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Nanomaterials (NMs) have catalyzed transformative advancements across diverse technological domains
owing to their exceptional size-dependent mechanical, optical, electronic, and chemical properties.
However, the scalable and controllable synthesis of NMs remains a major challenge due to the complex
interplay of nucleation and growth processes, which are highly sensitive to mixing, mass transfer, and
heat transfer dynamics. In this context, process intensification (Pl) strategies—originally developed in
chemical engineering—have emerged as a powerful approach to overcome the inherent limitations of
traditional batch synthesis. This review comprehensively analyzed seven representative Pl reactors:
microreactors, confined impinging jet reactors, rotating packed beds, high shear mixers, spinning disk
reactors, ultrasonic reactors, and microwave reactors. We systematically examine their operating
principles, enhancement mechanisms, advantages, and limitations in the context of NM synthesis.
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Furthermore, their applications in key areas such as biomedicine, adsorption, catalysis, coatings, optics,
and electrochemistry are critically reviewed. Through comparative analysis and synthesis—structure—
function correlation, this review aims to provide essential guidance for the rational selection and engi-
neering of Pl reactors toward controllable, sustainable, and high-throughput NM manufacturing, thereby
advancing the frontiers of precision nanotechnology.
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electronics,'® and energy conversion and storage.'* The global
demand for high-performance NMs is growing rapidly, with

1. Introduction

Nanotechnology is widely acknowledged as a critical enabling
platform of the 21st century, driving both innovation and
industrial transformation.” At the core of this technological
revolution lie nanomaterials (NMs), typically defined as materi-
als with at least one dimension ranging from 1 to 100 nm.>*
Due to their distinct small-size, quantum confinement, surface/
interface, and macroscopic tunneling effects, NMs exhibit
dramatically altered physicochemical properties compared to
their bulk counterparts." These unique characteristics
underpin their extensive deployment in diverse fields such
as textile functionalization,” environmental remediation,®
smart agriculture,” bioengineering,® targeted therapeutics,®
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production volumes surpassing 1.6 million metric tons in
2020"* and market valuation projected to exceed $12.1 billion
by 2026."* However, the synthesis of NMs with well-controlled
size, morphology, composition, and surface chemistry remains
a grand challenge. Conventional synthesis methods often
involve hazardous chemicals, produce toxic by-products, lack
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control over size distribution, exhibit low efficiency, show
batch-to-batch inconsistency, consume high energy, and raise
environmental concerns. Therefore, the development of inno-
vative preparation technologies and advanced manufacturing
strategies that integrate green chemistry principles and sustain-
able intensification is crucial for maximizing the potential of
NMs and addressing the growing demand for high-
performance NMs in both fundamental research and industrial
applications.™

Process intensification (PI), as a transformative concept in
chemical engineering, emphasizes the integration of advanced
process designs and high-efficiency equipment to significantly
enhance mass transfer, heat transfer, and momentum transfer
efficiencies.'” Simultaneously, it improves the safety and pro-
ductivity of manufacturing processes, thereby achieving substan-
tial reductions in processing costs, energy consumption, and
waste emissions in chemical processes.'® In recent years, a
variety of PI technologies and devices have been developed with
the aim of achieving precise control over molecular mixing, mass
transfer, and heat transfer. These include microreactors,
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confined impinging jet reactors, rotating packed beds, high
shear mixers, spinning disk reactors, ultrasonic reactors, and
microwave reactors, all of which have garnered significant
attention (Scheme 1). Such devices enable the overcoming of
traditional kinetic and thermodynamic equilibrium limitations,
leading to higher reaction yields and more consistent product
quality in chemical reactions and material synthesis."” The role
of PI strategies in the nanoparticles (NPs) formation process is
shown in Fig. 1(A)."® It can be concluded that the development of
PI technology and its associated equipment provides an innova-
tive pathway for the efficient and controllable synthesis of NMs.
In addition, based on the publication statistics from the Web of
Science database (Fig. 1(B)), since 2004, research on the afore-
mentioned reactors for NMs synthesis has demonstrated a rapid
upward trend. Further word cloud analysis (Fig. 1(C)) indicates
that studies in this area predominantly concentrate on biome-
dicine, electrochemistry, catalysis, adsorption, optics, and coat-
ings. This highlights the significant practical demand within
these fields and reflects the strong interest of researchers in
advancing NMs synthesis technologies.
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Scheme 1 Classification and main features of Pl equipment.

