Continuous-Flow Syntheses of Alloy Nanoparticles
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Alloy nanoparticles (NPs), including core-shell, segregated and solid-solution types, show a variety of attractive properties
such as catalytic and optical properties and are used in a wide range of applications. Precise control and good reproducibility
in the syntheses of alloy NPs are highly demanded because these properties are tunable by controlling alloy structures,

compositions, particle sizes, and so on. To improve the efficiency and reproducibility of their syntheses, continuous-flow

syntheses with various types of reactors have recently been developed instead of the current mainstream approach, batch

syntheses. In this review, we focus on the continuous-flow syntheses of alloy NPs and first overview the flow syntheses of

NPs, especially of alloy NPs. Subsequently, the details of flow reactors and their chemistry to synthesize core-shell,

segregated, solid-solution types of alloy NPs, and high-entropy alloy NPs are introduced. Finally, the challenges and future

perspectives in this field are discussed.

1. Introduction

Nanoparticles (NPs) having an extremely large surface-to-
volume ratio are widely studied and used for a variety of
applications because of their unique properties such as catalytic
and optical properties. These properties are tunable by
controlling the particle size and shape, and therefore, many
kinds of syntheses for nanosized metals, ceramics,
semiconductors, and metal complexes such as metal-organic
frameworks have been investigated.13

Alloy is one of the hot topics in nanomaterials science because
alloy NPs often show unique physical and chemical properties
that cannot be observed in or are superior to monometallic
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NPs.#> To improve their properties, various types of alloy NPs
have been developed. For example, core shell-type alloy NPs,
which are unique nanostructured alloys, are heterostructures
that have an inner core metal structure and an outer thin shell
of a different metal. The electronic and geometric structures of
thin outer metal are largely influenced by an inner core metal,
resulting in the emergence of new properties of the outer shell
metal.® As another example, solid-solution alloy NPs are
homogeneous structures where several constituents are
randomly and homogeneously mixed at the atomic level.
Therefore, the constituent atoms interact with each other,
leading to attractive properties of solid-solution alloys because
the unique local and total electronic structures are very
different from the mother metals.”® Although the synthesis
techniques to precisely control these alloy structures such as
core-shell structure and shape-controlled NPs have been well
developed, many of the syntheses are basically based on batch-
type techniques that are not suitable for mass production
because of their small
conditions. Therefore,

yields and nonuniform reaction
more effective methods for mass

Hiroshi Kitagawa was born in December 1961 in
Osaka, finished his Ph.D. at Kyoto University in 1991
and, after working as an Assistant Professor at the
Institute for Molecular Science (IMS) and Japan
Advanced Institute of Science and Technology
(JAIST), he was appointed as an Associate Professor
at the University of Tsukuba in 2000. He became a
Professor of Chemistry at Kyushu University in 2003
and moved to Kyoto University as a Professor in
2009. He was Vice Provost and Deputy Executive-
Vice President for Research at Kyoto University. He
was also engaged at JST as a Research Director of
ACCEL and is a Director of the network-type
research institution Science and Creation of
Innovative Catalysts, PRESTO. He has published
more than 430 original research papers dealing
with solid-state chemistry, coordination chemistry,
nanoscience, low-dimensional electron systems,
and molecular-based conductors.

Hiroshi Kitagawa


mailto:kusada@kuchem.kyoto-u.ac

Please do not adjust margins

ARTICLE

production are required for the practical application of alloy NPs
in the industry.

A continuous-flow system is suitable for mass production
because a flow-reaction system gives highly efficient
productivity with high reproducibility because of stable reaction
conditions. Also, from a viewpoint of green sustainable
chemistry, flow syntheses are more energy-efficient and more
favourable than a batch process.®1! For example, a flow
synthesis is performed in a small reactor requiring a smaller
heater/chiller and discharge little wastes, compared to a batch
synthesis. Therefore, flow chemistry has been well studied to
synthesize organic molecules from simple small organic
molecules to complicated pharmaceutical molecules.?
Furthermore, continuous-flow methods have also been applied

to synthesize inorganic nanomaterials such as metals,
semiconductors, and oxides.’314 Although several reports
summarize the continuous-flow syntheses of inorganic

nanomaterials with the object of supercritical fluid, microfluid
reactors, and so on,’>17 the syntheses of alloy NPs in flow
chemistry have not been reviewed yet. In this review, we focus
on the continuous-flow syntheses of alloy NPs. First, the flow
syntheses of NPs are overviewed. Subsequently, the details of
flow reactors and their chemistry to synthesize core-shell,
segregated, solid-solution types of alloy NPs, and high-entropy
alloy (HEA) NPs that are newly developed alloy materials are
introduced. Finally, the challenges and future perspectives in
this field are discussed.

2. Flow Syntheses of Nanoparticles

Journal Name

2. 1. Overview of flow syntheses of nanoparticles

50
45 () Oxides
40
® | Metals
‘E 35 | Semiconductors
& 30 @ others
- .
S 25 (] Reviews
T
2 20
§15
4
10 Ji
‘I‘l--i
OrNMITWONONOTrNMIFIWONNDRNO
OO0 0O CO0O0C OO0 T T TCTTCT T T oTTTT AN
R - R - R
LG EELEEEELEBEEEEELRLEEEGE

Fig. 1 The number of research articles including the keywords
“flow-synthesis*” and “nanoparticles*” (searched through
Web of Science in June 2021). Blue, oxides; red, metals;
yellow, semiconductors; green, others; gray, reviews.

