), ultraviolet-
visible (UV-vis), Raman spectroscopy (RS), nuclear magnetic
resonance (NMR), and X-ray absorption spectroscopy (XAS)
are discussed extensively. In contrast, we will briefly discuss
the working principles of the aforementioned techniques,

108,113-117
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and focus on the use of these techniques in in situ catalyst-
and nanoparticle characterization.

3.2 Characterization techniques

Gas chromatography and mass spectrometry. To
characterize the performance of a catalyst, often a reaction is
monitored by looking at product formation with in-line gas
chromatography (GC) or mass spectrometry (MS). With these
techniques, as summarized in Table 4, the conversion and
selectivity of a catalyst bed can be
determined.'*®11115:116,1237129 The main advantage of MS
and GC lies in their low limit of detection and broad range of
sensitivity for multiple compounds. Unexpected products or
molecules can be detected, since these in-line systems do not
require tuning of the system in order to detect a specific
molecule or compound. However, these in-line methods are
less suitable for monitoring the catalyst bed at various times
or distances along the bed. This means that in combination
with microfluidics they can only be used at the outlet of a
system and cannot give information about on-chip processes.
Moreover, short-lived intermediates cannot be detected with
GC and MS. For this a broad host of microscopic and
spectroscopic techniques, as summarized in Table 4, are
available i.e. ultraviolet-visible (UV-vis), infrared (IR), Raman
spectroscopy (RS), nuclear magnetic resonance (NMR), and
X-ray absorption spectroscopy
(XAS).109,110,112,114,116,117,124,127,1307136 Furthermore, lt iS found
that GC and MS are used in combination with IR or
XAS,'08116:127:129 a5 summarized in Table 4, to get
information on both the composition of the product feed at
the outlet and on the intermediates that are being formed or
structural changes in the catalyst that occur from XAS and IR
measurements.

Nuclear magnetic resonance. The advantage of nuclear
magnetic resonance (NMR) is that it can give very detailed
and specific information on organic compounds (H or C-
NMR) or the coordination of an inorganic material (Al-NMR);
this is due to the fact that NMR is based on oscillating
electromagnetic fields that can tune into the specific
resonance of atomic nuclei.’*” This specificity makes NMR a
very powerful technique. However, due to the tuning of the
NMR magnet, only one element can be measured at the same
time; multiple NMR devices are needed to measure two
different atoms simultaneously. An example of the use of
NMR in microfluidic systems is given by,"">"*" where
hyperpolarized hydrogen is used to polarize the reactant
(propane in this case). H,-Polarized propane has a signal-to-
noise ratio 300 times larger than non-H,-polarized
propylene.”"* This was used to monitor the formation of
propane from propylene. Fig. 4a shows the reactor setup
from Zhivonitko et al. 2012."*' Here they use a separate large
encoding coil around the catalyst bed that is placed inside an
800 um inner diameter capillary. A much smaller and more
sensitive detection coil is placed at the outlet of the system to
record the NMR spectrum. The outlet capillary has an inner
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Table 4 Some properties of in situ characterization of catalysts using microfluidics (for a list of used acronyms, refer to the end of the review)

Catalyst support Analytical
(reactor type) Measured property technique Temp.  Reactor material Ref.
Pt/PMMA-polyDADMAC  Degradation of cochenille red with sodium borohydride Optical/VIS: 25-80 Glass microtube 79
(packed-bed) photometer °C
Pt/SiO,, Au/TiO,, Bonding state and chemical state of Au/TiO, (XANES) - XANES, EXAFS, 40-200 Silicon-silicon chip 108
silicon-glass chip and coordination numbers and bond lengths for Au/Al,O; IR and GC °C with silicon nitride
Au/AlL,O; (wall coated) (EXAFS) - crystal structure of TiO, support in Au/TiO, windows
(EXAFS) - intermediates and products in ethylene
hydrogenation (IR and GC)
Pt/ZnO nanorods (wall Photocatalytic activity measured with the degradation of UV-vis NS Fused-silica 109
coated) phenol capillary
ZnO/TiO, (wall coated) Photocatalytic kinetic performance with the degradation of UV-vis NS Fused-silica 110
methylene blue capillary
Rh/AL,O; (wall-coated) Oxidation state of Rh during partial oxidation of methane XANES and MS  331-378 Quartz capillary 111
(XANES) - selectivity and conversion for direct partial °C
oxidation of methane (MS)
Pt/Al,O; and Pd/Al,O; Propane formation from propylene and para-hydrogen — NMR NS Capillary (not 112
(packed-bed) density of catalyst sites specified)
M-TiO, (M =F, Si, K, Mn, Photocatalytic activity measured with the degradation of Optical/vis: CCD NS Glass-glass 113
Co, Ni, Cu, Mo, and Au) methylene blue camera
(packed-bed)
TiO, (wall-coated) Photocatalytic activity measured with the degradation of UV-vis NS Fused-silica 114
Rhodamine B capillary
Ru nanoparticles Catalytic activity by hydrogenation of various carbonyl GC-MS <160 °C Fused-silica 115
(wall-coated in polymeric compounds capillaries
matrix)
Au/SiO, (packed-bed) Cascade dihydropyran synthesis, yield and selectivity (IR IR, GC, and NS Stainless steel plug 116
and GC) - oxidation state indicating catalyst deactivation =~ EXAFS flow reactor
(EXAFS)
Au nanoparticles Reduction of p-nitrothiophenol - influence of O, and H, SERS NS Glass-PDMS 117
(wall-coated) on dimerization of p-aminothiophenol
Cu/ZnO (packed bed) Activity by methanol to hydrogen conversion GC 195-260 Silicon-glass chip 123
°C
Pt-Co/Al,O; (wall-coated) ~ Oxidation state of Co and Co oxides (Raman) - CO Raman and GC  120-160 Fe-Cr-Al capillary 124
conversion, O, conversion and CO, selectivity for °C in a stainless steel
preferential oxidation of carbon monoxide (GC) tube
Pt thin film (catalyst spot  Catalytic activity by CO oxidation MS <300 °C Silicon-glass 125
15 um?)
Cu,Pd,Au(; ) alloy Catalytic activity by H,-D, exchange reaction MS 27-327  Glass-glass chip 126
surface (wall-coated) °C
Pd/AL,O; (packed-bed) Turn over frequency (TOF) for oxidation of carbon FTIR and GC 250 °C  Silicon-glass 127
monoxide
Pt/Al,O; and Rh/AL,O; Deactivation by monitoring oxidation state during reaction XANES and MS 352 °C  Quartz glass 129
(fixed-bed) (XANES) capillary
Conversion of partial oxidation of methane (MS)
Au-Pd/TiO, (packed-bed) Conversion and selectivity for the oxidation of benzyl Raman 80-140  Silicon-glass chip 130
alcohol °C
Rh/SiO, (packed-bed) Turn over frequency (TOF) for propene hydrogenation with NMR 60 °C Capillary (not 131
hyperpolarized hydrogen specified)
Pd/carbon and zeolite Y Yield for the acylation of anisole ATR-IR 20-150  PFA tubing 132
and beta (multiple °C
particles in droplet)
PtNi nanoparticles Hydrogenation of azobenzene dye UV-vis NS Photonic crystal 133
(wall-coated) fiber
Pt film (wall-coated) Adsorption of CO on Pt film ATR-IR NS Stainless steel tube 134
Au-Pt-Au NPs Reduction of 4-nitrothiophenol by adsorbed hydrogen SERS 5-50 °C  Glass-glass 135
(suspension)
Au-Ag alloy NPs Reduction of 4-nitrophenol for kinetic study of various UV-vis NS Silicon-glass 136
(wall-coated) Au/Ag ratios
TiO, graphene oxide Photocatalytic activity measured with the degradation of Optical/vis: NS PDMS-PDMS 138
(wall-coated) methylene blue absorbance
through channel
Pt/Al,0; (packed-bed) Pt dispersion in Pt/Al,O; catalyst layer CoO 25-250  Silicon-glass chip 148
chemisorption  °C
and GC
Zeolite H-ZSM-5 Deposition and dissolution of asphaltenes in H-ZSM-5 Raman and NS Silicon-glass chip 149
(packed-bed) UV-vis
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Fig. 3 Schematic overview of in situ characterization techniques for catalyst nanoparticle synthesis, as found in the literature, using UV-vis