Despite the growing interest, there remains a lack of com-
prehensive reviews that summarize the mechanistic insights, reac-
tor performance characteristics, and application-specific outcomes
of PI strategies in NM synthesis. To fill this gap, this review provides
a systematic overview of seven representative PI reactors, highlight-
ing their role in modulating nucleation, growth, and functionaliza-
tion pathways of NMs. Moreover, we summarize emerging research
trends and interdisciplinary applications, offering a robust theore-
tical basis and practical guidance for reactor selection and design to
meet diverse performance requirements in nanotechnology-driven
fields. Consequently, this will not only facilitate the optimization of
NMs synthesis pathways but also enhance interdisciplinary colla-
boration and accelerate the development of sustainable and high-
throughput manufacturing processes.
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2. Types and characteristics of
Pl technologies
2.1 Microchannel reactor

The core structure of a microchannel reactor (MCR) is composed of
a network of microchannels with dimensions smaller than 1 mm.
The micrometer-scale characteristic size enables it to surpass the
physical transfer limitations of conventional reactors, conferring
advantages such as a high specific surface area,' rapid response
time,”® narrow residence time distribution,>* superior heat and
mass transfer properties,®?** efficient mixing capabilities, and
inherent safety.”® Consequently, MCR are widely employed in
chemical reactions and the synthesis of NMs, among other
processes.”> To meet diverse application scenarios and require-
ments, MCR can be customized and optimized to achieve various
fluid contact configurations. Typically, MCR can be designed in
forms such as continuous flow and Taylor flow (Fig. 2(A)).>®

Continuous flow MCR predominantly exhibit single-phase flow
characteristics. Common reactor designs include T-shaped, Y-
shaped and cross-shaped configurations. Among these, the cross-
shaped MCR elucidates the formation mechanism of NPs
(Fig. 2(B)).”’ In continuous flow MCR, NPs demonstrate high super-
saturation levels, short nucleation induction times, and uniform
spatial distribution, facilitating the production of particles with
small sizes and narrow size distributions.*® Furthermore, the precise
control of process parameters in MCR allows for fine-tuning of the
size, morphology, composition, and structure of NPs, ensuring high
selectivity, low energy consumption, and excellent reproducibility of
the reaction. Additionally, continuous flow MCR can operate effec-
tively across a wide range of flow rates and solvent types. However,
the deposition of precursors and/or products on the channel walls
may induce fouling, which can compromise flow dynamics, accel-
erate reactor aging, and potentially lead to blockage.”

In contrast, Taylor flow MCR are predominantly gas-liquid
and liquid-liquid multiphase systems. Typically, an immiscible
fluid is introduced into the channel to partition the reaction
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Fig. 1 (A) La Mer model and Schematic diagram of the role of PI strategies in the formation of NPs. (B) Document publications over the years. (C)
Keyword cloud map. Reprinted with permission from ref. 18. Copyright 2019 Elsevier.*®

mixture into a series of discrete “plugs” or “droplets”, thereby
generating Taylor flow. This approach facilitates self-recycling
enhanced mixing, effectively reducing axial dispersion and nar-
rowing the residence time distribution.**> Droplet-based
microfluidic technology employs isolated droplets as MCR,
which not only increases the interfacial area but also enhances
mixing and mass transfer rates through internal recycling and
symmetric vortices that induce fluid folding and stretching. The
encapsulation provided by the second phase in Taylor flow
protects NPs from contacting the microchannel walls, thereby
minimizing fouling, preventing undesirable channel blockage or
contamination, and extending the lifespan of the reactor.>**
Moreover, MCR can be synergistically optimized by integrating
them with external fields such as acoustic, electric, gravitational,
pressure fields, or stirring mechanisms. This integration aims to
enhance their intrinsic performance or broaden their application
scope. From an industrialization perspective, MCR can adopt the
“numbering-up” strategy, enabling parallel operation for scaling up
production.’® This approach not only avoids the performance
degradation typically associated with traditional scale-up methods
but also provides a feasible pathway for the small-batch continuous
production of high-value-added NMs and chemicals.***”

2.2 Confined impinging jet reactor

The core structure of the confined impinging jet reactor (CIJR)
comprises a micro-mixing chamber with symmetric nozzles.