First, to overview the studies on continuous-flow syntheses for
nanomaterials, we surveyed the number of research papers
including the keywords “flow-synthesis*” and “nanoparticles*”
through the Web of Science. In Figure 1, blue, red, yellow, and
green colours show the number of reports about the flow
syntheses of oxide NPs, metallic NPs, semiconductor NPs, and
others, respectively. Gray indicates comprehensive reviews,
including various kinds of NPs. Although only a few studies were

Table 1 Alloy NPs synthesized in flow reactors and their synthesis conditions

3 Protecting ) Propertie
Element Structure Size Temp. Pressure  Reductant Solvent Support Step (technique) Ref.
s
AuAg, . . L . i
AUAGA Core shell ~50 nm RT 1 bar Ascorbic acid H.0 CTAB N/A  Multi (micro segmentaion) Optical 38
uAgAu
PtRu Solid solution N/A 450 °C 200 bar EtOH EtOH N/A N/A Single (high pressure) N/A 72
AgRh Solid solution N/A 120°C 1 bar EG! EG PVP N/A Single (microwave) Catalysis 61
PtPb Solid solution 45 nm 330 °C 250 bar EtOH EtOH N/A N/A Single (high pressure) N/A 31
. Segregated nzyl X . o .
PdNi . N/A 204 °C  1bar Benzyl Alcohol Oleylamine Ni Multi (microwave) Catalysis 50
(Pd on Ni) Alcohol
i i Water in i
AuPd Core shell >50nm RT 1bar Ascorbic acid PVP N/A  Multi (electrocoalescence)  N/A 42
dodecane
PdPt Coreshell  20-30nm 96°C 1bar Ascorbic acid H.0 CTAB N/A Single Catalysis 54
PdPt, PdPtFe Solid solution 2-3 nm 300 °C 280 bar EtOH EtOH N/A v-Al203 Single (high pressure)  Catalysis 73
Core shell / . o . .
AuPd . . <10 nm RT 1 bar NaBHa4 H.O PVA TiO2  Multi/ Single (in one flow) Catalysis 40
solid solution
AuPd Solid solution  3-4 nm RT 1 bar NaBHa4 H.O PVA TiO2 Single Catalysis 32
H:0, EG,
PtFeCu  Solid solution 1.8 nm RT 1 bar H3N-BHs ZPEGZ N/A Carbon Single (microchip) Catalysis 64
PdPt Core shell 4 nm RT 1 bar NaBH4 H.O PVP Carbon Multi (in one flow) N/A 41
PdRu,
PdRulr, 230~
Solid solution  ~5nm ~100 bar EtOH EtOH + H.0 PVP N/A Single (high pressure)  Catalysis 76
PdRulrPtRh( 250 °C
HEA)

1 EG: ethylene glycol, 2 TEG: polyethylene glycol
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reported in the 2000s,18-22 the number of reports significantly
increased and reached around 50 per year in 2020. In total,
oxide, metallic, and semiconductor NPs have widely been
studied and have occupied about 45%, 32% and 7% of the
reports, respectively. In the oxide NPs, flow syntheses using
supercritical water are well studied?® because supercritical
water (> 374 °C and > 22.1 MPa) has unique features such as a
very low dielectric constant leading to the formation of metal
oxides. In particular, the syntheses of FeOy, TiOy, ZnOy, and CeOy
for applications including catalysis, magnetics, and ion
conductors have been investigated.?*-26 The flow syntheses of
metallic NPs, including monometallic and alloy NPs, are also
well studied. The syntheses of monometallic Au and Ag are the
most well-studied topics27-39 and account for approximately
half of the reports. However, there are fewer reports about
alloy NPs than monometallic NPs.3132 The details are explained
in the next section. Other than those, the syntheses of
semiconductors such as CdSe NPs and hydroxyapatite NPs were
reported.33:34 In addition, recently, metal-organic frameworks,
including MIL-100, ZIF-8 and CPO-27, have also been
synthesized by flow reactors.35-37 Based on those reports, it
could be concluded that flow syntheses can be applied to a lot
of fast reactions, including oxidation, reduction, and complex
formation reactions, which have attracted increasing attention
in recent years.

2. 2. Flow syntheses of alloy nanoparticles

The syntheses of alloy NPs by flow reactors are summarized in
Table 1. These studies have been reported since the 2010s, and
most of them were reported in the past five years. Depending
on the desired alloy structures, a suitable flow system is chosen.
For example, multi-step type reactors were designed to

carrier medium

1

10 cm
& I
reaction initiation by —
thermal activation
150 cm

Fig. 2 Schematic of the micro-segmented flow reactor for
Au@Ag and Au@Ag@Au core-shell alloy NPs. The solutions in
syringes A and B are explained in the main text. Reproduced
with permission from ref. 38 Copyright 2011, Elsevier.

sequentially reduce different metal ions and form core-shell
type structures, while single-step reactors inducing concurrent
reduction of metal ions seem to be suitable for synthesizing
solid-solution alloy NPs. Furthermore, in the case of core-shell
type structure, additives such as ascorbic acid and NaBH, are
used as reducing agents and supercritical EtOH is often used as
a reducing agent for solid-solution alloy NPs. As with the
monometallic NPs’ case, Au- and/or Ag-based alloy NPs are
studied, and platinum group metals such as Pt- and Pd-based
alloy NPs have also been studied. In addition, for catalytic
applications, some alloy NPs were synthesized directly on oxide
or carbon supports without protecting agents. The details,
including flow systems, reactors, and synthesis conditions, are
discussed in the following sections.