<— &/ppm

Fig. 4 a) Experimental setup. Gaseous mixture containing para-hydrogen and propene flows through the catalyst bed packed inside the inlet
capillary close to the connection between the inlet and the outlet capillaries. Three types of capillaries of different diameters (ID 800, 405, and 150
um) were used as the inlet capillary. The diameter of the outlet capillary was constant in all experiments (ID 150 um). The catalyst bed was placed
inside the encoding coil. b) and c) *H NMR spectra of the reaction mixture measured using the detection microcoil in the experiments with b)
para-hydrogen and c) normal hydrogen at 22 °C. The reaction was carried out in an R-800-5 reactor. Reproduced with permission from
Zhivonitko, V. V. et al.?*® Copyright Wiley-VCH Verlag GmbH & Co KGaA, Weinheim, 2012.

diameter of 150 pm. Fig. 4b and c¢ show the signal
enhancement when para-hydrogen is used.

Ultraviolet-visible spectroscopy and X-ray absorption
spectroscopy. In many studies of photocatalytically active
particles, the degradation of a catalyst by the de-colouring of
a dye is studied. This can either be measured with a change

This journal is © The Royal Society of Chemistry 2019

in the UV-vis absorption spectrum’®>''*1%133 or by looking

directly at the intensity of the emitted light with a
photometer."**'*® UV-vis spectroscopy uses the absorbance
of light by different functional groups in molecules or
inorganic structures, ranging from the ultraviolet to the
visible light spectrum (200-800 nm). Depending on the size
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of the conjugated system or the presence of, for example,
charge transfer transitions, each compound shows a unique
UV-vis absorption spectrum.'*” The advantage of UV-vis is
that it is easily performed in combination with microfluidics.
Transparent glass-glass reactors or tube reactors are suitable
in combination with UV-vis, 09 110:114:133:136 44 qummarized in
Table 4. The limitation here is determined by the absorption
of UV-light by the glass cover, which fully absorbs
wavelengths below 250 nm."*® Moreover, absorption depends
on the path length, which results in a relatively poor limit of
detection for microfluidic systems, as the path length is
typically smaller than in conventional setups. A hollow core
crystal photonic fiber (HC-CPF), coated with PtNi NPs, was
used to investigate the hydrogenation of an azobenzene dye
using UV-vis spectroscopy.'** Fig. 5 shows the setup in which
they used the entire length of the fiber for measurements,
obtaining a stronger signal. A disadvantage of such a system
is that it reduces the temporal or spatial resolution of the
data along the fiber.

X-Ray absorption spectroscopy (XAS), in particular
extended X-ray absorption at fine structures (EXAFS) and
X-ray absorption near edge structures (XANES), is a very
powerful technique in characterizing the composition, bond
distance, oxidation state, coordination number and crystal
structure of nanoparticles,?®%3°7:62:108,119-121,140 54 shown in
Fig. 3. Disadvantages of XAS measurements are the need for
an extensive database of reference samples and the time-
consuming and complex data analysis that is needed to
extract the desired information. Still, it can be noticed that
microfluidics is much used, and actually required in XAS
measurements due to the requirement of small volumes and
reactor dimensions in synchrotron facilities. As an example,
the microreactor used by Gross et al. 2014 (ref. 116) benefits
from the micrometre-range channel heights, as less X-ray
intensity is lost in XAS transmission mode. Furthermore, the
spatial resolution of 15 pum that can be achieved with
synchrotron measurements can be used to measure along

supercontinuum source
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multiple points in the microfluidic channels. For UV-vis it is
not strictly necessary to use small volumes and reactors,
although it is still an advantageous technique to combine
with microfluidics,” 109 110114133,136 55 symmarized in
Table 4. Furthermore, UV-vis is a much more accessible
technique, since no synchrotron facilities are required to
perform measurements.

Besides monitoring the formation and growth of
nanoparticles, XAS can also be used to monitor the state of
catalysts during operation. Change in the chemical state,
crystal structure and oxidation state gives information about
the performance of the catalyst in terms of deactivation and
the mechanism of the reaction,'®®''%116129 55 summarized
in Table 4. This information is of importance because
deactivation is a common phenomenon in catalysis."*' More
about catalyst deactivation will be discussed later in section
3.3. Fig. 6 shows an example of a typical XAS setup.'™ With
this setup they monitored the oxidation state of a Rh/Al,O3
catalyst during the catalytic partial oxidation of methane.
Fig. 7 shows the different oxidation states of the catalyst
along the catalyst bed.

