
Mild Microfluidic Approaches to Oxide Nanoparticles
Synthesis
Paolo Zardi,*[a] Tommaso Carofiglio,[a] and Michele Maggini*[a]

Chemistry—A European Journal 

www.chemeurj.org

Review
doi.org/10.1002/chem.202103132

Chem. Eur. J. 2022, 28, e202103132 (1 of 16) © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Wiley VCH Montag, 07.02.2022

2209 / 229123 [S. 12/27] 1

http://orcid.org/0000-0001-5716-5672
http://orcid.org/0000-0002-4648-1458
http://orcid.org/0000-0001-8149-5903


Abstract: Oxide nanoparticles (oxide NPs) are advanced
materials with a wide variety of applications in different fields.
The use of continuous flow methods is particularly appealing
for their synthesis due to the high control achieved over the
reaction conditions and the easy process scalability. The
present review focuses on the preparation of oxide NPs using
microfluidic setups at low temperature (�80 °C), since the
employment of mild reaction conditions is crucial for

developing sustainable and cost-effective processes. A partic-
ular emphasis will be put on the improvement over the final
product features (e.g., size, shape, and size distribution) given
by flow methods with respect to conventional batch
procedures. The main issues that arise by treating NPs
suspensions in microfluidic systems are product deposition or
channel clogging; mitigation strategies to overcome these
drawbacks will also be presented and discussed.

1. Introduction

The production of inorganic nanomaterials with tailored func-
tional properties represents a breakthrough in materials science
with the promise of significantly changing, in the near future,
strategical fields such as energy conservation, textiles, optoelec-
tronics, healthcare, catalysis, cosmetics, semiconductors, bio-
imaging, and chemical sensing, to name a few.[1]

Functional properties of molecular-based materials can be
changed on demand by wisely exploiting the stereo-electronic
effects of the substituents. Nanomaterials, on the other hand,
exhibit fascinating electronic, optical, thermal, magnetic, and
chemical properties, that are significantly different from those
of their bulk counterparts, resulting from the possibility to
produce nanoparticles (NPs) with predetermined morphology
and size distribution. This control can be accomplished by
optimizing the experimental parameters influencing NPs nucle-
ation and growth.[2]

Traditional solution-based syntheses for the “chemie douce”
preparation of gram-scale amounts of NPs are frequently carried
out into 10–100 mL batch reactors. To reproducibly obtain
high-quality NPs with a narrow size distribution, experimental
parameters such as reagent concentration, temperature, mixing
time, and reaction duration must be optimized and rigorously
standardized through extensive investigation.[3] In many cases,
the synthetic protocols turn out to be energy and time-
consuming often entailing hazardous and environmental
adverse chemicals. Consequently, many of the reported
procedures for the production of valuable NPs are not
straightforwardly amenable to cost-effective, simple to imple-
ment processes to prepare materials of consistent quality.
Moreover, scaling up NPs production is inherently problematic.
Indeed, increasing the reactor volume and/or reagents amount

to manufacture NPs in a suitable scale to supply the commercial
demand inevitably triggers temperature and concentration
gradients across the reactor. This induces significant polydisper-
sity and batch-to-batch variability as a result of the high
distribution of nucleation and growth rates.

Continuous flow processing is a consolidated technique to
increase organic synthesis efficiency[4] which is now recognized
as a valuable tool also for the preparation of inorganic
nanomaterials.[5] The principal benefit associated to chemical
reactions carried out in flow within narrow-bore tubing is
ascribed to the large surface-to-volume ratio that allows a
precise and reproducible control of heat and mass transfer
events. More importantly for large-scale production, syntheses
can be scaled up by running a flow reaction for an extended
period of time or by using multiple reactors working in parallel.
Both methods do not require a re-optimization of the reaction
conditions, thus speeding up the process to meet a required
output. Further advantages are a safer handling of hazardous
chemicals and intermediates, the straightforward integration of
analytical tools for real-time reaction monitoring, the possibility
of in-line purification and reagent introduction at specific check
points, in the case of a multistep synthesis. Also, the miniatur-
ization of reactors reduces the use of starting material during
the optimization phase, when the experimental parameters
need to be investigated systematically over a wide range of
values.

A common opinion, which has probably discouraged the
application of continuous flow reactors for NPs synthesis, is
their supposed inadequacy to handle insoluble materials that
may cause channel clogging or fouling. We hope that this
review will help the reader not only to overcome this
preconception but also to understand the opportunities offered
by continuous flow methodologies for the synthesis of oxide
NPs. These methods will be summarized defining the under-
lying principles and motivations for their use. Then, a survey for
the production of the most common inorganic oxide NPs (i. e.,
iron, zinc, silicon, titanium, zirconium, cerium, copper, and
magnesium oxides) will be given, with special attention to
those syntheses carried out at moderate (i. e. 80 °C) temper-
atures that are likely the most appealing from the point of view
of sustainability and industrial applications.
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2. Flow Methodologies

The advantages of a continuous flow approach for the
controlled synthesis of NPs can be qualitatively rationalized
considering the classical nucleation theory (LaMer model[6] and
later advancements) which predicts that the dimension of the
NPs is determined mostly by the ratio of the supply rate of the
precursors over the growth rate. A first improvement given by a
continuous flow processing, if compared to batch synthesis, is a
better control over the spatial concentration of NPs precursors.
A fine tuning of the reactants flow rates, coupled with an
efficient mixing that in a flow reactor minimizes concentration
gradients, affords a homogeneous chemical environment at a
proper concentration for the nucleation to take place. The
timing of the subsequent NPs growth process can be also
carefully controlled by a proper choice of the residence time in
the reactor. Therefore, the superior degree of control given by
flow reactors can be considered, for NPs synthesis, as an

important factor to tune the output of the reaction in terms of
particles size and size distribution.

The continuous flow methods described below are the most
frequently used to prepare oxide NPs that, generally, form by a
rapid mixing of stream A, containing the inorganic precursor (a
metal salt or an alkoxide species) with stream B, containing a
hydrolyzing agent (usually a basic aqueous solution). The
nucleation and evolution of the NPs in flow is controlled by two
main strategies: a) the subdivision of the reacting mixture
stream in well-confined spaces and b) the generation of
recirculation motions in the stream. In this way, NPs form in a
reproducible manner. As far as the microreactors materials are
concerned, polydimethylsiloxane (PDMS) chips made by soft
lithography are suitable for reactions in aqueous or alcoholic
media at mild temperatures. In addition, microreactor chips
made with other polymeric materials (e.g., polyacrilates,
polyketones) and coil reactors built from tubing of fluorinated
polymers (e.g. PTFE) or stainless-steel have been also used for
the production of NPs in more aggressive media.

Nevertheless, NPs production under continuous flow con-
ditions is associated to the issue of clogging and fouling of the
reactor channels, the latter phenomenon being the main
problem for the nanostructured materials considered herein.
The general strategies for fouling mitigation inside micro-
structured devices have been reviewed recently.[7] Concerning
the NPs oxides preparation, the main anti-fouling methods rely
on avoiding contact of the NPs with the reactor walls (e.g., by
performing the reactions in a monodispersed droplet flow or
focusing the particulate stream along the channel center).