3. Flow Syntheses of Core-Shell Type or
Segregated Type Nanoparticles

Because the core-shell structure has an inner core metal and an
outer thin shell of a different metal, sequential reduction of metal
ions is required for the bottom-up synthesis. In this section, flow-
reaction systems and strategies for core-shell alloy NPs are
introduced.
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Fig. 3 a) Absorption spectra and optical images, and b) DCS
spectra of the Au, Au@Ag and Au@Ag@Au NPs. Reproduced
with permission from ref. 38 Copyright 2011, Elsevier.
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3. 1. Continuous micro-segmented flow synthesis

The first example was reported in 2011 by A. Knauer et al.38
They synthesized Au@Ag and Au@Ag@Au core-shell alloy NPs
by a micro-segmented technique (Fig. 2). This technique uses
small droplets (segments) of the reactant mixture generated by
injection into an immiscible liquid carrier that inhibits fusion
between reagents and the reactor tubes.3? Also, this technique
induces rapid mixing and reduced dispersion, resulting in the
synthesis of monodispersed NPs.16:1839 |n Fig. 2, the segmented
flow is generated by two immiscible liquid flows, the carrier
media (tetradecane) and the reactant solution, united in a PTFE
T-junction. For the synthesis of Au@Ag, a mixture of aqueous
solutions of Au seeds, AgNOs, ascorbic acid (reductant) and
cetyltrimethylammonium bromide (CTAB, protecting agent)
was loaded in syringe A. NaOH aqueous solution was injected
into the segmented flow by syringe B, and the solution was
heated at 80 °C. In the case of Au@Ag@Au double-shell NPs, a
mixture of Au@Ag seeds and ascorbic acid and HAuCl, aqueous
solution were injected by syringes A and B, respectively without
heating. Fig. 3a shows the absorption spectra and optical
images of the Au, Au@Ag and Au@Ag@Au NPs prepared by the
segmented flow synthesis. The absorption spectra were blue-
shifted and had a narrower bandwidth than the alloy NPs
prepared by batch synthesis, indicating that the flow synthesis
provided homogeneous particle sizes and shapes. This is
confirmed by differential centrifugal sedimentation (DCS) (Fig.
3b). The narrower size distribution and smaller particle size are
caused by the effective mixing of the reactants in the micro
segments due to the fast segment internal conversion.

a

4-way connection

AuCl
+
PVA

Y

Tio,

PdCl, | | NaBH,

| E:PVPHO
4 mU/min

Fig. 4 Schematics of multi-step flow reactors for a) Au@Pd (the
inset is the 3D printed 4-way connection) and b) Pd@Pt core-
shell NPs. Reproduced with permission from ref. 40 Copyright
2019, Royal Society of Chemistry; ref. 41 Copyright 2021,
Elsevier.
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Fig. 5 (a) DF-STEM image of Pd@Pt. (b) DF-STEM image and its
EDS maps of (c) Pd and (d) Pt and (e) Pd + Pt. Reproduced with
permission from ref. 41 Copyright 2021, Elsevier.

3. 2. Multi-step reactions in one flow synthesis

The production of Au@Pd through multi-step reactions in one
flow system was done by Cattaneo et al.*? In Fig. 4a, a mixture
of Au precursor (HAuCls) and protecting agent (polyvinyl
alcohol; PVA) aqueous solutions was mixed with a reducing
agent (NaBH,) solution in a T-shape connector by using a two-
channel peristaltic pump, resulting in the formation of Au NPs
confirmed by on-stream UV-vis spectrometry (the red square
after the T-shaped connector in Fig. 4a). Then, the thin Pd shell
on the surface of pre-synthesized Au NPs was formed by the
selective reduction of PdCl, through the mixing of the three
solutions (Au NPs, Pd precursor and NaBHj) in a 4-way
connection. The colloidal solution was added into a TiO;
solution, and the NPs were immobilized on TiO,.

Similarly, Fujitani et al. synthesized Pd@Pt core-shell NPs.*! As
shown in Fig. 4b, they used syringe pumps to feed solutions and
T-shaped connectors to mix the solutions. All solutions flowed
at 4 ml/min and the diameters of the mixers and tubes were @

This journal is © The Royal Society of Chemistry 20xx



0.33 mm and @ 1.0 mm. K;PdCl, was first reduced by NaBH, at
M1 and formed Pd NPs, and then H,PtCl; and NaBH; were
subsequently mixed into the solution at M2 and M3,
respectively. After the formation of Pt shell on the surface of Pd
NPs, a protecting agent (polyvinylpyrrolidone; PVP) aqueous
solution was added as M4. The NPs can be directly supported
on carbon without PVP by discharging the solution from the
reactor after M3 into carbon slurry. The dark-field (DF) scanning
transmission electron microscope (STEM) image and EDS maps
showed that the synthesized NPs have a homogeneous particle
size (3.6 nm) and clear core-shell structure (Fig. 5).