Infrared and Raman spectroscopy. Attenuated total
reflectance Fourier transform infrared (ATR-FTIR)"*»*** and
transmission FTIR'®”''>'2¢ can also be used to monitor
reaction intermediates and product formation, see Table 4.
Furthermore, Fig. 8A shows the reactor and Fig. 8B presents
the data obtained as an example of the use of IR
spectroscopy, where reactants and products can be
monitored in flow in a microfluidic reactor. Contrary to UV-
vis, where the absorption is based on electronic transitions,
IR spectroscopy obtains information on the vibrational
modes of molecules. Atomic bonds such as N-H, O-H, and
C-H bonds show vibrations in the IR spectrum.’”® IR
spectroscopy can be used in the same configuration as UV-
vis, meaning that an IR light source is located perpendicular
to a flow channel with a detector on the opposite side.
Specific wavelengths of the IR-beam are absorbed, depending

=P AA// 10x MMF

OSA

BS LK

Fig. 5 a) SEM image of the Kagome HC-PCF used in the experiments, b) TEM image of 6.3 nm PtNi NPs, and c) optical setup used for the DR1
hydrogenation in particle-deposited Kagome HC-PCFs. The left photograph shows the side-view of the irradiated Kagome HC-PCF. The right
photograph shows the guided mode in the core, when the fiber is filled with isopropanol and impregnated with 6.3 nm PtNi NPs. M, mirror; MMF,
multimode fiber. Reproduced with permission from Ponce, S. et al.>'° Copyright Wiley-VCH Verlag GmbH & Co KGaA, Weinheim, 2018.
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Fig. 6 Schematic setup and picture for mapping the oxidation state inside a catalytic reactor in two dimensions under reaction conditions; CCD-
detector (position-sensitive detection of the X-ray absorption) and ionization chambers (“integral” X-ray absorption spectra) as well as the microreactor
(in situ cell), oven and gas supply including MFCs (mass flow controllers) are depicted; (1) denotes the inlet of the in situ cell and (2) the outlet connected
to a mass spectrometer (taken from ref. 111). Reprinted from Hannemann, S. et al.>?* Copyright (2007) with permission from Elsevier.

v B

Reduced

Oxidized

Absorption/ a
(=]

0 500 1000 1500 2000 2500 3000
Distance / um

Fig. 7 Extracted components from the analysis of the 160 dark- and flat-field corrected transmission images: (a) oxidized Rh-species, (b) reduced
Rh-species, (c) featureless background, and (d) relative concentration of the oxidized (red) and reduced (blue) Rh-particles in the axis of the fixed-
bed (conditions: 362 °C, space velocity 1.9 x 10° h™)). Reprinted from Hannemann, S. et al.?2° Copyright (2007) with permission from Elsevier.
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Fig. 8 (A) A scheme of the micro-IR flow reactor and (B) the FTIR spectra of the reactant, vinyl ether 1 (red), the primary product, allenic aldehyde
2 (green), and the secondary product, acetal 3 (blue). High-energy regime of IR absorption spectra of butanol-dig (black), the second reactant, is
shown as well. The black rectangles mark the areas in which the IR spectra of the different reactants and products can be easily distinguished from
each other. Reprinted (adapted) with permission from Gross, E. et al.?** Copyright (2014) American Chemical Society.

on the compounds inside the channel and due to the
difference between the incoming and outgoing light, the IR
absorption spectrum can be determined. An example of such
a setup is shown in Fig. 5a. A different and often used IR
technique couples the light source to an IR transparent

This journal is © The Royal Society of Chemistry 2019

crystal beyond the critical internal reflection angle. The IR-
light is reflected inside the crystal, causing a small
evanescent wave penetrating the surface into the liquid:
attenuated total reflectance IR spectroscopy (ATR-IR). One of
the difficulties of ATR-IR lies in the chip design and the total
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internal reflection of an IR beam in the ATR crystal. The
evanescent wave going into the sample has a small
penetration depth. Therefore, the chip design has to be such
that the channels are in close contact with the ATR-IR crystal.
This is possible with silicon micromachining as shown in a
review by Karabudak et al. in 2014,"** enabling catalyst film
characterization using ATR-IR in combination with
microfluidic devices. Furthermore, the adsorption of gas to a
catalyst film can be measured using ATR-IR."**

A disadvantage of using IR is the poor signal-to-noise ratio
when water is used. Water itself has very broad and strong IR
absorption and will likely dominate the spectrum.

A technique that allows working with water is Raman
spectroscopy. Similar to IR spectroscopy, it is a vibrational
spectroscopic technique. Raman spectroscopy monitors the
inelastic scattering of light when interacting with a sample
molecule.’* Furthermore, Raman- and IR spectroscopy are
based on different selection principles, namely polarizability
and dipole moment change. This leads to both techniques
being complementary to each other: vibrations that are not
shown in the IR spectrum are visible in the Raman spectrum
and vice versa.**'*> However, Raman spectroscopy comes
with its own disadvantages: spontaneous inelastic scattering
typically only happens once every 10° photons. This makes
RS signals very weak, although there are ways to enhance the

'
'
'
'
'

solution or gas outlet

‘ \/ “plug-in” SERS probe

Fig. 9

Heterogeneous catalysis:
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signal e.g. by using surface enhancement structures,*”*4¢147
As an example, the catalytic reduction of p-nitrothiophenol
(PNTP) on gold NPs was performed and measured using
surface enhanced Raman spectroscopy (SERS).''” Surface
enhancement takes place when compounds are in very close
proximity to nanoparticles that show plasmonic resonance.
In the local surface plasmon resonance field, the Raman
scattering is enhanced.'®” Fig. 9A shows the reactor used in
the catalytic reduction of PNTP, and the corresponding SERS
spectra obtained are shown in Fig. 9B. With SERS the authors
were able to calculate the rate constant for the PNTP
reduction, see Fig. 9C.