2.1. Flow Injection Synthesis (FIS)

This is an early strategy derived from the analogue analytical
technique (Flow injection Analysis).[8] It consists in injecting
precise volumes of a reagent solution (A or A/B) into a carrier
stream, which may be an inert or another reagent solution (B)
(Figure 1a). In this way, only a determined amount of A is
allowed to react at a time. A distinctive feature of the system is
the injection valve that switches between the two streams,
controlling the volume and frequency of reagent injection into
the carrier stream. Despite the conceptual simplicity of this
technique, it requires an automated control on the injection
valve to achieve reproducible results.

2.2. Segmented Flow

This methodology entails the discrete division of a premixed
reagent flow (A and B) in small segments through the
intercalation of an immiscible fluid (liquid or gaseous) (Fig-
ure 1b). The NPs formation is thus confined in a small space
where an efficient mixing is provided by an internal recircula-
tion in each slug, which can be considered as single micro-
reactors. The use of a segmented flow prevents the axial
dispersion phenomenon,[9] namely, the flow rate variation from
the tube center to the channel wall. This gradient occurs in
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laminar flow regimes that should be avoided to have a narrow
residence time distribution and therefore an enhanced size
uniformity of the NPs. The pre-mixing the A and B streams
before the inert fluid intercalation may limit the application of
this technique to the synthesis of oxide NPs not involving a
highly fast hydrolysis process (e.g. silica NPs, see Section 4.1).

2.3. 3D Coaxial Injection

A stream of solution A is injected through a coaxial thin tube
inside the channel where solution B is flowing (Figure 1c). By
modulating the rate ratio between the inner and outer flow
(QOUT/QIN) it is possible to focus or defocus the inner stream into
the channel center. The gradual diffusion of A into B provides a
controlled mixing in the area between the two streams. The
inorganic precursor solution flows in the coaxial tube to avoid
contact of the NPs with the channel wall, allowing to mitigate
microreactor fouling. This methodology is particularly suitable
for NPs synthesis involving fast nucleation processes since the
mixing time can be highly reduced through the flow rates
modulation. Moreover, it allows to confine the NPs formation
area without the use of an immiscible fluid and additives (e.g.
surfactants). This strategy was originally reported for iron NPs
synthesis,[10] and later used for TiO2

[11] and ZrO2
[12] NPs prepara-

tion, although for this latter application A and B were
immiscible solutions to localize the nucleation only at the
interphase between QOUT and QIN.

2.4. Droplet-based Reactors

In these reactors, the reagent mixture is distributed within
monodispersed small droplets inside a carrier flow of an
immiscible solvent (Figure 1d). Each droplet acts as a single
microreactor containing a defined quantity of reagents. This
methodology benefits of a fast mixing given by internal
recirculation inside the droplet and an accurate control over the
particles size due to the limited amount of reagent available.
Droplets containing both reagents (A and B) may be directly
formed or A and B can be confined as separated droplets to be
paired and united along the reactor channels. A precise and
reliable system for droplets generation is required to guarantee
NPs size and shape uniformity. A small amount of surfactant is
generally needed as droplet stabilizer, although this may lead
to contamination of the final NPs. Aqueous droplets are usually
flowed into a hydrocarbon or perfluorinated solvent phase; this
method avoids a direct contact of A and B with the channel
walls, minimizing the risk of NPs deposition. In addition, the
small droplet dimensions further increase the efficiency of
mass/heat transfer processes given by the high surface-to-
volume ratio of flow reactors. This technique is one of the most
frequently employed for the synthesis of different oxide NPs
(e.g., iron, silica, zinc, titania) because of its control over the
particles size and dispersion and the efficient fouling preven-
tion.

2.5. Curvilinear Microreactors

The use of microreactors with a curvilinear channel geometry
can improve further the mixing time of solutions A and B
thanks to the secondary flows generated by the so-called Dean
instability.[13] This phenomenon occurs at high flow rates and
consists in the formation of two counter-rotating transverse

Figure 1. Schematic representation of different flow reactor sections for the
preparation of oxide NPs.
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vortices originated by the centrifugal forces inside the flow in a
curved channel (Figure 1e). Microreactors with a spiral channel
geometry therefore benefit from highly rapid mixing, which, in
particular, enhances the control over NPs nucleation. Further-
more, the fluid circulation, which is operative in a curvilinear
reactor, prevents the axial dispersion phenomenon mentioned
above. The use of a curvilinear reactor can be a simple
approach to improve mixing and reproducibility without the
need of using more complex setups. However, it is usually
combined with other techniques (e.g. droplet reactors) to
mitigate fouling of the channels.

3. Iron Oxide Nanoparticles

Iron oxide NPs exist in different species depending on the metal
oxidation state and crystalline morphology. Among them, the
most common iron oxide NPs are crystalline polymorphs of
ferric oxide, hematite (α-Fe2O3) or maghemite (γ-Fe2O3), and
magnetite (Fe3O4), the latter containing both Fe(III) and Fe(II) in
a 2 :1 ratio. Thanks to their superparamagnetic and biocompat-
ible nature, magnetite and maghemite NPs are used for drug
delivery and as therapeutic/diagnostic agents.[14] Their solution-
based, batch, synthesis usually involves a co-precipitation
process,[15] where an acidic aqueous solution, containing, for
instance, Fe(II)/Fe(III) halides, is mixed with a base (e.g. NaOH or
ammonia) leading to immediate precipitation of hydrophilic
NPs at room temperature or under moderate heating. The
synthesis of pure magnetite NPs requires air exclusion to
prevent the oxidation of Fe(II) by oxygen. The batch method is
fast and low-cost but suffers from scarce reproducibility and
control over NPs size distribution with respect to high-temper-
ature methods, such as thermal decomposition of organo-
metallic precursors[16] or hydrothermal synthesis.[17]

The use of microreactor technology can be an efficient
remedy to the above-mentioned drawbacks, as pictured by the
examples reported in Table 1. By confining the precipitation
reaction in a small volume, the polydispersity of the NPs can be
efficiently limited, although the channels clogging could be an

issue since the fast co-precipitation process is difficult to control
and may cause product deposition over the channel walls.

3.1. Flow injection synthesis

The first continuous flow synthesis of iron oxide NPs by co-
precipitation was reported in 2006[18] within a flow injection (FI)
system where a solution of a FeCl2/FeCl3 mixture was injected
into a continuous stream of aqueous NaOH. The reaction was
carried out at 80 °C under inert atmosphere and a residence
time of 10 s. Variation of reagent concentration or flow rates
revealed an impact on NPs morphology. In particular, a base
concentration up to 10 M gave NPs with an average size that is
smaller than that of NPs prepared in batch (3.3 nm vs. 4.3 nm)
and a better size dispersion. The product was identified as
magnetite by thermal analysis, which showed an exothermic
peak for the oxidation of Fe3O4 to γ-Fe2O3 at 450 °C.