3. 3. Multi-step reactions assisted by electrocoalescence

Microfluidic droplets as introduced in Section 3.1 have been
widely used as reaction vessels for many applications. Generally,
once droplets are generated in a flow tube, it is difficult to inject
new chemicals into the droplets for multi-step reactions.
However, core-shell type alloy NPs are usually synthesized by
subsequent reactions. Hatton et al. reported a method that uses
a high-strength alternating electrical field (~10,000 V cm1) to
selectively inject chemicals into the microdroplets with
nanodroplets (mini-emulsion) (Fig. 6a).*2 The nanodroplets,
which are typically in the 50-500-nm range and stably dispersed
in an immiscible solvent by a surfactant, play a role of carriers
for chemicals.*344 Nanodroplets were prepared by sonicating a
mixture of dodecane and aqueous solution. Fig. 6b shows the
three-step synthesis for Au@Pd core-shell NPs through
electrocoalescence. In the first step, HAuCl, and PVP aqueous
microdroplets were formed in the ascorbic acid miniemulsion.
The microdroplets and miniemulsions were blended by passing
through the electrical field, and Au NPs were formed. Then,
NaPdCls; miniemulsion was injected into the flow and
transferred into the microdroplets by the second
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Fig. 6 (a) Schematics of the generation of aqueous
microdroplets with a water/oil (W/O) miniemulsion by
electrocoalescence. DP and CP represent the continuous phase
and dispersed phase, respectively. (b) The setup for the
Au@Pd core-shell NPs through three
electrocoalescence-assisted chemical addition steps.
Reproduced with permission from ref. 42 Copyright 2018, Royal

Society of Chemistry.

synthesis  of

This journal is © The Royal Society of Chemistry 20xx

N, gas
a v Outlet for

vapors

Condenser Pd?* solution

Esas

Peristaltic
Pump

Syringe Pump

= - o
Microwave
y cavity
Reactor | Reactor II
K . Collector

Ni2* solution
b z

T Curve-l : Pd/Ni batch

| Curve-ll : Pd/Ni flow
- |
:_ |
s -

z

2 2 | & z
o £ g

i\ I\ A
g "\v‘ \‘N-/_ Curve-l W
- A b, Curve-ll

Neodde” " N A A b
— 77—
30 40 50 60 70 80

2 Theta (Degree)

Fig. 7 (a) Schematic of microwave-assisted continuous-flow
reactor for the sequential reduction of Ni and Pd ions. (b)
Powder XRD patterns of Pd/Ni samples synthesized by batch
(Curve-l) and flow (Curve-Il) methods. (c) TEM image of Pd/Ni
samples synthesized by the flow method. Reproduced with
permission from ref. 50 Copyright 2017, American Chemical
Society.

electrocoalescence. Afterward, the final electrocoalescence
was done with ascorbic acid mini-emulsion and the Pd shell was
formed on the surface of the pre-formed Au NPs. The prepared
NPs showed the significant suppression of the Au surface
plasmon resonance peak, but the residue peak indicated an
insufficient coverage of Au NPs.*> Also, TEM observation
revealed that the Pd coating was not uniform, suggesting the
secondary nucleation of Pd NPs occurred on Au NPs.

3. 4. Multi-step reactions assisted by microwave

Because using microwaves is an efficient heating method (72%
less energy compared with a conventional heating process),*® a
combination of flow synthesis and microwave heating has been
studied for high-throughput NPs synthesis.4’-4° Prasad et al.
succeeded in synthesizing bimetallic NiPd NPs by a microwave-
assisted continuous-flow reactor.>® As shown in Fig. 7a, first
Ni(Il) acetate in benzyl alcohol with oleylamine was introduced
to Reactor-l in the microwave cavity (700 W, 2.45 GHz) and
maintained in the reactor for 5 min, resulting in the formation
of Ni nanocrystals (NCs). Benzyl alcohol has good microwave

J. Name., 2013, 00, 1-3 | 5



absorption capacity and works as a reducing agent under
microwave irradiation.>! After the overflow from Reactor-I, Ni
NCs were introduced into Reactor-Il where Pd(ll) acetate in
diphenyl ether was injected and remained there for 4 min under
microwave irradiation. The product was extracted from the
outlet. The product was characterized by XRD and TEM. The XRD
pattern (Fig. 7b Curve-Il) shows the peaks assigned to the 111
metallic Pd plane and 111, 200 and 220 metallic Ni planes. The
Pd crystal size was estimated to be ~ 3 nm by Scherrer equation.
The TEM image (Fig. 7c) confirms the small Pd NPs on larger Ni
NCs. The synthesized NPs showed good catalytic activity for
hydrogenation of aromatic nitro compounds and those bearing
alkene and alkyne moieties.

3.5. Single-step flow synthesis

As mentioned, core shell-type NPs are often synthesized by
multi-step reactions. However, some examples reported one-
pot batch syntheses of core-shell NPs. For example, Pd@Pt
core-shell NPs were obtained by a one-pot batch synthesis using
ascorbic acid as a reducing agent.5253 Because the reduction
rates of metal precursors should be different owing to the
different redox potentials and reaction kinetics, it is possible to
obtain core-shell NPs through one-pot synthesis by tuning the
reduction rates of precursors.