3.3 In situ characterization of nanoparticles in microfluidic
systems

For in situ characterization of nanoparticles, it is most
important to characterize properties such as size, density,
composition and atomic structure, as shown in Fig. 3. XAS is
required especially for the composition and atomic structure
of NPs. With XAS it is possible to probe single atoms and
atom clusters. Another advantage of XAS in the
characterization of synthesized NPs is the great time
resolution that can be achieved. As an example, XANES was
used to monitor the reduction of Au*" to metallic gold within
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(A) Schematic of the whole plug-in optofluidic platform for monitoring of nanoparticle-catalyzed reactions in a microfluidic platform. (B)

SERS spectra recorded during the catalytic reduction of PNTP on immobilized gold nanoparticles in an aqueous NaBH, solution at different times.
(C) Determination of the rate constant for the reduction of PNTP using the relative concentration of PNTP and PATP. Quantification is achieved by
comparing the intensities of their characteristic bands at 1577 and 1595 cm™® (lexcitation Of 633 nm, intensity of 3 kW cm?, acquisition time of 1 s).
Reprinted (adapted) with permission from Zhang, Z. et al.>*? Copyright (2018) American Chemical Society.
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the first 2 ms of the formation.”® With EXAFS the growth rate
can be monitored by measuring the evolution of size of the
formed NPs over time.>***

An alternative to study the size of the synthesized NPs is
UV-vis,''® see Fig. 3. The plasmon absorption peak observed
in UV-vis analysis is dependent on the size of the
nanoclusters.*® In order to characterize the size and shape
small angle X-ray scattering (SAXS) can also be used.*” It is
shown that in general UV-vis data for size characterization
lead to more uncertainties than SAXS analysis. However, UV-
vis is much easier to use in comparison to SAXS experiments
which need synchrotron facilities, as mentioned before.

An example of the setup and the UV-vis data for various
sizes of synthesized Ag NPs is shown in Fig. 10. Here the shift
(and broadening) of the absorbance peak can be observed for
various flow rates, indicating differently sized Ag NPs.

Furthermore, it was demonstrated that the formation of
atomically precise 1-2 nm-sized copper clusters could be
detected using UV-vis, although no-flow conditions were
used.” This shows the potential to use UV-vis in size

characterization of NPs.'*®

3.4 Activity of supported catalyst nanoparticles in
microreactors

Activity measurements of catalysts in microfluidic devices
allow the study of the catalyst material under relevant
conditions with well-controlled parameters such as
temperature, flow rate, and pressure, see Table 4. As an
example, it was previously reported that microfluidic reactors
are capable of operating at temperatures and pressures up to
500 °C and 200 bar.'®™%> Catalyst activity studies are, in
contrast to the NP characterization discussed earlier,
conducted on supported catalyst materials. The most
common types of reactors are packed-bed and wall coated
reactors. Catalyst particles are either loaded on larger porous
supports, this can be oxide or polymer
particles,79,112,113,116,123,127,128,130,131,148 or deposited as thln
fllmS on the reactor walls’108—111,114,115,117,124—126,133,134,136,138
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Fig. 10 UV-vis absorption spectra of silver nanoparticles made at
different flow rates. Insets show the enlarged peak region (400-412
nm) and a summary of FWHMs of the absorbance of the Ag
nanoparticles (in nm) at various volumetric flow rates (in mL min™)
used. Reprinted with permission from Lin, X. Z. et al.??®> Copyright
(2004) American Chemical Society.
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as summarized in Table 4. Examples of wall-coated and
packed-bed reactors are shown in Fig. 11,'09113138

In a packed-bed reactor, a large number of particles are
used to make up the bed. This averages out the catalytic
performance hindering the information at the single particle
level.">” Packed-bed reactors have a large pressure drop over
the reactor bed, although an inventive solution was
found*”'*® where instead of elongating the packed-bed,
shorter parallel beds were used in a so-called cross-flow
packed-bed reactor.

Sizes of supported NPs used in packed-bed reactors are
between 20 and 120 micron as found."'*'*° Packed-bed
reactors have large effective areas compared to wall-coated
reactors. In packed-bed reactors, the supported -catalyst
material can be placed either in a microfluidic chip, often
consisting of silicon-silicon,'® glass-
Silicon,123,125,127,128,130,136,148 glass_glass’113,126,135 PDMS—
glass,"”” and PDMS-PDMS,"*® or in a piece of tubing/
capillary79,1097112,1147116,124,129,1317134 to form a miCrOreaCtOr.
All the aforementioned examples are summarized in Table 4.
One of the main reasons why the characterization of
heterogeneous catalysts using microfluidics is still used
relatively little is the difficulty to incorporate the catalysts in
the microreactor.'®® To overcome these issues, both zeolites
and metal organic frameworks (MOFs) are excellent options.
Zeolites are silica/alumina structures with both micro- and
nanopore structures. The spatial conformation of the zeolite
pores is highly dependent on their synthesis conditions, as
discussed in section 2.1. Zeolites are used in acid-based
(Bronsted and Lewis acid sites) catalysis. Furthermore,
zeolites can be used as a support for catalytic nanoparticles,
as shown in ref. 153-155, where Pt, Pd, and Cu or Ce oxides
have been incorporated in a zeolite framework for
heterogeneous catalytic microreactors. MOFs are highly
porous structures with a very high surface to volume ratio.
MOFs are built from metal ions or clusters that are linked
together by organic ligands.>® The synthesis of MOFs is very
versatile where the zeolite-like, porous structure can be
tuned. To date, more than a thousand structures have been
synthesized."®” In recent work, MOFs have been used inside
microreactors, building both capillary reactors loaded with
MOFs"*”%8 and highly porous glass fiber membranes'>® and
spongelike'®® supports containing MOFs in a microreactor.
To the best of our knowledge, in situ or in-line
characterization has not yet been reported with MOFs inside
a microreactor. All characterization methods found were
performed offline with GC.

