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Fine particles are widely used as intermediate and final products in
industrial processes. Because particle properties are directly linked to
the function and quality of the products, synthesizing monodispersed
particles is a key technology. A microreactor, which comprises
microchannels typically narrower than 1 mm, is a promising reaction
tool because it offers excellent mixing and heat transfer performance.
We used a microreactor for the synthesis of single-component and
composite nanoparticles. This review introduces our synthetic results
for functional nanoparticles including nickel, platinum—cobalt alloys,
gold and silver nanoshells, patchy particles, core—shell clusters, and
metal-organic frameworks. The microreactor we used is of the central-
collision type and exhibits a characteristic mixing time 100~1,000
times shorter than that of the conventional batch mixing. The excellent
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mixing ability of the microreactor enables the synthesis of monodisperse particles in size and shape as well as core—shell particles with
uniform shell thickness through instantaneous nucleation. More importantly, the microreactor realizes syntheses, which are not possible
with batch reactors, by trapping reaction intermediates in a sequential reaction process and by rapidly changing the reaction temperature.
These results demonstrate great advantages of using the microreactor for nanoparticle synthesis.

Keywords: microreactor, alloy nanoparticles, core—shell particles, metal-organic frameworks, nucleation, mixing time

1. Introduction

Fine particles are core materials in various industries,
including chemistry, cosmetics, electronics, food, pharma-
ceuticals, photonics, and printing. Even if the final products
are not in the particulate form, particles are contained in
liquid and solid form products, including sunscreens, paint,
and colored glasses, and they are involved in many prod-
ucts as intermediates in industrial processes. Notably,
nanoparticles (NPs) play key roles in various applications,
including electrode catalysts for fuel cells (Hou J. et al.,
2020), conductive pastes (Abhinav K V. et al., 2015), bio-
imaging (Wolfbeis O.S., 2015), and sensing devices (Saha
K. etal.,2012). In these applications, particle properties are
directly linked to the function and quality of the products,
and accordingly, the synthesis of monodispersed NPs in
size and shape is a crucial issue.

Among various synthetic processes of NPs reported so
far, liquid-phase synthesis using chemical reactions is
promising in terms of versatility in reaction conditions and
ease of process handling (Fiévet F. et al., 2018; Wang D.
and Li Y., 2011; Xia Y. et al., 2009). A general strategy for
synthesizing monodispersed particles is to shorten the nu-
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cleation period so that the particle growth period starts after
the completion of nucleation. However, conventional
batch-type synthesis often allows overlap between nucle-
ation and growth periods because of its weak mixing inten-
sity, which causes concentration distribution after mixing
reaction solutions, resulting in the formation of particles
with a wide size distribution. “Slowing reaction rates” is a
possible solution because the effect of mixing becomes less
significant, but typically leads to the formation of particles
of submicrometer size or larger. In contrast, “quickening
mixing rates” is a more direct and promising approach that
is suitable for NP synthesis, which typically involves rapid
reactions.

To achieve the latter approach, a microreactor is the first
candidate because rapid mixing is a primary feature of mi-
croreactors (Yoshida J. et al., 2013). Microreactors com-
prise microchannels typically narrower than 1 mm, in
which chemical reactions occur. Not only mixing ability
but also heat transfer is excellent in microspaces, and ac-
cordingly exploiting these properties dramatically im-
proves the precision and efficiency of chemical reactions
(Mae K., 2007). Microreactors with different architectures
have been successfully applied to the synthesis of various
types of NPs, including gold using a chip-based interdiffu-
sion microreactor (Wagner J. et al., 2004) and a chip-
shaped three-layer assembly (Wagner J. and Koéhler J.M.,
2005), silver using a tubular (Lin X.Z. et al., 2004) and
helical microreactors (Wu K.-J. et al., 2017), platinum us-
ing a droplet junction chip (Luty-Btocho M. et al., 2013)
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and a spiral tubular microreactor (Suryawanshi P.L. et al.,
2016), palladium using a Y-junction microreactor (Sharada
S. etal., 2016) and a slit interdigital microstructured mixer
(Gioria E. et al., 2019), nickel using a T-shaped microreac-
tor (Xu L. et al., 2015), and silica in a slit interdigital mi-
crostructured mixer (Gutierrez L. et al., 2011). Not only
single-component NPs and composite particles have been
synthesized, including palladium@platinum core—shell
nanoparticles using T-mixers (Hashiguchi Y. et al., 2021),
gold nanoshells in microfluidic slug flow (Duraiswamy S.
and Khan S.A., 2010), and patchy particles using a T-mixer
(Meincke T. et al., 2017; Volkl A. and Klupp Taylor R.N.,
2022). Microreactors combined with acoustic waves to en-
hance mixing intensity, which are so-called acoustic micro-
reactors, have also been demonstrated to synthesize various
types of NPs (Chen Z. et al., 2022). These synthetic results
demonstrate the advantages of applying microreactors to
NP synthesis.

Focusing especially on the excellent mixing ability of
microreactors, we have been working on the synthesis of
functional NPs such as nickel (Ni) and bimetallic alloy
(Watanabe S. et al., 2021), nanoporous metal-organic
frameworks (MOFs) (Fujiwara A. et al., 2021; Watanabe S.
et al., 2017b), gold and silver nanoshells (Maw S.S. et al.,
2019; Watanabe S. et al., 2015), and patchy particles
(Watanabe S. et al., 2016). Our concept is to achieve highly
supersaturated conditions by quickly mixing reaction solu-
tions, thereby enabling instantaneous nucleation and subse-
quent growth. In this review article, we introduce our
synthetic results using a microreactor.