Sebastian et al. reported one-step continuous-flow synthesis of
Pd@Pt core-shell NPs with Pd nanocubes.>* Fig. 8 shows a
schematic of the reactor that has two inlet streams joined at a
Y-shaped junction and a back regulator after the 4.2-m heated
reactor coil. The first syringe was filled with a mixed aqueous
solution of H,PdCls, H,PtCls and CTAB (a protective agent). The
second syringe was filled with an ascorbic acid solution as a

a 3min!
n
Vdl A\
\ // )

N\

[r—

Aqueous solution of metal
precursor and surfactant

tjunction e
P— —4 l
. Heated Nanoparticle
Aqueous solution of reactor coil solution

reducing agent

Fig. 8 (a) Schematic of single-step continuous-flow reactor for
Pd@Pt core-shell NPs. TEM images of Pd@Pt NPs synthesized
at the ratio of Pd:Pt = (b) 6:1, (c) 3:1 and (d) 1:1. Scale bars are
50 nm, and the scale bars in the inset images are 10 nm.
Reproduced with permission from ref. 54 Copyright 2019,
American Chemical Society.
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reducing agent. These syringes injected the solutions at the
same rate, and the heater was set at 96 °C. Interestingly, in this
synthesis, after only 3 min of heating, Pd@Pt NPs were formed,
even though a batch synthesis requires 30 min heating. Also,
with increasing Pt composition, the particle diameters slightly
increased and the surface of particles changed from a wavy Pt
shell to a spherical dendric particle morphology (Fig. 8b).
Despite the higher reduction potential of the Pt precursor than
that of the Pd precursor, Pd was first reduced and formed the
core, while Pt forms dendric shells on Pd nanocubes. It is
considered that the Pt precursor forms a more stable complex
with CTAB compared with Pd(ll) ion, resulting in the slower
reduction rate of the Pt precursor.>> Therefore, Pd@Pt core-
shell NPs were formed in this synthesis, even though Pt has a
larger redox potential. By tuning reaction conditions and
reagents, it would be possible to synthesize other core-shell or
segregated alloy NPs by a single-step flow synthesis.

4. Flow Syntheses of Solid-Solution Alloy NPs

The solid-solution structure has a randomly mixed atomic
arrangement in one crystal structure phase. Therefore, a concurrent
chemical reduction of different metal ions is required in a
continuous-flow synthesis. In this section, reaction systems and
strategies for solid-solution alloy NPs are introduced.

4. 1. Single-step flow syntheses under ambient pressure

The thermodynamically alloy NPs
consisting of some metals that have larger redox potentials can
be obtained relatively easier by a continuous-flow synthesis as
well as a batch synthesis. For example, Au and Pd can form
solid-solution alloys over the whole composition range,>¢ and
their ions are quickly reduced by strong reducing agents such as

stable solid-solution

Rh Lal

10nm !

10nm !

Fig. 9 (a) DF-STEM image of AgsoRh7o NPs. Scale bar in (a) is 50
nm. The corresponding EDS maps of (b) Ag + Rh and (C) Rh and
(E) Ag. Reproduced with permission from ref. 61 Copyright 2019,
American Chemical Society..
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NaBHs even at room temperature and ambient pressure.
Therefore, many types of batch syntheses of AuPd solid-
solution alloy NPs have been reported.57-%0 Cattaneo et al. also
succeeded in synthesizing AuPd solid-solution NPs by a
continuous-flow reactor through rapid reduction of metal ions
with NaBH,4.%0 They used a similar setup as shown in Fig. 4a
without a 4-way connection and injection of Pd solution. HAuCl,
and PdCl, were mixed in H,0 and pumped into the reactor. Then,
both metal ions were simultaneously reduced by NaBH, at the
T-shaped connector and formed AuPd solid-solution alloy NPs.
The alloy NPs synthesized by the continuous-flow reactor had a
more homogeneous Au/Pd composition than the corresponding
batch synthesis.

Malmstadt, Brutchey and Humphrey et al. used a microwave-
assisted continuous-flow synthesis technique for RhAg alloy
NPs.61 Although Ag and Rh are immiscible metals in bulk, their
solid-solution alloy NPs were recently synthesized by a batch
synthesis®? and a microwave-assisted synthesis.®®> The flow
synthesis was performed based on the batch syntheses. A
mixture of AgNO3 and RhCl3-xH,O in a PVP ethylene glycol
solution at a molar ratio of 3:7 was prepared and injected into
a microwave cavity as microdroplets separated by inert
Fluorinert FC-40. The droplets were heated at 120 °C for 9 min
in the microwave cavity, and the synthesized NPs were
separated from the solution by ultracentrifugation. STEM-EDS
maps revealed that both Ag and Rh atoms coexisted in one NP
(Fig. 9), indicating the AgRh solid-solution alloy NPs were
obtained by a continuous-flow synthesis.