3.2. 3D-Coaxial injection

Hassan et al. reported the synthesis of γ-Fe2O3 NPs in a
microfluidic device with a 3D coaxial flow setup at room
temperature.[10] The Fe(II)/Fe(III) chloride solution was injected
through a capillary into a stream of aqueous tetrameth-
ylammonium hydroxide (TMAOH, Figure 2a). The rate of the
two flows (Qout/Qin) was adjusted to avoid any turbulence and
to slightly defocus the inner stream into the outer stream. The
mixing was controlled only by diffusion and a pH gradient was
created between the central flow and the channel periphery.
This induced the co-precipitation of NPs in the neutral zone
between the two streams, avoiding contacts of the NPs with
the channel walls. A few seconds after mixing, the products
were poured in a collection vial with a surfactant solution to
prevent NPs coalescence. Optimized conditions gave spherical
NPs with an average size of 7 nm and size distribution σ=0.20.

The same methodology was applied to the synthesis of
goethite (FeOOH) NPs using iron(III) chloride and TMAOH.[19]

The microfluidic system consisted in two sections; a compart

Table 1. Iron NPs syntheses in continuous flow.

Oxide Reactants Methodology Year T Shape Size[a]

[nm]
Size distribution
[σd/d]

Ref.

Fe3O4 FeCl2/FeCl3 +NaOH FIS 2006 80 °C spherical 3.3 0.23 [18]
γ-Fe2O3 FeCl2/FeCl3 +TMAOH 3D-flow injection 2008 RT spherical 7 0.2 [10]
α-FeO(OH) FeCl3 +TMAOH 3D-flow injection+coil reactor 2009 RT/60 °C plates l=30

w=7
0.57
0.57

[19]

Fe3O4 FeCl2/FeCl3 +NH4OH 3D-flow injection 2018 RT spherical 24.6 0.29 [20]
Fe3O4 FeCl2/FeCl3 +NaOH 3D-flow injection 2020 RT – 8.6[b] 0.41 [22]
Fe3O4 FeCl2/FeCl3 +NH4OH droplet-based reactor 2008 RT spherical 4 0.25 [23]
Fe3O4/γ-Fe2O3

(w/dextrane coating)
FeCl2/FeCl3 +NH4OH droplet-based reactor 2012 RT spherical 3.6 0.22 [24]

Fe3O4 FeCl2/FeCl3 +NH4OH droplet-based reactor 2018 70 °C 10.5 0.17 [25]
Fe3O4 FeCl2/FeCl3 +NaOH droplet-based spiral reactor 2019 RT – 7 – [26]
Iron oxide FeCl2/FeCl3 +NaOH actively mixed microreactor chip 2009 RT – 5.24 0.16 [28]
Fe3O4 FeCl2/FeCl3 +NH3(g) continuous flow SDP 2008 spherical 10[c] – [27]
Fe3O4/γ-Fe2O3 FeCl2/FeCl3 +NaOH PTFE coiil reactors 2020 60 °C 6-8 0.13–0.19 [29]

[a] Calculated by TEM/SEM analysis. [b] At a 1 :1 Fe3+ /Fe2+ ratio. [c] At the optimized conditions (25 °C, grooved disc, 500 rpm) in the presence of alginic acid.
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based on the previously discussed 3D injection strategy for the
nucleation process and a PTFE coil reactor in a 60 °C heating
bath for the controlled growth of the NPs (Figure 2b). The
mixing process was quantitatively analyzed using an acidic
fluorescein solution in the inner stream and the TMAOH
solution in the outer stream. By probing the pH-dependent
fluorescence intensity at different flow conditions, an optimal
mixing time of 80 ms was set for the ratio Qout/Qin =400. The
ferrihydrite NPs obtained outside the 3D coaxial mixer were
spherical with a diameter of 4�1 nm. After a controlled growth
in a second compartment with a residence time of 15 min,
nanoplates with an average length of 30�17 nm and width of
7�4 nm were collected. Notably, the microfluidic system
accelerated the goethite nanoplates synthesis that typically
requires several hours under batch conditions. The authors
proposed that the shear stress derived from the laminar flow in
a thin microtubular reactor favors a pre-alignment of the
primary NPs that speeds up their aggregation.

In 2018, a 3D flow focusing device was employed by Seidel
et al. in an integrated system for synthesis, functionalization,
and relaxivity determination of iron oxide NPs with a diameter

of ~20 nm for magnetic resonance imaging (MRI)
applications.[20] Conversely to the previous examples, in which
the reactor was made of PDMS by soft lithography, the 3D-flow
system was a multilayer device composed by alternating
double-sided, pressure-sensitive tape and poly(methyl metha-
crylate) (PMMA) sheets (Figure 3) without using a clean room
facility for its fabrication. In the device, the focusing of the
acidic metal precursor solution into two sheath streams of
aqueous NaOH takes place. The diffusion of the base into the
central stream triggered the precipitation of NPs. The pH has a
major influence in controlling particle size and, usually, smaller
NPs are obtained at high base concentration. By regulating the
iron and base concentrations as well as the Qout/Qin ratio, it was
possible to keep the pH around 10 and synthesize NPs with a
mean diameter of 24.6�7.1 nm. Similar pH adjustments are
difficult in a batch synthesis without obtaining nonmagnetic
impurities.[21]

The particles composition was assessed by Raman spectro-
scopy that showed mostly Fe3O4, along with some γ-Fe2O3

resulting from oxidation at the NPs surface. The authors
reported a productivity value of 40 μmol/h� 1 for magnetite,
which could be increased by running the synthesis within
several devices in parallel.

Staniland et al.[22] furtherly exploited the coaxial injection
system reported by Hassan.[6] A device, made of polyether ethyl
ketone (PEEK) with a glass capillary as the reaction vessel, was
fabricated and compared with a traditional PDMS-based reactor.
The authors investigated the effect of the Fe2+/Fe3+ ratio in the
precursor solution on the product morphology and composi-
tion, finding 0.5–0.6 as the optimal fraction of ferrous ions for
the synthesis of magnetite NPs. The synthesis was carried out
also in the presence of a protein (magnetite biomineralisation
protein, Mms6) which led to slightly smaller NPs showing an
increased magnetic saturation.

Figure 2. a) Microreactor for 3D-flow coaxial flow developed by Hassan et al.
Reproduced with permission from Ref. [10] Copyright Royal Chemical
Society, 2008. b) Schematic representation of the system for nucleation and
growth of goethite NPs. Reproduced with permission from Ref. [19],
Copyright Wiley-VCH, 2009.

Figure 3. Multilayer microfluidic tape device developed by Seidal et al. The
bottom picture illustrates the flow profile obtained by confocal microscopy
of a focused fluorescein solution stream used instead of the iron precursors
solution. Reprinted (adapted) with permission from Ref. [20], Copyright 2018,
American Chemical Society.
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3.3. Droplet-based Reactors

Baret et al.[23] described a system in which the aqueous streams
of metal precursors (Fe(II)/Fe(III) chloride 2 :1) and base (NH4OH
2M) were turned into a flow of droplet pairs in a perflurocarbon
oil phase with a 2.5 wt% of a perfluorinated surfactant. The
reactants were mixed through the electrocoalescence of the
droplet pair to form Fe3O4 NPs. The pairing of metal precursors
and base droplets was highly reliable thanks to the synchronous
emulsification of the two streams in a single module (Figure 4a).
The metal/base stoichiometric modulation was controlled by
the reagent flow rate. The coalescence of the droplet pairs
occurred with the aid of the electric field applied by two
electrodes within the microfluidic chip; this led to the formation
of a precipitate inside the droplet in 2 ms. The resulting Fe3O4

NPs were smaller than those obtained by bulk mixing (4�1 nm
vs. 9�3 nm).