2. Central-collision-type microreactor

The microreactor we used is a central-collision-type re-
actor (Nagasawa H. et al., 2005), which comprises three
plates (inlet, mixing, and outlet plates), as illustrated in
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Fig. 1. Each of the two inlet fluids is divided into seven
streams on the inlet plate (Fig. 1(B)), and the fourteen
streams (seven from inlet A indicated by black circles and
the other seven from inlet B indicated by black squares as
illustrated in Fig. 1(C)) collide with each other into a single
stream at the center of the mixing plate and then outflow
from the outlet. We used the microreactor with fourteen
streams because the mixing intensity was confirmed to in-
crease with the number of streams (Nagasawa H. et al.,
2005) and fourteen streams were almost the highest possi-
ble number in terms of channel geometry. The intensive
collision breaks the fluids into small segments, thereby
shortening the diffusion distance to achieve quick mixing.
We evaluated the mixing ability of the microreactor us-
ing a chemical test reaction (Watanabe S. et al., 2017a). We
adopted the Villermaux—Dushman (VD) method (Ehrfeld
W. et al., 1999; Fournier M.C. et al., 1996), which com-
prises parallel competing neutralization and redox reac-
tions. Because the neutralization reaction is much faster
than the redox reaction, only the neutralization reaction
would proceed under ideal mixing conditions. However, in
the case of poor mixing, the mixed fluid is segregated, and
accordingly, the redox reaction proceeds. Thus, the amount
of the product from the redox reaction is a measure of the
mixing intensity (smaller production indicates better mix-
ing). We obtained the mixing time from the VD experi-
ments following the procedure reported by Commenge et
al. (Commenge J.-M. and Falk L., 2011). Fig. 2 shows the
relationship between the mixing time ¢, and the flow rate.
The increase in the flow rate shortens the mixing time of
the microreactor, and a flow rate of 10 mL/min attains the
shortest mixing time of 0.3 ms, which indicates that com-
plete mixing is achieved in 0.3 ms. For comparison pur-
poses, Fig.2 also shows a series of mixing times of a
Y-shaped mixer with an inner diameter of 1.5 mm. At the

Central-collision type microreactor
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Fig. 1 Schematic illustrations of (A) experimental setup for nanoparticle synthesis, (B) central-collision-type microreactor (disassembly image), and
(C) mixing plate. Adapted with permission from Ref. (Watanabe S. et al., 2017a). Copyright: (2017) Elsevier B.V.
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same flow rates, the mixing time of the microreactor is
100~1,000 times shorter than that of the Y-shaped mixer,
clearly demonstrating the advantage of the microreactor.
Comparison of the microreactor with the Y-shaped mixer
and batch-type reactor under the same Reynolds numbers
from 300 to 1200 also confirmed the superiority of the mi-
croreactor in terms of mixing intensity. A short mixing time
leads to a uniform reaction field with the desired concentra-
tion condition, thereby enabling the formation of mono-
disperse particles.

3. Synthesis of metallic nanoparticles

Metallic particles exhibit excellent chemical and physi-
cal properties, and are thus promising in various applica-
tions, including catalysts, electronics, photonics, sensing,
and imaging (Xia Y. et al., 2009). Downsizing them to the
nanoscale is crucial to fully exploit their properties. Here
we focus on Ni, and Ni NPs with average diameters of
3—-10 nm have been synthesized by several techniques, in-
cluding a water-in-oil microemulsion technique (Chen
D.-H. and Wu S.-H., 2000; Wu X. et al., 2012), an organo-
metallic approach (Dominguez-Crespo M.A. et al., 2009;
Ely T.O. et al., 1999), and a polyol process (Couto G.G. et
al., 2007; Eluri R. and Paul B., 2012; Wu S.-H. and Chen
D.-H., 2003). However, these techniques rely on organic
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Fig.2 Dependence of the characteristic mixing time () estimated
from the VD experiments on the flow rate for different mixing proce-
dures of the microreactor and Y-shaped mixer. Adapted with permission

from Ref. (Watanabe S. et al., 2017a). Copyright: (2017) Elsevier B.V.

solvents and involve heating during the synthesis, which
can be a problem in terms of environmental protection and
energy consumption. Although aqueous syntheses have
been reported (Chen D.-H. and Hsieh C.-H., 2002; Jiang Z.
et al., 2013), the resultant size of Ni particles was larger
(>10 nm) with wider size distributions than those synthe-
sized using organic solvents. Why is it so difficult to syn-
thesize monodisperse Ni NPs in aqueous systems? This is
because the reduction reaction of Ni ions does not uni-
formly proceed due to insufficient mixing, and if this is the
case, the central-collision-type microreactor is a suitable
reactor to overcome this difficulty.

Fig. 3 shows the experimental setup for Ni NPs synthe-
sis, in which two microreactors are sequentially connected
through a tube with varying lengths of 1, 3, 20, and 40 cm
(Watanabe S. et al., 2021). Varying the tube length corre-
sponded to the change in residence times between the two
microreactors (0.053, 0.16, 1.1, and 2.1 s). We first mixed
aqueous solutions of NiCl, and a surfactant (cetyltrimeth-
ylammonium bromide; CTAB). We used CTAB because it
has been reported to serve as an effective capping agent
suitable for the Ni NP synthesis (Wu S.-H. and Chen D.-H.,
2004). The premixed solution was mixed with a hydrazine
(N,H,) aqueous solution in microreactor A, and the mixed
solution from the outlet, which was directly injected into
microreactor B, was mixed with a sodium hydroxide
(NaOH) solution. The flow rate was set to 10 mL/min for
each syringe using syringe pumps, and the synthesis was
conducted at room temperature. In this sequential flow
process, the following reaction scheme is assumed (Park
J.W. et al., 2006). The reaction in microreactor A produces
nickel-hydrazine complexes.