Control of temperature both spatially and in time allows
for a more detailed study of kinetics and is necessary to
mimic relevant reaction conditions in large reactors. On-chip
reactors have the advantage of incorporating mixing
modules™®® followed by hot reaction zones, by using heater
elements, on the chip."*>"*° Silicon-glass microreactors, for
example, can be fabricated with integrated heaters allowing
rapid and accurate control of the temperature,'* as well as
steep gradients, rapid cycling, and precise local heating,
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9lc00318e

Open Access Article. Published on 13 September 2019. Downloaded on 29/10/2025 6:24:52 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Critical review

light

Spectroscopic

View Article Online

Lab on a Chip

Microchip
st
i _Lens
P=—p——————).
v <
Supporter  Xe lamp
c d
Wedge structure
Press @) H

Catalyst particles
Piston

(d2) Dye solution
Syringe
1 Air

15

Pipette tip
g’ _Inlet port (d3)
“" Microchip et
° Iradiation

o Wedge structure
e o

(04)

5@

Catalyst particles

Fig. 11 Overview of the two types of reactors (packed-bed and wall-coated) on the left: a packed-bed reactor in a glass-glass reactor with (a) the
setup of the microchip-based photocatalyst screening system. (b) Schematic diagram of the multi-channel array chip with a wedge structure in
each channel. (c) Schematic diagram of the catalyst loading operation. (d) Illustration of the catalyst screening procedure. (d1) Loading catalyst
particles in the microchannel to form the column; (d2) introducing MB solution into the channel and recording the initial channel image using the
CCD camera; (d3) MB degradation under irradiation of UV-light; and (d4) recording the channel image after a definite reaction time (not to scale).
Reprinted from Zhang, H. et al.?** Copyright (2013) with permission from Elsevier. On the top right: a wall-coated reactor showing the schematic
diagram of the fabricated microreactor. Reprinted with permission from Li, Y. et al.??®> Copyright (2016) Nature Scientific reports. Subject to creative
commons license: https://creativecommons.org/licenses/by/4.0/legalcode. On the bottom right: a wall-coated capillary reactor with (a) the
schematic diagram of the microreactor modified with Pt/ZnO nanorod arrays for photodegradation of phenol, (b) schematic diagram of Pt/ZnO
nanorod arrays on the inner wall of the microreactor. Reprinted from Zhang, Q. et al.?*® Copyright (2013) with permission from Elsevier.

however, cleanroom facilities are needed. On the other hand,
capillary  reactors are simple and easier to
fabricate.79,1097112,1147116,124,129,1317134 HOWeVer, eXternal
heaters, such as oil baths, electrical heaters or ovens, have to
be used in combination with these capillary reactors. This
makes the heating process slower when adjusting or cycling
the temperature, and spatial control is lost to a certain
degree.79’124_126’130’132

Accessibility of active sites and deactivation studies.
Another parameter influencing the activity of a catalyst bed is
the amount and accessibility of active sites of the catalysts.
CO chemisorption, an often used bulk technique to
determine acidity, was implemented in a microfluidic device
for the quantitative characterization of alumina-supported Pt
NPs in a high-throughput fashion.'*® Due to the strong
chemisorption of CO on metal NPs, the Pt distribution in the
catalyst could be determined using a silicon microfabricated
packed-bed reactor. It should be noted that bulk
chemisorption is considered a reliable method, but difficult
to perform with smaller samples.

Monitoring catalyst activity (or deactivation) over a longer
period of time can be very useful. In situ catalyst deactivation

3588 | Lab Chip, 2019, 19, 3575-3601

studies show the importance of characterization of catalysts
while they are at work,"""4"1916% a5 shown in Fig. 7.
However, due to the large intrinsic heterogeneities in a
catalyst sample, it is not always sufficient to look at the bulk
scale. Downsizing to a single particle level is very convenient
and possible using microfluidics.

In situ Raman and in-line UV-vis spectroscopy were used
to study the deposition and dissolution of asphaltenes in a
packed-bed reactor filled with zeolite H-ZSM-5 with different
silica/alumina ratios."*® Their results show the influence of
the ratio on the deposition of asphaltenes in the pore
structure, as measured with Raman spectroscopy. Dissolution
of asphaltenes and their aromatic sheet sizes when xylene is
pumped through the zeolite pores have been measured with

UV-vis, see Fig. 12."*
A few studies also focus on long-term catalyst
performance and deactivation,'®'**""" some of those

studies extending over 100 and 120 h.'°>''* By combining
synchrotron-based IR and XAS measurement, as done by
Gross et al. 2014,"'® reactant depletion, product formation
and changes in the catalyst during the reaction could be
monitored.

This journal is © The Royal Society of Chemistry 2019
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Fig. 12 On the left: occupancy maps of asphaltenes deposited within the pnPBR acquired by Raman spectroscopy. Both datasets illustrate the
influence of the Al,O3/SiO; ratio, showing that a higher ratio results in more asphaltene coverage indicated by the red color. On the right: (a) optical
image of asphaltene deposition in the pPBR without the presence of zeolites (trial 2). Bed occupancy map of the uPBR after injection of different
pore volumes of xylenes, (b) before injection of xylenes, (c) after injection of 60 pore volume of xylenes, and (d) after injection of 1560 pore volume
of xylenes. The color change from light blue to dark blue in (b) to (d) indicates the dissolution of asphaltenes from the catalyst. Panel (e) shows a
dissolution map, where green and red colours show areas of high dissolution and panel (f) shows a sheet size map of the aromatic asphaltene sheets
between 1.6 and 4 nm. Both panels are reprinted (adapted) with permission from Chen, W. et al.?>” Copyright (2018) American Chemical Society.

High-throughput characterization. In order to overcome
the low volume throughput of microfluidic reactors,
millifluidic reactors are used (scale up), where the
throughput is increased by increasing the reactor volume
(increasing the channel dimensions). These reactors still
have the favourable conditions of microfluidics such as:
high surface-to-volume ratio, fast heat transfer, easy to vary
reaction conditions and homogeneous reaction
environments, but are capable of higher throughput for
synthesis and characterization,”*’®11%129132 1 addition,
parallelization (scale-out) is often used in microfluidics to
increase  throughput.''®!'%127:128161  Here  instead of
increasing the dimensions, separate reaction channels are
used to screen various catalyst compositions. Clever tricks
such as the cross-flow reactor, by the group of Jensen,'?”'*®
do not only reduce the pressure drop over the catalyst bed
but also increase the throughput. Finally, a high-throughput
screening platform is demonstrated where foil forms a
Cu,PdjAuy; ., alloy surface with 100 isolated catalyst
regions with different catalyst compositions.’*® Each of the
regions is individually addressable and products produced
at each spot after a H,D, exchange reaction can be coupled
to a MS. The nozzle of the MS can rapidly move between
the 100 channels sampling products from all channels
sequentially within 10 minutes,'*® as shown in Fig. 13.