The droplet-based methodology was later investigated by
the group of deMello.[24] A solution of ammonium hydroxide
and a second one containing the metal precursors in the

presence of dextran as a biocompatible surfactant, were
injected simultaneously into an octadecene carrier stream
(Figure 4b). In the small droplets that formed, NPs of iron oxide
precipitated. The authors showed how this droplet-based
methodology avoided fouling of the channels wall, conversely
to a corresponding monophasic flow reaction. A further step to
control particle growth and crystallization was taken by flowing
the droplets stream into a capillary at 60 °C. NPs with a mean
diameter of 3.6 nm and a narrow distribution (σ=0.8 nm) were
obtained. Selected Area Electron Diffraction (SAED) analysis
showed crystalline spinel planes of Fe3O4 and γ-Fe2O3, with
minimal impurities from non-superparamagnetic species, such
as α-Fe2O3. The dextran coating, detected by FTIR analysis,
enhanced the stability of the NPs dispersions, preventing
aggregation over several weeks.

A droplet-based methodology with a similar setup to
Figure 4b was reported by Chung and co-workers.[25] The carrier
fluid was mineral oil containing a surfactant in a 1.8 vol%
amount. The NH4OH and FeCl2/FeCl3 aqueous solutions were
injected into the carrier stream through converging capillaries
to generate a droplet flow which passed through a heated coil
reactor (70 °C). NPs of similar size (10.5 nm in flow vs. 10.6 nm in
batch) but worse size dispersion (1.8 nm in flow vs. 2.4 nm in
batch) were obtained under similar reaction conditions. Never-
theless, the higher reproducibility coupled with the possibility
to control the mean NPs diameter (5–12 nm) by tuning temper-
ature (40–90 °C) and residence time (2–20 min), makes the flow
approach a convenient alternative to the batch method.

Another approach based on droplet pairing and passive
coalescence was recently applied to a microfluidic system able
to endure long reaction times (up to 48 hours) thanks to a
drainage system that greatly reduces the risk of clogging.[26] The
microreactor was made of a PMMA channels sheet between
two cover plates. The FeCl2/FeCl3 precursors and the base
(NaOH) were injected in two separate T-junctions in a carrier
stream of hexadecane in the presence of a surfactant (10 wt%
amount). A precise pairing of the droplets of the two reactants
was obtained by tuning the flow rates, so that a drop of the
base solution generated at the first T-junction collided with a
forming droplet of the iron salts solution at the second T-
junction. The droplets pair, dragged by the carrier stream,
collapsed spontaneously while flowing in a spiral-shaped micro-
channel. Precipitation occurred in about 4 ms after the droplets
fusion and magnetite NPs were collected at the microreactor
outlet with an average size of 7 nm.

3.4. Other Microfluidic Strategies

A continuous flow synthesis of magnetite NPs was reported
with a flow spinning disc processing (SDP).[27] The apparatus
consisted of a rotating disc (up to 3000 rpm) with two feed jets
above the disc center. The reagents solutions were deposited
over the rapidly rotating system and dragged towards the disc
borders by centrifugal forces (Figure 5b). The resulting thin and
turbulent liquid film enables fast mixing and mass/heat transfer.
The feed jets carried a FeCl2/FeCl3 aqueous solution and the

Figure 4. Schematic representation of the microreactors for droplet-based
continuous flow synthesis of iron NPs. a) Module for emulsification and
droplet pairing of the iron (QX) and base (QY) solutions in the oil phase (QO)
(up) and module for the electrocoalescence of the droplets pair by
application of a voltage U between two electrodes. Reproduced with
permission from Ref. [23] Copyright Wiley-VCH, 2008. b) Capillary-based
droplet reactor for the injection of iron precursors and base in the carrier
stream. Reproduced with permission from Ref. [24], Copyright Royal
Chemical Society, 2012.
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reactor chamber was filled with gaseous NH3. Ammonia was
chosen instead of aqueous NH4OH to better control the
nucleation and growth of magnetite NPs. The reaction with
ammonium hydroxide in solution is very fast and the particle
size is independent on the operating parameters. However, by
using gaseous ammonia, the disc rotating speed can control
the base transfer into the liquid film. For instance, at 2500 rpm,
irregular ultrafine NPs (3–5 nm) were obtained, as a high
rotation ensures a wave regime on the fluid film and
consequently a greater gas absorption and more NPs nucleation
points. At 500 rpm, spherical particles with a 10 nm diameter
were obtained since the NH3 absorption is highly reduced and
the growth process becomes dominant.

Lee et al. provided an interesting example of a sophisticated
microreactor chip for iron oxide NPs synthesis[28] consisting of a
double-loop micromixer equipped with two micropumps and a

microvalve for the active mixing of the reagents. The chip is
composed by a cover glass with a double layer of PDMS
(Figure 5a). The top layer is equipped with air inlets, the middle
PDMS layer, corresponding to the ceiling of the fluid channel, is
thin and can be pneumatically deflected by applying a pressure
from the air microchannel above. This operation originates a
peristaltic-like behavior that triggers the fluid motion. Thanks to
a microvalve that electronically controls the air flow, the
solution can be transported clockwise or counter-clockwise for
a more effective mixing. The authors provided a test in which,
with an air pressure of 15 psi and a driving frequency of 7.7 Hz,
the complete mixing of the two solutions was achieved in just
2 s. The iron NPs synthesis was managed as follows; as iron(II)
chloride and iron(III) chloride acidic solution were transported
from their reservoirs and vigorously mixed, a NaOH solution
was added and mixed until “brownish-black” colors were
observed as a sign of NPs formation. The whole process
required 15 min and led to the isolation of iron NPs in the size
range of 4.8–6.7 nm, depending on the reagent ratio and with a
narrow distribution. Noteworthy, this system gives the possibil-
ity to work in the absence of additives and with high reagent
concentrations (1–2 M for iron chloride solutions), although in
very small volumes and not in continuous flow.

The possibility to perform in-line analysis with ease is one of
the benefits given by flow technologies. Gavriilidis et al.
exploited this opportunity to gain mechanistic insights in the
co-precipitation and stabilization of iron oxide NPs and develop
an efficient continuous flow synthesis.[29] The mechanism of NPs
formation during co-precipitation is still unclear because of the
process high rate; however, with a flow chemistry apparatus it
is possible to “freeze” the reaction at steady-state conditions by
placing a flow cell for spectroscopic analysis at a determined
distance from the micromixer. The chemical composition at
different reaction times can be thus investigated by modulating
the flow rate. With in situ synchrotron X-ray diffraction (XRD)
analysis, the authors demonstrated the formation of crystalline
maghemite/magnetite NPs 5 s after reagents mixing, standing
in contrast to previous mechanistic studies claiming the
presence of an intermediate crystalline phase slowly converting
into magnetite.[30] The agglomeration of the iron oxide NPs
obtained by mixing the 2 :1 FeCl3/FeCl2 aqueous solution with
NaOH 2 M was assessed through in situ small angle X-ray
scattering (SAXS). This revealed highly agglomerated NPs, which
had to be de-agglomerated and stabilized in flow by neutraliza-
tion with a citric acid solution in a second coil reactor. The
system was robust against fouling thanks to the high flow rate
(5 ml/min) and to the highly negative zeta potential of PTFE
tubing in the presence of alkaline solutions. The system allowed
the synthesis of superparamagnetic NPs in the 6–7 nm size and
in a promising amount for large-scale applications (1.5 mg/mL
NPs solution produced at a 500 mL/h flow rate).