Ni2* +xN,Hy — [Ni(N,Hy) |7, x =1,2,3 (1)

Subsequent mixing with NaOH in microreactor B in-
duces a ligand exchange reaction to yield nickel hydroxide
(Ni(OH),) and N,H,.

[Ni(N,H,) |** +20H- - Ni(OH), + xN,H, ©)

Ni(OH), was then reduced to zero-valent Ni by freed
N,H,, followed by nucleation and growth to produce Ni

NiCl2 + CTAB Microreactor A

Fig.3 Schematic of the sequential flow process for the synthesis of Ni NPs. Reprinted from Ref. (Watanabe S. et al., 2021) under the terms of the

CC-BY 4.0 license. Copyright: (2021) The Authors, published by Frontiers.
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NPs.

A typical synthetic result is presented in Fig. 4, where
the residence time between microreactors A and B was set
t0 0.053 s. NPs with a sharp size distribution (3.8 + 0.6 nm)
were successfully formed, as confirmed by transmission
electron microscopy (TEM) images and particle size distri-
butions (Figs. 4(A) and 4(B)). X-ray photoelectron spec-
troscopy (XPS) and powder X-ray diffraction (XRD)
measurements demonstrated the formation of Ni NPs with
face-centered cubic (fcc) crystal structures (Figs. 4(C) and
4(D)). The synthesized Ni NPs were comparable to those
synthesized using organic solvents in terms of average
particle size and size distribution, demonstrating the excel-
lent performance of the microreactor that enables aqueous
and room-temperature synthesis of Ni NPs. Note that the
use of a Y-shaped mixer with a weaker mixing intensity in
place of either microreactor A or B did not produce mono-
disperse Ni NPs, further demonstrating the importance of
the instantaneous and homogeneous mixing provided by
the microreactor for the synthesis of monodisperse NPs.

In this flow sequential process, the residence time be-
tween microreactors A and B was found to have a critical
effect on the size distribution; a longer residence time re-
sulted in a wider distribution. This is closely related to the
formation of nickel-hydrazine complexes. Ni ions are re-
ported to react with N,H, molecules to form stable
three-coordinate complex structures [Ni(N,H,),]>*, by way
of intermediate species with one- and two-coordinate struc-

(A)

)

tures [Ni(N,H,)]** and [Ni(N,H,),]*" (Gilbert E.C. and
Evans W.H., 1951; Li Y.D. et al., 1999). A residence time of
more than 2 s is assumed to be sufficiently long to allow the
formation of stable three-coordinate complex structures
before mixing with NaOH. In this case, the ligand ex-
change reaction would be slow, possibly because of the
high activation energy required to replace N,H, molecules
with OH™ ions (Eqn. (2)), which leads to a slow reduction
and consequently results in a wide size distribution. In
contrast, under residence times shorter than ca. 1s, less
stable intermediate species react with NaOH to quickly free
N,H, molecules through the ligand exchange reaction,
thereby leading to a quick reduction of Ni ions. In this
manner, for the formation of monodisperse Ni NPs, it is
necessary to trap less stable intermediate complex struc-
tures so that they react with NaOH at microreactor B. To
satisfy this requirement, precise control of the residence
time, on the order of milliseconds, is critical, which is en-
abled by the excellent mixing performance of the microre-
actor.

The synthesis of bimetallic alloy NPs is also possible
using a central-collision-type microreactor. We synthesized
platinum (Pt)—cobalt (Co) alloy NPs by the simultaneous
reduction of Pt and Co ions. We mixed a premixed aqueous
solution of Pt and Co ions and polyvinylpyrrolidone (PVP,
molecular weight of 1,300,000) with an aqueous solution
of a strong reducing agent, NaBH,, in the microreactor
(Fig. 1(A)). We opted for PVP for two reasons: firstly, it is

S 3.8£0.6 nm
0.4

Frequency

oo
S = N W

0123456728910
Diameter [nm]

(D)

~

[o)}

W

30s

~

Before etching

oy

Intensity [10* counts/s] ©

W

o195}

Binding Energy [eV]

90 880 870 860 850

i

Intensity [a.u.]

10 20 30 40 50 60 70 80
20 [degree]

Fig. 4 Synthetic result of Ni NPs with a residence time of 0.053 s. (A) TEM image, (B) particle size distribution, (C) XPS result, and (D) XRD pat-
tern. In the XPS result, the peaks at 870 and 853 eV were attributed to Ni 2p, , and Ni 2p; ,, respectively, which appeared after Ar ion etching, possibly

because the etching removed CTAB molecules surrounding the resultant particle surfaces. Reprinted from Ref. (Watanabe S. et al., 2021) under the
terms of the CC-BY 4.0 license. Copyright: (2021) The Authors, published by Frontiers.
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widely used as a stabilizer for various metallic NPs, and
secondly, being a nonionic polymer, it is suitable for inves-
tigating the effects of different metal precursors—details of
which are discussed later. This choice prevents the dissolu-
tion of different ions from stabilizers. Fig. 5 presents TEM
images, particle size distributions, and scanning TEM
(STEM) and energy-dispersive X-ray (EDX) mapping im-
ages of the resultant particles synthesized using the micro-
reactor (Fig.5(A)) and a batch reactor (Fig.5(B)) for
comparison, in which K,PtCl, and CoCl, were used as
precursors. The microreactor produced NPs with a mono-
modal distribution, which is in contrast to batch reactor
synthesis, which results in a wide size distribution with a
rather bimodal shape. As shown in the STEM and EDX
mapping images, in the case of the microreactor, Pt and Co
elements were uniformly mixed in single particles to form
solid solutions, whereas the batch reactor yiclded segre-
gated structures composed of smaller (Co) and larger (Pt)
NPs.