3.5 Characterization method overview

In Table 5 an overview of various characterization methods,
namely infrared, UV-vis, Raman, gas chromatography (GC)-

This journal is © The Royal Society of Chemistry 2019

mass spectrometry (MS), X-ray absorption spectroscopy
(XAS), and nuclear magnetic resonance (NMR), and their
use in combination with microfluidics is listed. These
methods have been explored to investigate reaction
intermediates and process yields, as well as selectivity,
activity and stability of catalyst materials. Key features, such
as speed, spatial resolution and chemical information
obtained, are listed, and the foreseen limitations and their
compatibility with microfluidics are stated.

Array of 10 by 10 units

Product analysis<-- :
Reactant supply\

Catalytic surface with gradient of composition

Fig. 13 Simplified presentation of the device developed by
Kondratyuk et al.'?® to analyze catalytic activity simultaneously in 100
locations with high spatial resolution (100 measurement points on 1
cm?). This image is based on the work from ref. 126.
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Table 5 Overview of the properties of different characterization methods that can be used in microreactors
Key feature Infrared UV-vis Raman GC/MS XAS NMR

Speed” Scan speed of
400 Hz for FTIR
with a quantum

cascade laser'®?

Spatial
resolution®

~3 pum up to
mm range'®

Chemical
compound
information by
probing
intra-molecular
vibrations

Chemical
information

Limitations  Incompatible
with water.
Limited to
several types of

chemical bonds

+ Good
compatibility
with
microfluidics
working with
water makes the
choice of
solvents more
limited.

Compatibility

Scan speed of 0.5 Hz
(ref. 163)

~1 um up to mm
range'®®

Chemical compound
information via
electronic transitions

Incompatible with
borosilicate due to
absorption of light;
molecular
fingerprinting is
difficult to broad
overlapping
absorption bands

+ Good compatibility
with microfluidics.
The scan time
needed for a clear
signal. Working in
flow or droplets can
influence this.

Scan times of 30 ms
for coherent
anti-Stokes Raman
scattering (CARS) up
to 100 s (ref. 164)
~0,5 pm for
coherent anti-Stokes
Raman scattering
(CARS)'*®

Chemical compound
information by
probing
intra-molecular
vibrations

Low efficiency of
normal Raman
scattering (no SERS
or CARS) results in
long scanning
times'**

+ Good compatibility
with microfluidics.
Often enhancement
is needed to obtain a
large enough signal
on chip.
Enhancement also
reduces scan speed
and improves
temporal
information

On-line analysis can
g0 up to 650 scans/s
(ref. 165)

N.A.

Chemical
composition of feed

No operando or in
situ information
possible. Only outlet
products can be
analyzed

Minimum sample
volume needed

- The need for
relatively large
sample volumes and
the fact that only
outlet products can
be analyzed make it
not always useful,
although still
detailed and valuable
information can be
obtained

Reported speeds
from ~10 fs to ms
(ref. 166 and 167)

15 nm-15 pm (ref.
116, 129 and 169)

Chemical
compound
information via
bond distance,
oxidation state,
coordination
number, and
chemical elemental
information
Synchrotron
facilities needed,
although lab-based
XAS methods are
becoming
increasingly
popular

Complex data
analysis

+ Good
compatibility due
to small reactor
volumes

Broad range of
scan rates possible
from the
nanosecond to
second range'®®
Ranging from mm
(ref. 131) to ~20
um (ref. 112)

Chemical
compound
information via
chemical shifts of
elements present
and the relative
magnetic
interactions
between them
Some nuclei
require long
acquisition times

+ H-NMR mostly
used and
compatible due to
longer scan time
needed for other
types, such as
C-NMR

“ Typical speeds given in reviews. Please note that the speed is also dependent on the concentration that is used and the sensitivity of the

machine. ” Typical spatial resolution reported depending on the combination of chemical information needed and the catalyst materia

1 169

3.6 Conclusions

Currently, it has been shown that many analysis techniques
are available to characterize both catalyst nanoparticles and
supported catalyst materials in situ in a microfluidic device.
For analysis of formed products at the outlet of a
microreactor often GC and MS are used. The limit of these
techniques, however, is that no information along the length
of the reactor can be obtained. Short-lived intermediates
which only exist close to the catalyst cannot be detected with
these techniques. In order to study the catalyst performance
at multiple spots in a microreactor, in situ spectroscopic
techniques such as UV-vis, IR, RS, NMR, and XAS are used.

For nanoparticle characteristics such as size, growth, and
composition XAS and UV-vis are used, where mostly XAS is
used to characterize the crystal structure, oxidation state,
bond distance, and coordination number.

Characterization of the activity and deactivation of the
supported catalyst material is mostly conducted in packed-

3590 | Lab Chip, 2019, 19, 3575-3601

bed reactors with multiple particles producing ensemble
averages. The observed techniques are well suitable in
combination with microfluidics. Locally formed products,
differences in activity along a catalyst bed,
frequencies, and even the chemical state of the catalysts
themselves are measurable using these techniques.

turnover

4 Conclusions and perspectives

Microfluidics has been used to enhance the control over
chemical and physical conditions during catalytic NP
synthesis. The ability to precisely control the temperature
and reactant concentrations has led to very homogeneous
particle synthesis in terms of shape and composition,
especially for metallic particles. However, little has been done
in microfluidics regarding bimetallic and zeolite
nanoparticles, and regarding the integration of catalyst NPs
in supporting microparticles.

This journal is © The Royal Society of Chemistry 2019
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Progress in synthesis is coupled with the advances in
characterization. The activity of supported catalysts is often
studied with GC or MS at the output of the microfluidic chip,
but the use of spatially resolved methods enables the
detection of short-lived intermediates which exist only close
to the catalyst. UV-vis analysis and XAS are also used to
measure the physical and chemical characteristics of the
catalyst NPs such as the size, composition, crystal structure
or coordination number. If the NPs are fixed in a packed
bed, these methods also enable the study of the activity and
deactivation of the catalyst NPs.