4. Silica Nanoparticles

Silicon oxide nanostructures feature an enormous range of
applications in medicinal chemistry,[31] (photo)catalysis,[32]

Figure 5. a) The SDP device described for continuous flow synthesis of
superparamagnetic NPs. Reproduced with permission from Ref. [27], Copy-
right 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. b) Schematic
representation of the microreactor for the active mixing of the iron
precursors and base solutions employed in Ref. [28]. (Up) Cross-sectional
view, PDMS layer 1 is employed as the air channel, PDMS layer 2 is employed
as the fluid channel. (Down) Top view of PDMS layer 2 showing the double-
loop micromixer structure.
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molecular electronics[33] and sensing,[34] to name a few. Their
properties are closely related to their size and shape, usually
tuned by using specific synthetic conditions. The sol-gel
process, which is generally based on the hydrolysis and
condensation of silicon alkoxides, is a common strategy to
prepare silica nanoparticles (SNPs) as it is a simple, low-cost
and low-temperature method to obtain highly dispersed
materials. A first example was reported by Stober[35] in 1968 by
using TEOS (tetraethyl orthosilicate) as the silicon precursor
and NH3 as a base. Continuous flow approaches are well-suited
to the synthesis of SNPs for the high control that one can
achieve on heat, mass transfer and other experimental
parameters that greatly influence the quality of the final SNPs,
achieving the results summarized in Table 2.

4.1. Sol-gel processing in multiphase systems

In a 2004 seminal work, Jensen et al. investigated the synthesis
of colloidal SNPs in a microreactor[36] using TEOS and NH3/H2O
in ethanol. A single-phase laminar flow reactor (LFR) or a
segmented flow reactor (SFR) equipped with a gas inlet to
create an air/liquid slug flow were used to grow the NPs. Those
obtained with the LFR suffered of a poorer size distribution, if
compared to batch synthesis. This was attributed to axial
dispersion effects induced by the slow motion of particles close
to the channels wall with respect to those in the flow center.
This difference leads to a larger residence time distribution and
therefore to a poorer size homogeneity of the final NPs. This
effect is particularly evident at high flow rates, when low
residence times and smaller NPs are needed. The size distribu-
tion issue was overcome with SFRs where the fluid flow is
divided into a number of small comparts by the intercalation of
air. Each compart is equivalent to a small batch reactor in which
microcirculation occurs. In this way, the SNPs size distribution
was comparable to that observed in batch syntheses. The gas
inlet that produces the slug flow was placed after the reagents
mixing region, allowing a uniform reagent distribution in the
thin films formed between adjacent liquid segments (Figure 1b)
and preventing an additional cause of size dispersion.

A different droplet-based approach was used to prepare
fluorescent SNPs.[37] in which ethanol droplets, containing TEOS
and aminopropyl triethoxysilane (APTES) functionalized with

fluoresceine, were carried by an immiscible phase of a
perfluorinated hydrocarbon. In a PDMS microfluidic chip, the
silicon alkoxides droplets stream (SA) merged with the NH3/H2O
hydrolyzing mixture (HM), through a flow-focusing nozzle
(Figure 6). The SNPs nucleation/growth process occurred inside
the droplet while the carrier ran through a serpentine. The
mixture was collected on a heated silicon chip where the liquid
immediately evaporated. The particles average diameter, in the
range of 50-350 nm, mainly depends on the flow rates, whereas
their uniformity on HM/SA ratios and residence time. An
exceptionally low size dispersion of 3% was found in one case.
Interestingly, the particles growth rate was remarkably higher in
this droplet-based synthesis, if compared to the batch one.

4.2. Sol-gel process in homogeneous systems

A microfluidic methodology was employed by Santamaria et al.
for the synthesis of SNPs to be used for SiO2-Au core-shell
plasmonic structures.[38] Amino-functionalized SNPs were ob-
tained at 40 °C using ethanol as solvent. TEOS and APTES were

Table 2. Silica NPs syntheses in continuous flow.

Oxide Reactants Methodology Year T Shape Size[a]

[nm]
Size distribution
[σd/d]

Ref.

SiO2 TEOS +NH3/H2O segmented flow 2004 RT spheres 277[b] 0.095[b] [36]
SiO2 TEOS/APTES+NH3/H2O reactor with interdigital micromixer 2012 40 °C spheres 79 0.24 [37]
SiO2 TEOS/APTES+NH3/H2O droplet-based reactor 2012 RT spheres 350[b] 0.03[b] [38]
SiO2 Na2SiO3 +H2SO4 membrane dispersion mixer 2014 RT – 18–21[c] – [42]
SiO2/TiO2

(STNPs)
TTIP+H2O
TEOS+NH3/H2O

multistep nucleation-controlled growth 2015 RT – 33 0.14 [39]

SiO2

(HSSs)
TEOS+NH3/H2O spiral microreactor 2017 RT hollow

spheres
805 (20 nm
shell thickness)

0.14 [40]

[a] Calculated by TEM/SEM analysis. [b] The example with narrower size distribution is reported. Different sizes were obtained by modulating the flow rates. [c] SNPs
size range obtained by changing the reaction parameters.

Figure 6. Schematic procedure for fluorescent SNPs synthesis. The bottom
right picture illustrates a close-up of the flow-focusing nozzle in which the
droplet stream in the fluorinated carrier (FC-40) is formed. Reproduced with
permission from Ref. [37], Copyright Royal Chemical Society, 2012.
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efficiently mixed with an NH4OH solution inside a commercial
slit interdigital micromixer that splits and recombines the
reagent flows. The mixture is then passed through a PTFE tube
where the SNPs growth takes place, reaching an average size of
79�19 nm. The size distribution is quite scattered probably
because a mono-phasic laminar flow was adopted, thus leading
to the previously discussed axial dispersion effect.

The multistep nucleation-controlled growth (mNCS) is a
method to synthesize hybrid core-shell NPs with uniform and
tunable size developed by Shiba et al.[39] They reported a study
in which pre-formed, well-defined titania seeds are employed
for the growth of hybrid silica NPs. In the relatively simple
microfluidic setup, titanium tetraisopropoxide (TTIP) and TEOS
were reacted separately with a hydrolyzing solution (Figure 7)
and the two resulting streams were subsequently mixed.

The faster hydrolysis of the titanium alkoxides led to the
formation of small TiO2 aggregates at the second Y-mixer while
TEOS was nearly unreacted. The titania nuclei were then
encapsulated by silica, yielding silica-titania nanoparticles
(STNPs) with an average size of 33 nm with a coefficient of
variation of 0.14. The corresponding synthesis in the absence of
titania yielded monodispersed silica spheres with a large
550 nm diameter, as an evidence of the control given by mNCS
methodology. In principle, the same approach can be used for
the controlled synthesis of several core-shell hybrid NPs
containing titania.