The results shown in Fig. 5 again demonstrate the im-
portance of the mixing process in NP synthesis because the
mixing procedure (microreactor vs. batch reactor) is the
only difference in the synthetic processes. The formation of
segregated particles from the batch reactor can be ex-
plained as follows: because of the weak mixing ability of
the batch reactor, a reaction solution immediately after
mixing two solutions is non-uniform and has domains of
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the original solutions with different sizes. In this situation,
reducing agents can be locally deficient relative to metal
ions, and accordingly, Pt ions are preferentially reduced
because of their lower ionization tendency than that of Co
ions to promote the nucleation of Pt and subsequent
growth. This results in the formation of larger Pt NPs.
Consequently, the resultant particles exhibit segregated
bimodal structures composed of larger Pt and smaller Co
NPs. In contrast, complete mixing is achieved much faster
in the microreactor, and the reaction solution is more uni-
form. In this homogeneously mixed solution, the reduction
reaction of both Pt and Co ions simultaneously proceeds to
produce Pt—Co solid solution alloys.

For the synthesis of Pt—Co solid solution alloy NPs, the
choice of precursors was critical (Fig. 6). For a fixed Co
precursor of CoCl,, the resultant particles were Pt—Co solid
solution alloys when K,PtCl, was used as a Pt precursor
(Fig. 6(A)), whereas the use of H,PtCl, resulted in the for-
mation of smaller NPs mainly composed of Pt as well as
larger Pt—Co alloy NPs (Fig. 6(C)). We also used K,PtCl,
and confirmed a similar result to that of H,PtCl,. A different
Co precursor (Co(NO,),) yielded similar results to those of
CoCl, (Figs. 6(B) and 6(D)). These results demonstrate
that the valence number of Pt ions is more critical than the
type of Co precursors and counter cations in Pt precursors;
for synthesizing monodisperse Pt—Co alloy NPs, the use of
PtCl,>" ions is more desirable than PtC1.>~ ions. PtCl,>~ ions
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Fig. 5 TEM image, particle size distribution, and STEM and EDX mapping images of Pt and Co bimetallic particles synthesized by (A) microreactor
and (B) batch reactor. Reprinted from Ref. (Watanabe S. et al., 2021) under the terms of the CC-BY 4.0 license. Copyright: (2021) The Authors, pub-

lished by Frontiers.
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Fig. 6 EDX mapping images of Pt and Co bimetallic particles synthe-
sized from different combinations of precursors of (A) K,PtCl, and
CoCl,, (B) K,PtCl, and Co(NO,),, (C) H,PtCl, and CoCl,, and (D)
H,PtCl; and Co(NO,),. Reprinted from Ref. (Watanabe S. et al., 2021)
under the terms of the CC-BY 4.0 license. Copyright: (2021) The Au-
thors, published by Frontiers.

are directly reduced to zero-valent Pt, while PtCl> >~ ions
follow a two-step sequential route by way of PtCl,> ions.
Because the standard reduction potentials of PtCl2/
PtCl,> and PtC1,>/Pt are similar (Jiang B. et al., 2015), the
reduction reaction of PtCl,>~ ions would be slower than that
of PtC1,> to have a rate difference in the reduction reaction
of Co ions. Because of the difference in the reduction rate,
PtCl>" is later reduced to produce smaller NPs with a main
component of Pt. Therefore, matching the reduction rates
of constituent metal ions is another key factor for synthe-
sizing solid solution alloy NPs.

4. Synthesis of metallic shells and patches
Core—shell-type particles with metallic shells and dielec-
tric cores, or so-called metallic nanoshells, are quite prom-
ising for optical and biomedical applications because of
their tunable surface plasmon resonances (Yang W. et al.,
2019). Not only metallic nanoshells but also core—shell
clusters (CSC; core particles uniformly covered with
nanoparticles) and patchy particles (core particles partially
covered with shell portion) exhibit attractive optical prop-
erties due to discreteness and/or anisotropy in the particle
structure (Han J.H. et al., 2022; Miihlig S. et al., 2011).
What is intriguing about these composite particles is that
they not only possess multiple different properties, which is
impossible with single-component particles, but also
demonstrate peculiar characteristics due to synergetic ef-

fects, interfacial properties, and morphologies of core and
shell materials. However, because of the complexity of
their structures, the synthesis of these structured particles is
generally not straightforward, and typically requires multi-
ple steps and/or templates. In core—shell-type particle syn-
thesis, controlling reactions on core particle surfaces is a
major difficulty. It is generally challenging to promote re-
actions selectively at interfaces because reactions in the
bulk phase can proceed in parallel, especially when reac-
tions are quick.