The recent development of microfluidic tools opens new
perspectives for synthesis and characterization of catalytic
NPs, and also to study the coupling between convection,
reaction and diffusion in the complex structures that are
industrial catalytic porous microparticles. These perspectives
are presented in the next sections.

4.1 Future perspectives on particle synthesis

As stated in the first part of this review, using microfluidics
for particle synthesis is far from its full potential. This
section tries to foresee the future paths of microfluidics as a
tool to synthesise catalyst NPs and other catalytic structures
such as zeolites or catalyst supports.

Particle size and structure. Although it makes the mixing
slightly more challenging, it is usually beneficial to work with
smaller volumes to enhance the control over the
experimental  conditions."””®  Microfluidic ~ droplet-based
synthesis could therefore be improved by using smaller
droplets: from the typical nanoliter droplet range (diameter
100 um) to the picoliter range (diameter 10 um) and even to
the femtoliter range (diameter 1 pm). Different devices have
been developed to produce picoliter droplets such as a step
emulsification system,'”" or the so-called nebulator."”> The
typical microfluidic tools for droplet control can also be
miniaturized to manipulate these picoliter droplets.’”®> The
main challenge for the miniaturization arises from the
modification of the balance between surface and bulk forces:
decreasing the volume of spherical droplets by a factor of 10°
leads to a decrease of the volume forces by the same factor
but the surface forces only by a factor of 10

Bimetallic NPs have been shown to have great potential
for catalysis. It is known that the structure and the
arrangement of the two metals have a great impact on the
catalytic properties of such NPs,"”* and that very precise
assembly is possible when the synthesis conditions are
controlled.’”® Therefore, the use of calibrated microfluidic
droplets as microreactors could enable very fine control on
the synthesis conditions and hence on the final size and
structure of such particles to optimize their catalytic activity.

Zeolites used in the industry often require high temperatures
and long reaction times and their synthesis has not been fully
investigated in microfluidics yet. Moreover, the model
conditions offered by microfluidics could enable a precise study

This journal is © The Royal Society of Chemistry 2019
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of the effect of mass and heat transfer on the zeolite structure
that could be later used to optimize batch synthesis.

A controlled porosity of the catalyst support is essential
to enable an increase of the contact area with the
reaction media while preserving an efficient mass transfer
through the pores. The control of the substrate porosity
can also be further improved by implementing
microfluidic methods that have been shown to be efficient
for bulk materials. The first method to produce such a
porous medium consists of triggering a chemical reaction
which produces gas and solidifies the reaction media."”®
Despite its simplicity, this method offers poor control on
the pore size and structure. The second method presented
here is the use of NPs as a template that are later
dissolved to pattern the material."”” In this approach, the
pores consist of the space that was previously occupied by
the particles, and are therefore easy to control. Compact
assemblies of NPs can indeed be produced inside droplets
to obtain spherical assemblies of controlled size and
morphology.'”® This approach seems promising to yield
microparticles with controlled porosity and high contact
area with the external media. The third approach
presented is based on complex liquids that can be
solidified during the process of phase separation to obtain
a material exhibiting a continuous network of pores of
controlled size."”® The conditions of phase separation
leading to continuous pore networks, referred to as
“spinodal decomposition”, have been implemented in
microfluidic devices to produce porous fibres and particles
stabilized by NPs of silica adsorbing at the interface.'
Such binary systems, called “bijels”, experience a phase
separation and are stabilized by NPs. The bottom-up
approaches that rely on particle assembly or phase
separation require a high level of control over the
chemical and physical conditions. These conditions must
indeed be homogeneous and reproducible, which calls for
smaller reactors, as microfluidics can offer.

High throughput synthesis. A wusual bottleneck for
microfluidic devices is their throughput: smaller sizes bring
better control but also naturally lower volumes produced.
One of the main challenges of miniaturization is therefore to
maintain the throughput. This is usually achieved by scaling
out, parallelizing, the devices for droplet production and
analysis.

Parallel microfluidic channels tend to interact with each
other due to the variation of the pressure along the
channels,'®" leading to varying flow rates and non-uniform
droplet generation. However, chips have been recently
developed to parallelize the production of droplets with
good monodispersity by minimizing the flow rate
variation'®> or by using emulsification processes that do not
depend on the flow rate.'®*% with this technology,
relatively large quantities of catalysts could be synthesized
with optimal control of the reaction conditions, which could
be used to synthesise NPs or -catalyse reactions in
microfluidic reactors.

Lab Chip, 2019, 19, 3575-3601 | 3591
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4.2 Perspectives on catalyst characterization in microfluidics

Biology has found in microfluidics an efficient way to study
individual cells from large populations.'®® By isolating
individual cells in single droplets, they can be characterized
individually at high throughput, allowing the analysis of large
samples without losing the information about each -cell.
Several reviews focus on droplet-based microfluidics™®” and
its applications to biology, chemistry and nanotechnology.'®®
The need of biologists for analysis of individual elements in
a large sample is very similar to the necessity for chemists to
follow the evolution of individual catalyst particles. Although
nanocatalysts are considerably smaller than cells, they are
often embedded in porous microparticles with sizes from
one to a few tens of micrometers, such as fluid catalytic
cracking particles,'””® or olefin polymerization catalysts.
Under these conditions, some parallels can be made between
cell analysis and catalyst analysis. Some microfluidic tools
that have been developed for biology and could be used for
catalysis are presented in the next sections.

Single particle analysis. In biology, to analyse the chemical
content of droplets containing cells, optical detection of
fluorescent molecules is currently by far the most commonly
used method."®**” Droplets contain a fluorescent dye that is
activated by a product of the cell activity, and therefore
visible only if the cell is active enough, enabling a direct
readout of every cell activity. The same approach has also
been used to encapsulate enzymes and to measure their
activity in a large number of different chemical
environments."”®  Impedance-based measurements also
showed promising results to analyse the content of
droplets.”® These methods could be almost directly
transposed to the study of the activity of individual catalyst
particles by isolating them in different droplets.