This journal is © The Royal Society of Chemistry 2025

Generally, the chamber diameter is at least twice that of the
impinging jet inlet (Fig. 3(A)).>® A high-pressure pump drives
two axially opposed linear jets to collide at high velocities (1-
100 m s~ '). The instability of the impinging flow results in the
conversion of kinetic energy into turbulent motion through a
redirection of flow. High-frequency velocity pulsations within
localized turbulent vortices induce periodic oscillations, thereby
establishing a high-energy dissipation zone (Fig. 3(B)).*’ As a
result, materials are uniformly mixed, and a uniform supersatu-
rated environment for reactants is achieved within an extremely
short time frame (on the millisecond level), markedly enhancing
the local mass transfer rate and reaction rate (Fig. 3(C)).>**
Consequently, the CIJR does not necessitate external mechanical
energy for promoting mixing, mass transfer, or heat transfer; it is
widely applied in the synthesis of NPs via flash nano-precipitation
(FNP).44'45

The formation process of NPs in the CIJR is analogous to
that in the MCR. Both micro-mixing and macro-mixing times
are comparable, reaching the millisecond level, which is several
orders of magnitude shorter than those in traditional stirred
tank reactor (STR).’® However, the CIJR’s susceptibility to
blockage due to its small channel dimensions and lack of
external mechanical forces limits its suitability for handling
systems with high solid content or high viscosity. Despite this
limitation, compared to conventional stirred tanks, the CIJR
features a simpler structure, higher fluid turbulent energy

Nanoscale Horiz., 2025,10, 2262-2284 | 2265
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Fig. 2 (A) Comparison of different MCR flow systems. Reprinted with
permission from ref. 26. Copyright 2016 IntechOpen.?® (B) T-shaped, Y-
shaped and cross-shaped MCRs. Adapted with permission from ref. 27.
Copyright 2017 Elsevier.?’

dissipation rates, and reduced power input requirements,
providing advantages in terms of resistance to blockage and
prevention of NPs agglomeration. In the CIJR, as the Reynolds
number increases, the thickness of the impingement zone
decreases while local kinetic energy and energy dissipation
rates increase correspondingly. Consequently, the liquid jet
flow rate, as an important process parameter, significantly

View Article Online
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influences the fluid kinetic energy and pressure fluctuations
within the impingement zone, thereby determining the energy
and mass transfer characteristics of the solution in the CIJR
and the mixing efficiency of the microjets.*”"*® Additionally, the
compact design of the CIJR enables it to achieve high produc-
tion NPs synthesis applications.*’

2.3 Rotating packed bed reactor

The rotating packed bed reactor (RPBR), also known as the high
gravity reactor, is a highly efficient device for PI It utilizes a
rotor rotating at ultrahigh speeds (~10> rpm) to generate an
intense centrifugal force field (~10> g).>>™* As depicted in
Fig. 4(A), the core structure of an RPBR typically comprises
three main components: a high-speed rotor packed with spe-
cialized fillers, a stationary outer casing, and a liquid distribu-
tor. During operation, fluids are introduced into the internal
packing zone through one or more fixed distributors. Under the
influence of the ultrahigh centrifugal force field, the liquid is
forced to flow radially outward. The rapidly rotating packing
materials continuously fragment the liquid into micron-scale
thin films, liquid ligaments, or droplets along the packing
trajectory (Fig. 4(B)).”*>*"> This process dramatically enhances
the gas-liquid or liquid-liquid interfacial contact area while
significantly reducing the thickness of the mass transfer
boundary layer. Consequently, RPBR achieves remarkable
improvement in molecular mixing and diffusion processes via
these intensified mechanisms.>*™®

The RPBR enables uniform mixing of reactants within
milliseconds, achieving a highly uniform supersaturation dis-
tribution. Its characteristic micromixing time (10™*-107° s) is
significantly shorter than the nucleation induction time of
most NPs in aqueous solutions (~ 1 ms), thereby fulfilling the
requirement for ideal homogeneous nucleation where micro-
mixing precedes induction.”®®' Furthermore, the uniformly
mixed solution within the RPB is subjected to ultrahigh cen-
trifugal forces, causing it to fragment into micron-scale dro-
plets, liquid films, and ligaments upon collision with porous
packing materials. Rapid nucleation of NPs occurs within these
confined units (Fig. 4(C)).>" The nucleation process rapidly