Here, we take gold nanoshells as an example. A typical
synthetic method is seed-mediated growth, which com-
prises three steps: surface modification of core silica parti-
cles, gold NP decoration of the modified silica surface as
“seeds” to form CSCs, and growth of gold NP seeds into a
shell by the reduction of gold ions (Oldenburg S.J. et al.,
1998). Although this method allows good control in the
shell thickness, it takes a long time, often on the order of
days, to complete the preparation process. The bottleneck
step is the CSC formation process, in which gold NPs are
separately prepared by the reduction of gold ions, aged for
a certain period of several days, and then mixed with a
suspension of surface-modified silica particles to proceed
with the adsorption of gold NPs on the modified silica sur-
face, followed by the separation of unattached gold NPs
(Rasch M.R. et al., 2009). Most of the syntheses of gold
nanoshells are conducted in batch-type processes, and the
intrinsic weak mixing ability of batch reactors is one of the
reasons for the requirement of the multistep time-
consuming procedure in the CSC formation process. This
leads to the idea of using a microreactor to simplify and
intensify the CSC formation process.

Our concept to achieve a one-step process for CSC for-
mation was to simply use the principle that, under an ide-
ally uniform reaction field, heterogeneous nucleation at
interfaces is energetically more favored than homogeneous
nucleation in the bulk phase. Following this concept, we
mixed a premixed aqueous suspension of surface-modified
silica particles and HAuCl, with an aqueous solution of
NaBH, in a central-collision-type microreactor (Fig. 1(A))
(Watanabe S. et al., 2015). The surface modification of sil-
ica particles was conducted by using 3-aminopropyl trime-
thoxysilane to positively charge the particle surface.
Figs. 7(A) and 7(B) present typical TEM images of the
resultant particles, in which the core silica particles are
uniformly decorated with monodisperse gold NPs. In our
TEM measurements, we observed no unattached free gold
NPs, indicating the preferential formation of gold NPs on
the surface of core silica particles. In contrast, the use of a
batch reactor and Y-shaped mixer (inner diameter of
1.5 mm) instead of the microreactor resulted in non-uni-
form deposition of gold NPs with wide size distributions,
as shown in Figs. 7(C) and 7(D). Another feature of
Figs. 7(C) and 7(D) is that the gold NP coverages of
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Fig. 7 Representative TEM images of CSCs prepared (A,B) with the
microreactor, (C) with a batch reactor, and (D) with a Y-shaped mixer.
Adapted with permission from Ref. (Watanabe S. et al., 2015). Copy-
right: (2015) Wiley.

individual resultant CSCs are remarkably different between
a state almost devoid of NPs and that with full decoration.
Therefore, gold NP seeding through the in situ reduction of
gold ions requires intensive mixing provided by the micro-
reactor.

The in situ reduction of gold ions described above pro-
duced core silica particles uniformly decorated with gold
NPs, which is possibly attributable to the use of a strong
reducing agent, NaBH,, which induced a rapid increase in
the degree of supersaturation to produce many small nu-
clei. Based on this discussion, the use of a weaker reducing
agent would lead to the formation of patchy particles. We
accordingly used ascorbic acid as a reducing agent instead
of NaBH,, and as expected, we successfully obtained
patchy particles (Fig. 8(A)) (Watanabe S. et al., 2016).
Core particles are partially covered with gold patches with
a dendritic shape (Fig. 8(B)), which is quite a contrast to
the CSCs obtained using NaBH,. Meanwhile, the batch-
type reactor produced particles with a larger variation in the
number of patches than the microreactor, as shown in
Fig. 8(C). These results demonstrate that even though a
weaker reductant was used, the reduction reaction re-
mained so rapid that intensive mixing by the microreactor
was still necessary to obtain uniform patchy particles.

Based on these results, we propose possible formation
mechanisms of CSCs and patchy particles, schematic rep-
resentations of which are shown in Fig. 9. Before starting
the reduction reaction in both cases, it is reasonable to as-
sume that negatively charged gold complex ions form
electric double layers by crowding around surface-
modified silica particles with positive charges, as depicted
in Fig. 9(A)-(i). For CSC formation, upon mixing with a
strong reducing agent, NaBH,, the reduction of gold ions
quickly proceeds to increase the degree of supersaturation
of the reduced gold atoms. Due to the formation of electric
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100 nm

Fig. 8 Representative TEM images of patchy particles prepared (A,B)
with the microreactor and (C) with a batch reactor. Adapted with per-
mission from Ref. (Watanabe S. et al., 2016). Copyright: (2016) Elsevier
B.V.

double layers, the degree of supersaturation is higher in the
vicinity of the particle surface than that of the bulk solu-
tion, thus leading to increased nucleation at the interface.
Because gold NPs are negatively charged, they are stabi-
lized on the surface of the surface-modified silica particles,
which facilitates heterogeneous nucleation (Fig. 9(A)-(ii)).
The nuclei formed on the silica particle surface grow larger
through the diffusion of reduced gold atoms remaining in
the vicinity of the core silica particles to complete the for-
mation of CSCs (Fig. 9(A)-(iii)). In the case of ascorbic
acid with a weak reducing ability, the degree of supersatu-
ration is lower than that of NaBH,; accordingly, a much
fewer number of nuclei are formed on the core particle
surface (Fig. 9(B)-(i)). In the subsequent growth process,
the surface diffusion of reduced gold atoms along the core
particle surface is dominant over that from the bulk phase
because of the higher concentration of gold ions forming
electric double layers (Fig. 9(B)-(ii)). Because the surface
reaction of the patches is assumed to be quick, the growth
reaction proceeds under diffusion-limited conditions. In
this case, the protruding portions of patches preferentially
grow, resulting in dendritic structures (Fig. 9(B)-(iii)).
According to this mechanism, not only the supply rate of
gold, which is affected by the gold ion concentration and
the reducing ability, but also the zeta potential of core par-
ticles is a critical factor for the resultant structure because
the zeta potential dominantly determines the affinity with
negatively charged gold ion complexes. To change the zeta
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Fig. 9 Schematic of possible formation mechanisms of (A) CSCs and (B) patchy particles through the in situ reduction of gold ions. Adapted with
permission from Refs. (Watanabe S. et al., 2015) and (Watanabe S. et al., 2016) for (A) and (B), respectively. Copyrights: (2015) Wiley and (2016) El-

sevier B.V.