As another example, Zhang et al. used a three-layer structured
microchip with an array of four parallel channels to increase the
production rate of PtFeCu carbon-supported NPs (Fig. 10).54 The
metal precursor solution was prepared by adding H,PtCls-6H,0
into a mixture of FeCl3-6H,0, CuCl,-2H,0 and carbon black
spheres solutions. The other solution was an H3N-BHs3 solution
(reducing agent). The metal and reducing agent solutions were
injected into the front and back sides of the microchip that has
symmetric dendric bifurcation, respectively. The reducing agent
solution flowed to the front side through the holes at the
bottom of the inlet zone and mixed with the metal precursors.
The S-shaped reaction path enhances mixing by generating

(a)

-
Outlet

Fig. 10 Schematic of the microchip channel design. (a) The front
side and (b) the backside of the microchip. White circles indicate
the mixing points of the two injected solutions in the microchip.
Reproduced with permission from ref. 64 Copyright 2020, Royal
Society of Chemistry.
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chaotic convection, resulting in the homogeneity of the product.
The obtained NPs were evenly loaded on the carbon support
with a narrow size distribution (for example, 1.8 = 0.3 nm in
polyethylene glycol (PEG) solution). X-ray photoelectron
spectroscopy (XPS), STEM-EDS and XRD indicated the formation
of a solid-solution alloy phase of the three elements, even
though Fe atoms were partly segregated to the particle surface
of the synthesized NPs. The alloy NPs synthesized by using PEG
exhibited higher catalytic activity and stability for
electrochemical methanol oxidation than the commercial Pt/C
catalyst.

4. 2. Single-step flow syntheses under high pressure

To concurrently reduce different metal ions for the formation
of solid-solution alloy NPs, an extreme reaction environment
such as supercritical fluid has been studied instead of using
strong reducing agents under ambient conditions. Since
Adschiri et al. developed a synthesis method of metal oxide
NPs,%> many kinds of materials including oxides and
monometallic NPs have been synthesized in supercritical
fluids.60.66-70 |t is said that the reaction rate in supercritical fluids
is enhanced more than 103 times higher than conventional
hydrothermal synthesis.”? However, the continuous-flow
synthesis of alloy NPs in supercritical fluids has not been well
studied. As far as we know, the first example of solid-solution
alloy NPs synthesized in a continuous supercritical fluid is PtRu
reported by Iversen et al. in 2017.72 They used absolute ethanol
as a solvent (reducing agent) at 200 bar and 450 °C. A mixture
of Pt(acac), (acac = acetylacetonate) and Ru(acac)s in an
ethanol-toluene solution was mixed with the supercritical
ethanol and passed through a reactor heated at 450 °C. STEM-
EDS analysis revealed that both Ru and Pt were evenly
distributed in all NPs and formed solid-solution alloy NPs. In
addition, the detailed XRD analysis showed a deviation from the
bulk phase diagram, that is, both face-centred cubic (fcc) and
hexagonal close-packed (hcp) phases were observed in Pt;xRuy
(x<0.2).

Kallesge et al. used supercritical flow synthesis for the one-step
production of PtPd and PtPdFe NPs supported on y-Al,03.73 The
alloy NPs were synthesized by simultaneous reduction of
FeCl;-6H,0, H,PtClg-6H,O and PdCl, on ’Y-A|203 with
supercritical ethanol. Fig. 11(a) shows a schematic of the flow
reactor consisting of two pumps (a, b), heated reactor blocks (c,
d), a pressure relief valve (e), manometers (f), solvent
temperature control (g), reactor temperature control (h), a
cooling system (i), precursors solution (j), solvent (k), and mixing
point (m). The synthesized (PtPd):Feqs/y-Al,O3 catalyst
exhibited much higher catalytic activity for C3He oxidation
compared with the corresponding catalyst synthesized by the
conventional incipient wetness impregnation method. The
crystal structure of fresh and aged (750 °C for 3 h in 10% O,
10% H,0) samples was characterized by synchrotron XRD with
the pair distribution function (PDF) method.”’* As shown in Fig.
11b, all of the major features were well described by a simple
fcc model. Fig. 11c shows the lattice parameters extracted from
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the refined models of PDF. The lattice parameter of the fresh
catalysts decreases with the Fe molar ratio without any feature

Legend:

a—reactants pump

b - solvent pump
c—heated reactor block
d - heated solvent block
e~ pressure regulator
f— manometers

i g- solvent temperature control
" e h —reactor temperature control
. wms i—cooling system
b j—precursors solution
1 k- solvent
<‘) m —mixing point
- n n— product
0010
i (PtPd)ossFeo2 = (PtPd),-,Fe, /yAl,0; fresh
— FitPtPd _ 0005 s+ (PtPd),_,Fe, /yAl,0; aged
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Fig. 11 (a) Schematic of a continuous-flow reactor for
supercritical fluid synthesis of alloy NPs. The nucleation of NPs
will be initiated at the mixing point, m, and the particle growth
will be promoted in the heated reaction column, c. (b) The
fitting result of PDF with a spherically attenuated fcc model (Rw
= 17%). (c) The change in the lattice parameters from the
background-subtracted data for PtPd and PtPdFe NPs with Fe
molar ratio in the alloys. Reproduced with permission from ref.
73 Copyright 2019, Royal Society of Chemistry.