C
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Fig. 3 (A) Schematic diagrams of the CIJR and the nozzle. Reprinted with permission from ref. 38. Copyright 2021 Elsevier.*® (B) The magnitude of the
velocity and turbulence dissipation rate contour plots. (C) Formation process of NPs in CIJR. Reprinted with permission from ref. 39. Copyright 2023

Elsevier.*®
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Fig. 4 (A) Schematic diagram of the RPBR setup. (B) Evolution of liquid flow patterns in the RPBR. Reprinted with permission from ref. 50. Copyright 2017
Elsevier.%° (C) Schematic illustration of ultrasmall MOF formation. Adapted with permission from ref. 51. Copyright 2021 Wiley-VCH.

depletes reactants within these units, effectively restricting
post-nucleation growth and providing favorable conditions for
the synthesis of small-sized NPs.®*>%

Additionally, the short residence time (<1 s) in the RPB
limits secondary growth of formed particles and prevents Ost-
wald ripening (where larger particles consume smaller ones),
ensuring particle uniformity.* By fine-tuning operational para-
meters such as rotational speed and flow rate ratio, the nuclea-
tion, growth, and size distribution of NPs can be precisely
controlled, enabling the targeted synthesis of high-quality NMs
with high production efficiency.®> However, prolonged operation
may result in wear of packing materials caused by rigid NPs,
clogging due to adhesive NPs under high solid content, and
reduced dispersion efficiency for high-viscosity liquids within
dense packing structures, which partially constrains the applica-
tion of RPBs in NM synthesis processes.

2.4 High shear mixer

The high shear mixer (HSM), also referred to as the high shear
reactor (HSR) or rotor-stator mixer, incorporates a core compo-
nent—the high-shear mixing head—comprising a high-speed rotor
(~10" rpm) and a stationary stator. The synergistic interaction
between the rotor and stator induces intense mechanical shear,
ultrahigh shear rates (~10° s™'), and energy dissipation rates
(~10° m*> s73). These forces facilitate rapid deformation, disper-
sion, and fragmentation of fluid microclusters, emulsion droplets,
bubbles, and particle aggregates. This mechanism enables PI in

This journal is © The Royal Society of Chemistry 2025

crystal morphology control,®”*® emulsification,*®”* dispersion and
mass transfer,”””’* deagglomeration,”>’® mixing,””° and
chemical reactions (Fig. 5(A) and (B)).°*®*®" Owing to these
capabilities, HSM has been widely utilized across various domains,
including chemical engineering, pharmaceuticals, cosmetics,
energy, and advanced materials.*>** HSM demonstrates superior
performance in single-phase, gas-liquid, liquid-liquid, and gas-
liquid-solid systems, as well as in fluids with viscosities ranging
from 0.1 cP to 10° cP.** Its mass transfer and micromixing
efficiencies surpass those of conventional stirred-tank reactors by
1-2 orders of magnitude, while its volumetric footprint can be
reduced to 1/10-1/5 of traditional equipment at equivalent
throughput, providing substantial advantages for industrial-scale
production.®® Notably, HSM’s exceptional anti-clogging capability
renders it particularly suitable for high solid-content systems,
establishing it as an ideal tool for large-scale controlled synthesis
of NMs.*

Typically, the particle size of NPs leaving the reactor is deter-
mined by the interplay of nucleation, growth, coalescence, agglom-
eration, and fragmentation processes (Fig. 5(C)).*® Similar to RPB,
HSMs exhibit a characteristic micromixing time (~10"* &),
enabling precise control over nucleation and growth processes to
produce NPs with small sizes and narrow size distributions.
Distinctively, the intense shear forces in HSMs play critical roles
in suppressing particle coalescence, breaking agglomerates,”
modulating secondary nucleation, controlling crystal facet
growth,”” and tailoring crystal morphology,*® providing novel