potential and the supply rate, we used trisodium citrate,
which has a much weaker reducing ability. The zeta poten-
tial of core silica particles decreased under higher pH con-
ditions of a trisodium citrate solution. Under an increased
temperature of 95 °C, we obtained “snowman-like” parti-
cles in which a gold NP with a diameter of approximately
30 nm was deposited on a core silica particle (Watanabe S.
et al., 2016). The formation of these particles occurs be-
cause the use of a far weaker reducing agent highly sup-
pressed nucleation and because the lowered zeta potential
allowed diffusion from the bulk phase to form spherical
patches. In this manner, the coating structure of the core
silica particles can be manipulated by the supply rate of
gold and the interaction between the core particles and gold
ions.

Growing gold NP seeds from a CSC into a continuous
shell leads to the formation of gold nanoshells. In the ex-
periment, we mixed a premixed aqueous suspension of
CSCs and gold ions with an aqueous solution of a reducing
agent in a central-collision-type microreactor (Fig. 1(A)).
Gold ions were obtained by preaging a HAuCl, solution
with K,CO,, which is referred to as K-gold. In the shell
growth process, the use of NaBH, as a reducing agent did
not produce complete shells; seed gold NPs grew larger,
although gold NPs newly formed in the bulk solution phase
before completing shell formation (Watanabe S. et al.,

200 nm

Fig. 10 Representative TEM images of the resultant particles after the
shell growth reaction using (A) the microreactor and (B) a Y-shaped
mixer. Adapted with permission from Ref. (Watanabe S. et al., 2015).
Copyright: (2015) Wiley.

2013). This is possibly because the energy barrier to
self-nucleation in the bulk phase can be easily surmounted
by the strong reducing ability of NaBH,. We accordingly
used a weaker reducing agent, ascorbic acid, and success-
fully synthesized complete gold nanoshells without self-
nucleation in the bulk phase (Fig. 10(A)) (Watanabe S. et
al., 2015). The shell thickness varied from 17 nm to 50 nm
by changing the concentration of K-gold. In contrast, the
use of a Y-shaped mixer (inner diameter of 1.5 mm) instead
of the microreactor resulted in a mixture composed of un-
reacted particles (CSCs; the upper right particle in
Fig. 10(B)), particles in the process of growing (the lower
left particle in Fig. 10(B)), and gold nanoshells (the cen-
tered particle in Fig. 10(B)). The batch reaction also failed.
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These results are similar to the case of the formation of
CSCs and patchy particles, thereby demonstrating that
strong mixing by the microreactor is necessary for the
synthesis of uniform gold nanoshells. By using AgNO,
mixed with ammonia instead of K-gold and formaldehyde
as a reducing agent, silver nanoshells can be synthesized
(Fig. 11) (Maw S.S. et al., 2019), demonstrating the versa-
tility of the synthetic process using a microreactor.

Taking advantage of the flow processes, we combined
the synthetic processes for CSCs and gold nanoshells into a
sequential process (Fig. 12(A)). A premixed suspension of
surface-modified silica particles and HAuCl, was mixed
with NaBH, in the first microreactor to produce CSCs,
followed by mixing with K-gold in a Y-shaped mixer. The
mixed suspension from the Y-shaped mixer was directly
injected into the second microreactor to react with ascorbic
acid to yield gold nanoshells. Residence times between the
first microreactor and the Y-shaped mixer and between the
Y-shaped mixer and the second microreactor were set to be

. 100 nm

Fig. 11 (A) TEM and (B) STEM-EDX mapping (Si: red, Ag: green)
images of the resultant silver nanoshells synthesized using the microre-
actor. Adapted with permission from Ref. (Maw S.S. et al., 2019).
Copyright: (2019) Elsevier B.V.

(A)
Surface-modified SiO,

@S Microreactor

Y-shaped mixer
\ . Microreactor
) — P Y

200 nm ‘

Fig. 12 (A) Schematic of the experimental setup for the sequential
flow synthesis of gold nanoshells from surface-modified silica particles.
(B,C) TEM images of the resultant gold nanoshells. Adapted with per-
mission from Ref. (Watanabe S. et al., 2015). Copyright: (2015) Wiley.
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2's and 1 s, respectively, which are considerably longer
than the mixing times (~0.3 ms for the microreactor and
~50 ms for the Y-shaped mixer). This attempt was success-
ful because uniform gold nanoshells were synthesized
without the formation of gold NPs in the bulk solution
phase, as shown in Figs. 12(B) and 12(C) (Watanabe S. et
al., 2015). Our sequential flow process not only enables a
high throughput of 60 mL/min compared with typical mi-
crofluidic systems but also reduces tedious efforts such as
post-synthetic washing steps to remove free unattached
gold NPs. For the silver nanoshell synthesis, a sequential
flow process similar to the case of the gold nanoshells was
attempted but resulted in the formation of free silver NPs,
possibly because silver ions were reduced by the remaining
NaBH, after the CSC formation reaction. To deactivate
NaBH,, we found that a longer residence time of ~30 min
between the CSC formation and the shell growth reactions
was necessary, and with that setting of a long residence
time, the flow sequential synthesis of silver nanoshells is in
principle possible. This type of flow sequential process
enables the facile and scalable synthesis of metallic
nanoshells and is accordingly promising for industrial ap-
plications in various fields.