of oxide phases. This indicates the alloying of Fe with PdPt
because the atomic radius of Fe is smaller than those of Pd and
Pt.”> The supercritical fluid synthesis can produce PtPdFe alloy
NPs, even though Fe is hardly reduced by ethanol under
ambient conditions. Recently, Kusada et al. reported successful
continuous-flow syntheses of several solid-solution alloy NPs
from immiscible binary to multi-element alloy NPs.”¢ In addition,
novel solid-solution alloy NPs consisting of immiscible elements
in the bulk have been developed and have drawn huge interest
because of their attractive properties that cannot be found in
their parent metals.”7-81 For instance, Ru and Pd are immiscible
in bulk,82 but their solid-solution NPs were synthesized by a
chemical reduction method® and exhibited very high catalytic
activity toward nitrogen oxide (NOx) reduction in a three-way
catalytic (TWC) reaction.8* Furthermore, it was reported that
the catalytic stability of PdRu was drastically enhanced by
alloying with Ir because of increased configurational entropy,
and the performance of PdRulr for TWC was comparable to
Rh.85 These alloys were synthesized by a continuous-flow
reactor, as shown in Fig. 12(a). The system is similar to Fig. 11(a),
but this system has no additional heating after the mix point and

8 | J. Name., 2012, 00, 1-3

the chiller is located just after the mixer for rapid cooling to
synthesize smaller alloy NPs with non-equilibrium solid-solution

a

Reductant Pump A Heater Mixer Chiller Back-pressure
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Fig. 12 (a) Schematic of a continuous-flow reactor for the
synthesis of PdRu and PdRulr NPs. (b) Pd-L and Ru-L EDS line
profiles of PdRu NPs. The profiles were recorded along the
white arrow in the HAADF-STEM image (inset). (c) Pd-L, (d) Ru-
L and (e) Ir-M EDS maps of PdRulr NPs. Scale bar is 20 nm.
Reproduced with permission from ref. 76 Copyright 2021,
American Chemical Society.

phases. K;PdCls, RuCl3-nH,0 and IrCls-nH,0 were used as the
metal precursors. An aqueous solution consisting of PVP and
the metal precursors at the desired molar ratio was injected
into a 50 vol% ethanol aqueous solution at 230 °C, 7.0 MPa, and
250 °C, 7.0 MPa for PdRu and PdRulr, respectively. For the
synthesis of PdRulr NPs, NaOH was added into the ethanol
solution to accelerate the reduction of metal precursors.
Because of rapid cooling after the reaction, the synthesized
PdRu and PdRulr NPs have smaller sizes (about 3 nm) and
distributions compared with the alloy NPs synthesized by batch
syntheses. XRD and STEM-EDS analyses revealed the solid-
solution structures (Fig. 12(b)-(e)). PdRulr showed very similar
high catalytic activity for TWC reaction to PdRulr catalyst
obtained by the batch synthesis. These results suggested that
this continuous-flow synthesis would be a suitable way for novel
solid-solution alloy NPs instead of batch syntheses.

A continuous-flow synthesis is suitable for mass production
because a flow-reaction system provides highly efficient
productivity with high reproducibility because of stable reaction
conditions. Although all the aforementioned reactor systems
were studied at a laboratory scale, a pilot-scale continuous-flow
reactor for alloy NPs synthesis was developed.’® The reactor
system is similar to the laboratory-scale system shown in Fig.
12(a) but was equipped with a slurry pump to allow synthesizing
alloy NPs on catalyst supports such as metal oxides without

This journal is © The Royal Society of Chemistry 20xx



protecting agents (Fig. 13(a)). This reactor can realize extreme
conditions until 30 MPa and 450 °C. Fig. 13(b) and (c) show a

" (i Distance / nm
Fig. 13 (a) The pilot-scale continuous-flow reactor. (b) HAADF-
STEM image of PtRulr-CZ synthesized by (a). (c) STEM-EDS line
profiles obtained along the white arrow in (b) (yellow, Ir-L; red,
Ru-L; and blue, Pt-L). Reproduced with permission from ref. 76
Copyright 2021, American Chemical Society.

HAADF-STEM image and EDS line profiles of PtRulr supported
on Ce0;-ZrO; (CZ) synthesized by the pilot-scale reactor. The
three elements exist in one particle with a diameter of ~1 nm.
This reactor can produce ca. 13 kg of the catalyst containing
those small alloy NPs per month. The reproducibility of this
pilot-scale reactor was confirmed by the synthesis of PdRulr-CZ
for 5 h. The composition and size of the alloy NPs were not
significantly changed for 5 h, indicating the high reproducibility
and stability for mass production of alloy NPs.