An interesting strategy to prepare hollow silica spheres
(HSSs) in the sub-micrometer range was reported by Zhang and
coworkers.[40] The microfluidic system was a spiral microchannel
that exploited the transverse Dean flow (Figure 1e) for effective
mixing of an ethanol solution containing TEOS and an aqueous
solution of ammonia and hexadecyltrimethylammonium
bromide (CTAB). The Dean vortices, triggered by keeping the
flow rate at 400 μl/min in the curved channels, led to a very fast
mixing and production of HSSs in less than one second. In the
proposed mechanism, shown in Figure 8, the NH3-catalyzed
hydrolysis of TEOS at the flows interphase, leads to spherical
micelles that undergo a fast condensation, affording the HSSs
with an average size of 805�111 nm with a shell thickness of
~20 nm.

Mesoporous silica nanofibers were obtained, instead of
HSSs, with a slower flow rate of 10 and 100 μl/min for TEOS and
CTAB/ammonia solutions respectively, in a similarly curved
microreactor.[41]

4.3. Other microfluidic methodologies

Highly dispersed SNPs[42] were produced in a membrane micro-
reactor by reacting sodium silicate (Na2SiO3) with sulfuric acid in
the presence of a surfactant that limits particles polymerization
through superficial silanol groups. An efficient mixing of the
reagents was obtained by pumping the H2SO4 aqueous solution
through a 5 μm stainless steel membrane into a continuous
flow of a Na2SiO3/surfactant solution in water. The so-obtained
slurry was collected in a reservoir, the pH was adjusted to the
value of 9, then the particles were isolated after water/ethanol
washing and drying. Primary particles with a mean size of
20 nm were characterized by TEM analysis. Their aggregation
was evaluated through the dispersion index D1 defined as
D1 ¼ SC =SBET where SC is the theoretical surface area consider-
ing monodispersed particles with the diameter observed by
TEM characterization and SBET is the experimental value
obtained by BET surface area analysis. A D1 of 1.12 was obtained
under the optimized flow speed, final pH and surfactant
amount, reflecting a limited aggregation of the primary
particles by this methodology.

Figure 7. mNCS system for the synthesis of hybrid STNPs. Reproduced with
permission from Ref. [39], Copyright Royal Chemical Society, 2015.

Figure 8. Representation of the spiral microreactor. (A) and (a) interphase
between the aqueous CTAB solution and ethanolic TEOS solution where the
TEOS hydrolysis occurs. (B) and (b) a shell layer derived from the condensa-
tion of hydrolyzed TEOS is formed after complete mixing and it is stabilized
by CTAB micelles. (C) and (c) further condensation over the shell layer
originates the HSSs collected at the outlet. Reproduced from Ref. [40] under
CC BY 4.0, Copyright The Authors, 2017.
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5. Zinc Oxide Nanoparticles

Zinc oxide in the nano size range is a widely employed
semiconductor with a wide band gap (3.37 eV) and a large
exciton binding energy (60 eV). ZnO NPs are inexpensive and
nontoxic particles that exhibit remarkable optical and electrical
properties for applications in materials science and biomedical
fields.[43]

It has been reported that microfluidic technologies, applied
to solution-based syntheses of ZnO NPs, help to control and
improve their quality and characteristics (as reported in
Table 3).

5.1. Flow injection synthesis

An early example of ZnO NPs synthesized under continuous
flow conditions was reported in 1999 by Mamoun et al. using
the Flow Injection Synthesis strategy.[44] Solutions of ZnCl2 and
ammonium carbamate were injected in two separated carrier
streams forming two regularly segmented flows. By pumping at
the same rate through tubes of the same length, the zinc and
carbamate segments merged simultaneously in a T mixer,
producing the precipitation of Zn5(OH)6(CO3)2 that, upon
calcination at 350 °C, gave pure ZnO nanorods with a diameter
of 20 nm.

5.2. Continuous flow synthesis in microreactor chips

Sung and co-workers tackled in 2014 the synthesis of ZnO NPs
in a microreactor, equipped with a preheating zone and a
mixing area (Figure 9a), by treating Zn(AcO)2 and NaOH in
ethanol at 60 °C.[45] A pulsed instead of a continuous flow was
applied to move the reagents. Theoretical simulations helped to
optimize the pulse frequency for an effective mixing and for
having a continuous stream at reactor outlet. A dispersion in
ethanol of ZnO NPs, with a size of 3–5 nm, was collected after a
residence time of 35 s. This size was almost identical to that of
NPs prepared in batch with the same reagents but after 2 h
reaction time. Another distinctive difference between batch vs.

flow approaches was the stability of the NPs dispersion
prepared in flow that showed no flocculation for over 14 days,
if compared to that prepared in batch, as confirmed by zeta
potential measurements.

In a recent report[46] the influence of the microreactor
geometry on the final ZnO NPs characteristics was investigated
by Ganguli and co-workers. Four PDMS chips with different
depth, width, and length of the microchannel network were

Table 3. Zinc- NPs syntheses in continuous flow.

Oxide Reactants Methodology Year T Shape Size[a]

[nm]
Size distribution
[σd/d]

Ref.

ZnO ZnCl2 +NH4(CO2NH2) FIS 1999 RT rods 10–15[b] – [44]
ZnO Zn(AcO)2 +NaOH microreactor chip 2014 60 °C spherical 3–5 – [45]
ZnO Zn(AcO)2 +TMAOH

(w/an organic acid)
convective tangential
micromixer+coil reactor

2014 20–80 °C – 3.7[c] 0.11[c] [51]

ZnO Zn(NO3)2 +NaOH
(microemulsions)

micromixer+coil reactor 2014 40–70 °C – 10–20[d] – [49]

ZnO Zn(NO3)2 +NaOH microreactor chips 2017 60 °C spheres 10 nm – [46]
spindles 300–600 nm –

ZnO Zn(AcO)2 +NaOH droplet-based mircroreactor 2017 spherical 49.6 0.16 [50]
ZnO Zn(NO3)2 +NaOH spiral microreactor 2019 RT spheres 583 0.21 [47]

cubes 153 0.24

[a] Calculated by TEM/SEM analysis. [b] Diameter. [c] At 20 °C. [d] The NPs size depended on the employed conditions (flow rate, T, zinc concentration) fairly
monodispersed NPs were obtained in single runs.

Figure 9. a) Schematic diagram of the chip reactor used for ZnO NPs
synthesis by Sung et al. Reproduced with permission from Ref. [45] Copyright
Royal Chemical Society, 2014. b) Experimental setup for the droplet-based
synthesis of Zn NPs. Reprinted (adapted) with permission from Ref. [49],
Copyright 2017 American Chemical Society.
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employed to react Zn(NO3)2 with NaOH in water at 60 °C,
yielding a variety of ZnO nanostructures with different
morphologies, such as spheres, spindles or nanosheets, respec-
tively. To explain these results, the authors associate the
observed NPs morphology with the ability of each microreactor
geometry to manage heat transfer during the NPs synthesis.
Hydrolysis of Zn(NO3)2 leads to Zn(OH)2 in a fast and diffusion-
controlled process; its temperature-dependent conversion to
ZnO is the rate determining step. Different reactor geometries
originated different temperature gradients that led to the
observed particle diversity.