5. Synthesis of nanoporous particles

MOFs are emerging nanoporous crystals with attractive
features, including large surface area, highly regular and
tunable pore structure, and structural flexibility inherent to
specific types of MOFs (Furukawa H. et al., 2013;
Kitagawa S. et al., 2004). In contrast to most conventional
adsorbents, such as carbon-based materials and zeolites,
which are rigid and typically yield type I isotherms, the
structural flexibility of such MOFs is particularly intrigu-
ing because their crystal structures transform in response to
external stimuli, leading to peculiar adsorption behaviors
(Horike S. et al., 2009). Because the peculiar adsorption
behaviors are particle size- and shape-dependent (Ehrling
S. et al., 2021), controlling the size and shape of MOF
particles is an important technology for the practical use of
MOFs, and if the mixing matters in the synthetic processes
of MOFs, the microreactor is believed to contribute to the
development of the technology.

As a model MOF system, we focused on the zeolitic
imidazolate framework-8 (ZIF-8), which comprises zinc
ions and 2-methylimidazole (2-MIM) linkers (Park K.S. et
al., 2006). Although solvothermal syntheses are popular,
we selected an environmentally friendly aqueous synthesis
process. In the experiment, we mixed aqueous solutions of
Zn(NO,), and 2-MIM in a central-collision-type microre-
actor (Fig. 1(A)) (Watanabe S. et al., 2017b). The mixed
solution turned turbid within 1 min after being collected
from the outlet in a vial. The mixture was allowed to stand
for 1 h. Fig. 13 shows the SEM image and XRD patterns of
the resultant particles synthesized at room temperature.
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The average diameter of the resultant particles in Fig. 13(A)
is 434 £ 94 nm with chamfered cubic (CC) shapes com-
posed of square and hexagonal faces. The measured XRD
pattern (denoted as “434 nm, CC”) agrees fairly well with
the simulated pattern for ZIF-8 (Moggach S.A. et al.,
2009), demonstrating the successful formation of ZIF-8
particles. The combinations of the concentration of Zn
ions, concentration ratio ([2-MIM]/[Zn?"]), and reaction
temperature varied the particle size from 51 nm to 1.8 pm
and the shape from cubes to CC to rhombic dodecahedron
(RD). All of those resultant particles were ZIF-8, as con-
firmed by the agreement of the XRD patterns with the
simulated pattern (Fig. 13(B)). The results indicate that the
concentration conditions determine the particle size,
whereas the reaction temperature defines the particle shape.

The microreactor produced ZIF-8 particles with a
sharper size distribution than those synthesized using the

" T T T T T T T T T
A N 119 nm, RD
} \ 1 335 nm, RD
L . 521 nm, RD
__J A . 161 nm, Cube
A A o 243 nm, Cube
;‘ n L o 348 nm, Cube
g __J \ 51 nm, CC
= A
2
=
= l A o . 189 nm, CC
| 318 nm, CC
A n X 434 nm, CC
| n . 496 nm, CC
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_J A Simulated pattern of ZIF-
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5

10 15 20 25 30 35 40
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Fig. 13 Synthesis results for ZIF-8 particles using the microreactor.
(A) Typical SEM image of the resultant particles and (B) measured XRD
patterns of ZIF-8 particles of various sizes and shapes. Adapted with
permission from Ref. (Watanabe S. et al., 2017b). Copyright: (2017) El-
sevier B.V.

batch-type reactor, although the total synthetic period was
1 h, which was much longer than the mixing time. This re-
sult is because instantaneous nucleation occurred immedi-
ately after quick and homogeneous mixing in the
microreactor, which enabled uniform particle growth after
collection in a vial. Furthermore, the results also indicate
that the reaction conditions in the microreactor govern nu-
cleation, and the temperature in the vial after mixing con-
trols the growth process. Therefore, we developed a
concept of setting different temperatures in the microreac-
tor and vial to further control the ZIF-8 particle size and
shape. In the experiment, we set the temperature of the
microreactor to 5 °C, rapidly increased the temperature of
the mixed solution to 80 °C using the central-collision-type
microreactor as a microchannel heat exchanger, and col-
lected the heated solution in a vial immersed in a water bath
maintained at 80 °C (Fig. 14(A)). The size and shape of the
resultant particles were 410+ 86nm and rhombic
dodecahedron, respectively, as shown in Fig. 14(B). The
resultant size was almost identical to that synthesized at a
temperature of 5 °C throughout the entire synthetic pro-
cess, but the resultant shape was different (cube at 5 °C).
This result demonstrates that the mixing process in the mi-
croreactor governs the particle size, whereas the aging
process in the vial determines the particle shape. It also
exhibits the possibility of separate control of the ZIF-8
particle size and shape by setting different temperatures
during nucleation at the microreactor and growth in the

(A)

Micro heat
exchange

Fig. 14 (A) Schematic illustration of the experimental setup with dif-
ferent temperatures set in the microreactor and vial using a micro-heat
exchanger. (B) SEM image of the ZIF-8 particles prepared at a tempera-
ture of 5 °C in the microreactor, followed by rapid temperature increase
up to 80 °C. Reprinted with permission from Ref. (Watanabe S. et al.,
2017b). Copyright: (2017) Elsevier B.V.
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vial. We emphasize that the rapid temperature change was
realized by taking full advantage of the characteristics of
the flow microreactor process, which would not be possible
with batch reactors.