5. Flow Syntheses of High-Entropy Alloy NPs

HEAs are solid-solution alloys composed of at least five
elements with near-equimolar ratios (5-35 at%). HEAs are well
studied as structural bulk materials because it has attractive
mechanical properties because of a large configurational
entropy.86 Very recently, nanosized HEAs have attracted huge
attention because of their high thermal and chemical stabilities
and unique catalytic properties.8791 Therefore, the mass
production of HEA NPs will be significantly desired in the near
term. Although HEA NPs have been synthesized by several kinds
of techniques, such as the carbon-thermal-shock method®2 and
laser ablation?3, the first example of a continuous-flow synthesis
of HEA NPs was done by Kusada et al.”® This synthesis was

This journal is © The Royal Society of Chemistry 20xx

performed by the flow reactor shown in Fig. 12(a). IrPdPtRhRu
HEA NPs were synthesized by injecting a mixed precursor

Fig. 14 (a) HAADF-STEM image of PGM-HEA NPs. The
corresponding EDS maps of (b) Pd, (c) Ru, (d) Ir, (e) Pt and (f)
Rh. Reproduced with permission from ref. 76 Copyright 2021,
American Chemical Society.

aqueous solution of RuCls-nH,O, RhCl3:3H,0, K3[PdCla],
IrCls-nH,0, K3[PtCls] and PVP into 50 vol % ethanol aqueous
solution with NaOH at 300 °C under a back-pressure of 9.5 MPa.
The synthesized HEA NPs had a single fcc phase, and the mean
diameter was 3.1 = 0.3 nm. This is more homogeneous and
smaller than IrPdPtRhRu NPs obtained by a batch synthesis.8”
STEM-EDS analysis revealed that all five elements were
homogeneously distributed in each NP (Fig. 14).

6. Conclusions

In this review, we overviewed the trend in the flow syntheses of
NPs. The studies on continuous-flow syntheses of NPs were
found from the 2000s and continue increasing each year.
Although most of the studies were on the syntheses of oxide
and metallic NPs, the syntheses of alloy NPs were not well
developed in the early stage because of the structural
complexity compared with oxide and monometallic NPs.
However, by transferring the technologies developed in the
oxide and monometallic studies and generating original ideas,
recently, the number of studies on the flow syntheses of alloy
NPs has gradually increased. These studies proposed a variety
of flow reactor systems to precisely control alloy structure in
NPs. For the syntheses of segregated alloy structures, including
core-shell type, multi-step type
sequentially reduce different metal ions. On the other hand,
single-step reactors are favourable to synthesize solid-solution
alloy NPs through concurrent reduction of metal ions. Although
the synthesized alloy NPs mainly consist of noble metals that
are easily reduced by alcohol and handy reducing agents, new
types of alloy NPs such as HEA and novel solid-solution alloys
consisting of immiscible elements in bulk have been synthesized.
Furthermore, not only laboratory-scale reactors but also a pilot-
scale reactor have been successfully developed, and mass
production of alloy NP catalysts has commenced.

reactors are used to
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As shown in this review, outstanding progress in the
continuous-flow synthesis of alloy NPs has been made over the
past 10 years, and it appears that there are still some challenges
and difficulties to be a universal synthesis method in industrial
production. First, the elements used in flow syntheses are
currently restricted compared with batch syntheses because
the techniques of flow synthesis to realize special reaction
environments such as inert conditions have not been well
developed. Therefore, some elements easily oxidized in air
and/or water have not been widely studied yet. Second, narrow
flow pass clogging sometimes occurs during a reaction, because
synthesizing alloy NPs generate solids in a flow. This is a serious
problem that needs to be solved so realize stable and safe
industrial production. The clogging causes contamination and
inhomogeneous reaction conditions. To avoid clogging, the
design of the flow path would be very important. The ideal flow
path would be designed by taking advantage of a height
difference. In addition, the choice of reagents depends on the
type of pumps in the system. Although supercritical fluids are
often used in the solid-solution alloy NP synthesis, pumps
sending a fluid under high pressure rarely send a slurry sample.
A cylinder pump can send a slurry sample and a solution
generating bubbles but is not useful for continuous synthesis
because it can send only the solution in the cylinder at a time.
Therefore, the development of pumps will support further
advancements in a continuous-flow synthesis.

Most current studies are transferring technology from batch
syntheses to continuous-flow syntheses and replicating the
syntheses of alloy NPs that were synthesized by batch syntheses.
Because a continuous-flow reactor can realize special reaction
environments including high pressure/temperature, rapid
cooling, and efficient mixing that are different from batch
syntheses, it would be accelerated to discover new alloy NPs
synthesized by only flow reactors. In addition, by using high-
throughput flow synthesis, in-situ analysis such as spectroscopy,
and incorporating data science, continuous-flow synthesis of
alloy NPs will attract much more attention in materials science
in the near future. On line analysis of the formation of alloy NPs
in the flow system is one of the most serious challenges and
exciting topics and would greatly accelerate the discovery of
new materials and scaling up the systems. Since X-ray, IR and
UV lights cannot penetrate a thick stainless tube which is used
for high pressure and/or temperature flow reactors, it is very
difficult to observe the formation of alloy NPs in such flow
papers reported on line
spectroscopy in the flow system with smart designs and
revealed formation mechanisms of nanoparticles in flow
syntheses.?* In addition to such laboratory scale on line analyses,
developing on line analysis in such flow reactor with
synchrotron techniques providing ultra-fast time resolution
would be an important topic. On the other hand, some studies
reported modeling and simulation of the diffusion and thermal
conduction of the fluid in a flow reactor.®>°¢ These studies could
supplement the lack of direct on line analysis experiments and
further develop this research field. In addition, as a rapidly
growing technique, we should focus on machine learning. By
taking advantage of a flow-reactor synthesis, we could predict a

systems. However, several

10 | J. Name., 2012, 00, 1-3

suitable reaction condition and reactor design for making new
materials or scaling up the system with the help of informatics
before long.
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