The synthesis of ZnO NPs was also reported by Zhang et al.
in a spiral-shaped microfluidic chip.[47] Interestingly, different
particle shapes, that is, spheres, ellipsoid, rods, cubes, urchin-
like, and plates, were obtained by varying the flow rate of the
Zn(NO3)2 and/or NaOH solutions. However, only cubic and
spherical particles fitted in the size range of nanoparticles
(153�36 nm and 583�124 nm respectively). All these ZnO
particles were tested as photocatalysts for dyes photodegrada-
tion, cytotoxic agents and piezoelectric materials. The NPs with
the largest surface area (cubic and urchin-like) performed nicely
in all three applications.

5.3. Continuous flow synthesis in multi-phase systems

The microemulsion approach for NPs synthesis is a popular
strategy that avoids excessive particle growth by confining the
reagents in small droplets.[48] A combination of microemulsions
with microfluidics was investigated by Zhao et al. in an experi-
ment where inverse microemulsions of Zn(NO3)2 and NaOH in
octane with CTAB/n-BuOH as surfactants,[49] flowed through a
micromixer and stainless steel tubings at 50 °C. ZnO NPs with a
smaller average size (16 nm) and a better size dispersion, than
those of NPs prepared in batch, were obtained after calcination
at 350 °C.

A droplet-based methodology was reported by Gupta
et al.[50] to prepare ZnO NPs. Droplets of Zn(AcO)2 in a water/
octanol phase were mixed with a stream of NaOH in octanol at
25–80 °C (Figure 9b). The NPs formation was driven by diffusion
of the base into the droplets containing zinc acetate. The crucial
event for NPs nucleation and growth is mass transfer of the
base which is highly dependent on droplet size, temperature,
and reagent concentrations; all parameters that can be readily
investigated and optimized in a continuous flow reactor. It has
been found that morphology was very sensitive to temperature:
spherical NPs, for instance, were produced at 60–80 °C, with an
average size of 41–62 nm. This work showed that more

homogeneous and less size-dispersed ZnO NPs could be
obtained with a droplet-based approach at relatively low
temperatures, if compared to single phase, batch reactions.

5.4. Continuous flow synthesis of ZnO quantum dots

Microfluidic technology enabled the synthesis of ZnO quantum
dots[51] exhibiting photoluminescence with a quantum yield up
to 30% in the visible range. A solution of Zn(AcO)2 and an
organic acid in ethanol was mixed, through a miniature
convective tangential micromixer, with a solution of tetramethyl
ammonium hydroxide in ethanol and flowed through a heated
serpentine. Dots with a 4-5�0.4–0.6 nm diameter were ob-
tained at a flow rate of 4.5 mL/min in the temperature range of
20–80 °C and a productivity of 3 g/h, using propionic acid as a
capping agent to avoid aggregation.

6. Titania Nanoparticles

TiO2 NPs have outstanding electronic and optical properties
that make this material one of the most studied inorganic
semiconductors[52] with extensive applications in solar energy
conversion and photocatalysis,[53] where it is especially impor-
tant for pollutants removal from air and water, to name a few.
Sol-gel methodologies for TiO2 NPs synthesis are attractive for
low processing temperatures (<100 °C) and control over
particle size and morphology. However, sol-gel methods afford
poorly crystalline materials which must undergo calcination to
afford a functional product. This thermal process often causes
NPs aggregation, thus increasing NPs size and reducing the
active surface area. A number of microfluidic, low temperature,
sol-gel methods are presented herein (Table 4). They involve
the hydrolysis of a titanium alkoxide to produce fine uniformly
sized TiO2 NPs with enhanced properties with respect to the
bulk synthesis under comparable conditions. Although this
review focuses on low temperature flow approaches, it is worth
mentioning that several continuous flow methods at high
temperatures were also reported to enhance the crystallinity of
the final material.[54]

6.1. Titania nanoparticles synthesis

Among the first examples of TiO2 NPs synthesis in a microfluidic
device at room temperature, Maeda et al.[55] reported the
formation of titania particles through the reaction between TTIP

Table 4. Titania NPs syntheses in continuous flow.

Oxide Reactants Methodology Year T Shape Size[a]

(nm)
Size distribution
(σd/d)

Ref.

TiO2 TTIP+H2O ceramic microreactor chip 2002 RT – <10 – [55]
TiO2 TTIP+H2O axle dual pipe device (3D-flow injection) 2004 RT spherical 40–150[b] – [11]
TiO2 TTIP+H2O droplet-based reactor 2018 RT spherical 8–10 – [56]

[a] Calculated by TEM/SEM analysis. [b] Particles size depended on the inner channel width, fairly monodispersed NPs were obtained in single runs.
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and water at the interface of two immiscible streams (Fig-
ure 10a). The reaction was carried out in a ceramic chip in
which a polar solvent (water or a mixture water/formamide)
was injected along with TTIP dissolved in cyclohexane or
1-hexanol. The two phases merged in a Y-junction and the flow
rates were regulated to create a stable interface where the TiO2

colloidal NPs grew. The NPs, collected at the outlet, had a size
<10 nm as detected by TEM analysis.

The same approach was further developed by Mae and co-
workers with a microdevice composed by two coaxial pipes to
create an annular flow of two immiscible phases (Figure 10b).[11]

The outer phase was an isopropanol/water mixture while the
inner stream was composed by a 1% TTIP solution in
cyclohexane, 1-hexanol, 1-octanol or 1-decanol. By this ap-
proach, the nucleation occurred only at the interface and no
deposition was observed on the reactor walls. The velocities of
the inner and outer flow were regulated to form a stable
annular flow and the influence of the inner flow width on the
resulting NPs was investigated by changing the diameter of the
pipe. In particular, the NPs size increased with the inner pipe
diameter. A comparison between the flow and the batch
synthesis revealed that the isolated NPs had the same XRD

signals, but the size distribution was noticeably enhanced with
the dual axle pipe system in flow.

A droplet-based strategy on a chip was recently developed
by Ganguli et al.[56] The microreactor chip was composed of four
converging inlet channels; the outer ones carried pure oleic
acid and through the inner ones, two streams of TTIP in water
and ethanol respectively were introduced separately (Fig-
ure 11a). Channels width and flow rates were set to create a
focused flow of uniformly sized droplets in the oleic acid stream
in which TTIP and water reacted to form the titania NPs. A
comparison between batch and flow syntheses, under similar
conditions, showed a major difference in NPs diameter: 8–
10 nm in flow versus 100–400 nm in batch. XRD analysis of the
calcinated samples showed anatase crystals, with traces of
orthorhombic impurities only for the batch sample. The authors
employed the TiO2 NPs obtained in flow as immobilized catalyst
on a PDMS microfluidic chip for methylene blue photodegrada-
tion.