Single particle sorting. Usually in biological analysis, the
droplets and the cells that they contain are sorted into two or
more categories based on the results of the aforementioned
analysis. The droplets identified as containing highly active
cells are sorted for further analysis, '8 194195197 Thjg
could also be very useful for catalysis, for instance to select
the most efficient catalysts of a population. The sorting is
active, which means that the fluorescence signal is captured
and triggers an actuator that reroutes the specific droplets in
a different channel. These actuators can be based on various
phenomena, but the most commonly used are electric
field,191’197’200 mechanic Valves,189,190,194,201

acoustic waves,>%* 195,205

202,203 pressure,
d 206-208

temperature, and
magnetic fiel

Particle storage and tagging. Catalyst deactivation over
time is of great concern for researchers and industry. The
study of this phenomenon is challenging since it requires
monitoring of the same particle over a long period of time,
and this for a large number of particles to obtain statistically
relevant data. The individual analysis of a large population of
particles is a challenge for which microfluidics is well

adapted. However, microfluidic systems are usually
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characterized by short residence times, a solution must thus
be found to study these long processes.

Very similar challenges were addressed in biology and
thus, different solutions were developed. The classical
method consists of isolating cells in different droplets to
facilitate their manipulation, storage and analysis. Moreover,
for cells as for catalyst particles, evolution can be slow and
observation of significant variations can require a long time.

For very long-term processes, droplets containing cells/
particles can be extracted from the chip, incubated and
injected into a new one later.'”® However, when possible, in
order to limit the transfer of the emulsion between chips,
droplets are stored directly inside the systems."®”

In some cases, it can be interesting to vary the chemical
composition of the droplets to screen various incubation
conditions. It is then necessary to identify the different droplets
to monitor the individual evolution of the cells/aging of the
particles. To keep track of droplets, microscopic tags have been
developed to enable later reading of their content and correlate
the different measurements performed over time," 19209211

It has also been shown that by confining the droplets in a
line in capillaries or tubing, it is possible to keep track of the
content of each droplet without tagging them and
individually access them. This has been used for instance to
study the proliferation of different cell populations over
time.>'* Finally, droplets can also be trapped with some
obstacles inside microfluidics chips, which enables an
accurate knowledge of the position of every droplet.'**

It must be noted here that an important difference
between cells and particles is their density: while cells have a
density close to water, catalyst particles are significantly
denser and therefore settle faster, which can lead to clogging
of the channels. Nevertheless, these studies of cells pave the
way toward the analysis of individual catalyst particle ageing.

Parallelization. In biology as in catalysis, increasing the
frequency of analysis is necessary to study larger samples.
This is crucial in order to observe rare events or to find the
optimal experimental conditions. This speed increase can
first be achieved with pressure to increase the flow rates, and
often better equipment. This can also be achieved by
parallelizing the analysis process. Increasing the rate of
analysis is often limited by the acquisition speed of high-
speed cameras, the processing time of the computers and the
maximum pressure that the microfluidic chip and connectors
can withstand. However, it has been shown that catalytic
activity measurements could be performed locally with a high
spatial resolution on a catalytic substrate of which the
composition depends on the position, to investigate rapidly
the influence of the catalyst composition."*® Fig. 13 shows a
schematic of high-throughput catalyst screening with this
method as has been shown in the Characterization section.

4.3 Perspectives for fundamental understanding

The structure of industrial catalyst particles is complex and
consists of various necessary properties such as: porosity,

This journal is © The Royal Society of Chemistry 2019
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mechanical stability and catalytic activity of the particles.”"?
The mass and heat transfers inside these particles and the
reaction medium are only partially understood yet. Further
studies are limited by the difficulty of analysing single
catalyst particles during reactions.

An in-depth understanding of the mass and heat transfers
inside the particles could be reached by studying model
assemblies of their main constitutive elements. A 2D model
network of pores and catalysts could be incorporated inside a
microfluidic chip to control the input reactants and analyse
the product output. This could enable the mapping of the
temperature and product concentration inside the pore
network. A similar approach has been used to study the
phenomenon occurring when oil is pushed out a porous soil
by water. A model network of pores was built inside a
microfluidic chip, allowing direct observation of the
phenomena occurring during oil recovery.>***'> However, to
our knowledge such a method has not been transposed to the
study of transport inside the pores of catalyst particles yet.

5 Outlook

All the progress of the last decades in the field of catalyst
synthesis and on-chip material characterization brought a lot
of new perspectives to obtain better control over catalyst
material synthesis and their function. The advantages of
microfluidics in terms of chemical engineering could be used
to further improve the control over the nanostructure and
porosity of catalyst materials. Moreover, the tools that could
enable the synthesis in even smaller droplets were presented
and it was illustrated how parallelization of the devices could
maintain the throughput despite the smaller size of the
reactors. Based on the development of single-cell microfluidic
analysis, sorting and long-term deactivation studies of
individual catalysts seem to be within reach. Finally, a
fundamental approach inspired by the work on enhanced-oil-
recovery could enable an in-depth understanding of the mass
and heat transfer in reactive porous media constituting
heterogeneous catalyst particles.

6 Acronyms

NPs stands for nanoparticles, NSs for nanostars, NRs for
nanorods, NCs for nanocubes, RT for room temperature, NS
for not-specified, AA for ascorbic acid, SC for sodium citrate,
SA for sodium aluminate, PVP for poly(N-vinyl-2-pyrrolidone),
THF for tetrahydrofuran, CTABr for cetyltrimethylammonium
bromide, BMIM-Tf2N for 1-butyl-3-methylimidazolium
bis(triflylmethyl-sulfonyl)imide, BMIM-BF4 for 1-butyl-3-
methylimidazolium tetrafluoroborate, BMIM-BH4 for 1-butyl-
3-methylimidazolium tetrafluoroborate, TEOS for tetraethyl
orthosilicate, CTAB for cetrimonium bromide, DMF for N,N-
dimethylformamide, SB12 for propane-sulfonate, OPD for
o-phenylenediamine, MUA for 11-mercaptoundecanoic acid,
PEG for polyethylene glycol, TEG for triethylene glycol, EG for
ethylene glycol, PDMS for polydimethylsiloxane, EFTE for

This journal is © The Royal Society of Chemistry 2019
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ethylene tetrafluoroethylene, EA for ethyl acetate, PTFE for
polytetrafluoroethylene, PFA for perfluoroalkoxyalkane, PVDF
for polyvinylidene fluoride, MHA for mercaptohexanoic acid,
and PP9 for perfluoromethyldecalin.
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