Further functionalization of ZIF-8 particles is possible
by encapsulating them in another nanoporous material to
form core-shell structures. As a shell material, we used
ZIF-67, which is a structural analog of ZIF-8 with cobalt
ions instead of zinc ions (Banerjee R. et al., 2008). Because
of the crystal structure similarity, seamless growth of ZIF-
67 shells was expected on core ZIF-8 particles. In the ex-
periment, we mixed a methanol solution of Co(NO,), with
a premixed methanol suspension of ZIF-8 particles and
2-MIM in the central-collision-type microreactor, collected
the reaction suspension in a vial, and allowed it to stand for
1 h (Fujiwara A. et al., 2021). We used methanol as the
solvent instead of water because ZIF-8 crystals partly dis-
solve in water. Typical synthetic results are displayed in
Fig. 15. Polyhedral particles were obtained (Fig. 15(A)),
and the STEM-EDX mapping image showed that Zn do-
mains were covered with Co domains in single particles

(Fig. 15(B)), demonstrating the successful synthesis of
ZIF-8@ZIF-67 core—shell particles. The ZIF-67 shell
thickness increased from 32 nm to 66 nm with decreasing
the core particle concentration (Figs. 15(C)—(E)). This was
possibly because an increased number of Co ions was used
for the formation of shells per core particle. Furthermore,
the shell thickness was found to be uniform because the
particle size distributions simply shifted to larger sizes with
coefficient of variance (CV) values remaining almost un-
changed after the shell formation reaction (Figs. 15(F)—
(H)), whereas the size distribution of the ZIF-8@ZIF-67
particles synthesized using the batch reactor was much
wider. In addition, no single-component ZIF-67 particles
were observed during microreactor synthesis. These results
were attributable to the uniform reaction field provided by
the microreactor, which facilitated the uniform distribution
of Co ions around the core ZIF-8 particles during the shell
formation reaction, thereby demonstrating that rapid and
homogeneous mixing was critical to realize uniform shell
thickness.

By using ZIF-67 particles as the core material and
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Fig. 15 (A) SEM and (B) STEM-EDX mapping images of ZIF-8@ZIF-67 particles. (C—E) SETM-EDX mapping images and (F-H) corresponding
size distributions of the resultant particles synthesized at various concentrations. Adapted with permission from Ref. (Fujiwara A. et al., 2021). Copy-

right: (2021) American Chemical Society.
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50 nm

Fig. 16 STEM-EDX mapping image of a ZIF-8@ZIF-67@ZIF-8@
ZIF-67 multilayered particle. Adapted with permission from Ref.
(Fujiwara A. et al., 2021). Copyright: (2021) American Chemical
Society.

Zn(NO,), as the shell source, a swapped structure of
ZIF-67@ZIF-8 core—shell particles can also be synthesized
using the same synthetic procedure. Furthermore, by re-
peating the formation processes of the ZIF-67 and ZIF-8
shells, more complex ZIF-8@ZIF-67@ZIF-8@ZIF-67
multilayered structures can be obtained (Fig. 16). Zn and
Co domains alternately formed shells of similar thickness
in a single particle. Because shell formation is initiated by
a universal heterogeneous reaction on the core surface, our
technique can be extended to the synthesis of “mixed”
MOFs with three or more components, aiming at further
functionalization of the resultant composites.

6. Conclusions

In this review, we introduced the synthesis of functional
NPs, including single-component Ni, Pt—Co alloys, gold
and silver nanoshells, patchy particles, CSCs, and
nanoporous MOF particles and their core—shell derivatives,
using a central-collision-type microreactor. In the case of
quick reactions, where the mixing process is often a
rate-controlling step, the use of a microreactor with excel-
lent mixing performance is demonstrated to be effective in
synthesizing uniform particles in size, shape, and shell
thickness. The microreactor is mobile and enables the on-
site and on-demand syntheses of functional NPs. Another
advantage of the microreactor is its high reproducibility in
contrast to conventional batch syntheses, which sometimes
suffer from poor reproducibility. A key factor is the relative
rate of mixing to the reaction. By adjusting the mixing in-
tensity by the flow rate and reactor geometry according to
the reaction rates, synthetic processes can be further opti-
mized in terms of throughput and energy consumption. We
hope that this review conveys the advantages of the micro-
reactor and accelerates its industrial use for the precise
synthesis of functional NPs.

Nomenclature
CC Chamfered cube
CSC Core-shell cluster

CTAB Cetyltrimethylammonium bromide
()% Coefficient of variance

EDX Energy-dispersive X-ray

fee Face-centered cubic

MOF Metal—organic framework

NP Nanoparticles

PVP Polyvinylpyrrolidone

RD Rhombic dodecahedron

STEM Scanning transmission electron microscopy
TEM Transmission electron microscopy
VD Villermaux—Dushman

XPS X-ray photoelectron spectroscopy
XRD Powder X-ray diffraction

ZIF Zeolitic imidazolate framework

t Mixing time (s)
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