7. Other Metal Oxide Nanoparticles

Herein we present a brief selection of examples for the
continuous flow synthesis of NPs composed by other metal

Figure 10. a) Close-up of the Y-mixer in the ceramic chip where a stable
interphase between water (red ink was added) and cyclohexane is formed.
Reproduced with permission from Ref. [55] Copyright Royal Chemical
Society, 2002. b) Schematic representation of the axle dual pipe microdevice
developed by Mae et al. Reproduced with permission from Ref. [11], Copy-
right Elsevier, 2003.

Figure 11. a) Schematic design and digital pictures of the chip reactor
employed in Ref. [56]. Reproduced with permission from Ref. [56], Copyright
IOP Publishing, 2018. b) Schematic of the system containing the IJM (left)
and representation of the mixing zone.
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oxides, which show particularly effective technological solutions
to prevent fouling and clogging phenomena (Table 5).

7.1. Ceria nanoparticles synthesis

Cerium dioxide (CeO2, ceria) has relevant applications as a redox
catalyst[57] and as an antioxidant in the biomedical field.[58] Ceria
exhibits efficient Ce4+/Ce3+ redox cycling at the surface and the
ability to absorb/desorb oxygen. Morphology plays a central
role on the catalytic efficiency of CeO2 materials, for example in
the oxidation of CO.[59] Therefore, synthetic routes able to
control the characteristics of the final nanocrystalline material
are highly needed. Wang and co-workers reported a membrane
dispersion microreactor to produce size-controlled ceria NPs,
after calcination, from the room temperature reaction of
Ce(NO3)3 with aqueous ammonia.[60] The latter basic solution
was pressed through the micropores of a stainless steel
membrane into a stream of a Ce(NO3)3 water solution. Ceria NPs
with a diameter of 7.5�0.7 nm were obtained under optimized
conditions. The batch preparation in a stirred tank reactor,
under similar conditions, gave ceria NPs with a diameter of
15.3�1.2 nm. The better size dispersion of the particles
obtained in flow translated in an enhanced catalytic activity in
model oxidation reactions.

7.2. Nanostructured MgO synthesis

Magnesium oxide NPs are mainly studied as highly biocompat-
ible antimicrobial agents[61] and as adsorbent for toxic
materials.[62] MgO materials are usually synthesized by solution
methods such as by precipitation[63] or sol-gel synthesis.[64] For
the latter approach, the change from batch to flow synthesis is
hampered by the very fast gelation kinetic of the alkoxide
precursor Mg(OCH3)2 in the presence of water. However, it
turned out that the gelation step could benefit from the rapid
mixing that one can achieve in a suitably designed mixer under
continuous flow conditions. Nanocrystalline MgO was in fact
synthesized in flow using an Impingement Jet Micromixer (IJM)
where two streams of reagents collided and mixed in a free
space (Figure 11).[65] The angle θ between the impinging
streams can be modulated to have, in the free space outside
the tubing, an optimal fluid sheet in terms of thickness and
aspect ratio (Figure 11b) without flow fragmentation. A solution

of Mg(OCH3)2 and water were pumped at around 15 ml/min; at
θ=120° a wide and thin liquid sheet was formed in which
mixing between the magnesium alkoxide and water occurs.
Thermal treatment of the gel collected after the IJM gave
nanocrystalline MgO with a surface area of 340 m2/g. An
analogue batch procedure yielded a less porous material with a
surface area of 190 m2/g.

7.3. Zirconia nanoparticles synthesis

Zirconium dioxide (ZrO2, zirconia) is an important material
which finds a number of applications, for example, in fuel
cells,[66] in catalysis[67] or as a thermal barrier coating.[68] A
microfluidic synthesis of zirconia NPs was performed using the
axle dual pipe microreactor showed in Figure 9b.[12] Compared
to titania, zirconia formation through alkoxides hydrolysis is a
much faster process and more difficult to control. In the
concentric reactor, the inner stream was composed by a
zirconium tetrabutoxide (ZTB) ethanol solution while the outer
stream was a water/ethanol mixture. Spherical monodispersed
nanoparticles were obtained under optimized conditions. By
changing the residence time in axle dual pipe microreactor the
particles average size could be modulated between 100–
600 nm. The employment of polyethyleneamine as surfactant in
a 0.24 wt% amount in the outer stream allowed to limit further
the particle growth and to obtain ZrO2 NPs with 4 nm diameter.

7.4. Copper oxide nanoparticles synthesis

Copper oxides (CuO and Cu2O) NPs find their principal
applications in catalysis.[1g] An interesting laser ablation method
in flow was developed for the synthesis of copper(I) oxide NPs
by Raston et al.[69] The NPs were prepared in a vortex fluidic
device (VFD) which consisted in a borosilicate glass tube
rotating at high speed (Figure 12). A pure copper rod was
inserted in the tube and irradiated with a pulsed laser beam.
The plasma plume around the copper rod, in the presence of
oxygen, yielded the Cu2O NPs. Water was constantly fed
through the device inlet; under the centrifugal force the liquid
whirled up to the top of the tube and carried the Cu2O NPs at
the device outlet. The rotation speed and laser power were
optimized to minimize the content of copper(II) oxide NPs,
yielding Cu2O NPs of 14�1 nm. Upon standing in air at 50 °C,

Table 5. Miscellaneous oxide NPs syntheses in continuous flow.

Oxide Reactants Methodology Year T Shape Size[a]

(nm)
Size distribution
(σd/d)

Ref.

ceria Ce(NO3)3 +NH4OH membrane dispersion 2017 20 °C spherical 7.5 0.09 [60]
MgO Mg(OCH3)2 +H2O impingement jet micromixer 2013 RT nanocrystalline material – – [65]
ZrO2 Zr(OtBu)+H2O axle dual pipe device

(3D-flow injection)
2013 RT spherical 100–600[b] 0.2–0.3 [12]

Cu2O Cu vortex fluidic device 2019 RT 14[c] 0.07[c] [69]
CuO for pulsed laser ablation 11[c] 0.09[c]

[a] Calculated by TEM/SEM analysis. [b] Size range obtained by modulating residence times and reagents concentration in the absence of surfactant.
[c] Determined by the Scherrer equation.
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Cu2O NPs oxidized to CuO NPs of the same size. DLS analysis
revealed that, upon standing in solution, both types of NPs
gave aggregates with a diameter of around 194 and 91 nm,
respectively.

8. Conclusions

Flow chemistry is a useful and promising toolbox for the
synthesis of metal oxides NPs that may satisfy the need for
these important nanosystems in terms of quantity, quality and
cost-effective processing. In this context, we selected a series of
contributions that describe the use of continuous flow devices
yielding NPs with a precise morphology and limited size
dispersion. Engineered flow reactors allow a precise control
over experimental parameters and reagent mixing, granting a
high reproducibility in the nucleation and growth of metal
oxide NPs, if compared to batch approaches. We specifically
highlighted technical solutions that minimize product deposi-
tion and channel clogging through mixing techniques that
avoid the contact of the formed NPs with the reactor walls (e.g.,
coaxial injection and droplet flow) or through the generation of
recirculation motions in the reaction streams (e.g. segmented
flow and curvilinear reactors). We hope that this review will
help to accelerate further progress in this promising field.
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