Nanoscale Horiz., 2025,10, 2262-2284 | 2267
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strategies for NM synthesis. Furthermore, HSMs can operate in
both batch and continuous modes, with adjustable residence
times ranging from short durations (1-10> s) to extended periods
(10*-10" 5),”*%* ensuring adaptability to diverse operating condi-
tions and process stages (e.g, synthesis and maturation). The
ability of HSMs to generate uniform micro/nanoemulsions within
minutes further enhances their utility for emulsion synthesis.”* By
fine-tuning operational parameters such as rotor speed, feed flow
rate, and geometric features of the rotor-stator assembly and
distributors, HSMs allow precise regulation of micromixing
time,”® shear intensity,”® residence time,®* and ultimately NPs size
and morphology,” facilitating large-scale controlled NMs produc-
tion. However, the challenge of fluid back-mixing-induced second-
ary growth in HSM systems remains a key consideration in NM
synthesis.

2.5 Spinning disk reactor

The Spinning disk reactor (SDR) is characterized by its core
component—a disk capable of rotating at high speeds (up to
10° rpm). During the operation of the SDR, the fresh material

jet is introduced into the injection zone on the surface of the

rotating disc through the liquid-phase inlet(s) located at the top
of the disc (Fig. 6(A)).2*"®® Under the influence of centrifugal
force, the material spreads radially outward, transitioning from

2268 | Nanoscale Horiz., 2025, 10, 2262-2284

the acceleration region to the synchronous region while gradu-
ally attaining a velocity nearly equivalent to the rotational speed
of the disc. Consequently, this process facilitates the formation
of a thin, highly sheared film with a thickness ranging between
20 and 300 micrometers (Fig. 6(B)).*° First, the liquid film
provides short diffusion and conduction path lengths. Second,
high rotational speeds enhance surface wave intensity and
induce high-intensity turbulence within the liquid membrane.
This shearing effect generates numerous waves and ripples in
the membrane, thereby promoting lateral mixing across its
thickness.’”* Moreover, the SDR achieves a more uniform
velocity distribution at any given radial location, minimizing
radial dispersion and exhibiting hydrodynamic properties that
closely resemble piston flow.”®> Concurrently, the rapid flow
over the disk’s surface leads to a significantly reduced
residence time.

The thinner liquid film and strong turbulence within the
liquid film of the SDR not only enhance heat and mass transfer
as well as reaction rates but also enable a microscopic mixing
time (~1 ms) comparable to that of the aforementioned
reactors.”® This provides a significant advantage in facilitating
rapid chemical reactions, such as polymerization, crystal-
lization, and competitive fast chemical reactions, as well as in
the preparation of NMs.?*% The disc rotation speed, the nature

This journal is © The Royal Society of Chemistry 2025
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of the disc surface (smooth or grooved), the flow rate of the
reaction stream, and the position of the inlet stream feed
collectively influence micromixing efficiency, residence time
distribution, and consequently particle characteristics.”®®”
Nitrogen or other inert gases are frequently utilized to displace
oxygen within the reactor, effectively inhibiting undesired
chemical reactions.”®

Compared to the conventional STR, the SDR shows superior
safety performance.”® Additionally, in contrast to RPBR and
HSM, the SDR exhibits flow characteristics that more closely
approximate plug flow, which not only significantly increases the
frequency of particle collisions but also effectively reduces particle
agglomeration.”®*®*  Furthermore, SDR requires significantly
lower pumping energy, while demonstrating some resistance to
fouling or clogging, which underscores its potential for large-scale
commercialization.?*'°"'°> However, the substantial degradation
of mixing and mass transfer performance at elevated material
viscosity remains a critical issue that cannot be overlooked.
Additionally, the short residence time limits its applicability in
particle size regulation and the preparation of larger-sized NMs.

2.6 Ultrasonic reactor

The ultrasonic reactor (UR) employs ultrasonic radiation to induce
cavitation effects, thereby intensifying fluid mixing, dispersion, and
mass transfer processes. Specifically, high-frequency acoustic waves
(20 kHz-10 MHz) prompt the rapid formation, growth, and collapse
of numerous microbubbles within microseconds (Fig. 7(B))."** %
This process generates intense shear forces, turbulent flows, liquid
circulation, micromixing, and free radicals.'®® Collectively, these
mechanisms enhance mixing efficiency, accelerate mass transfer
rates, and improve chemical reaction kinetics. The cavitation effect
restricts the growth of nucleation centers formed during bubble
generation due to the extremely short cavity collapse time. This not
only shortens reaction times but also ensures rapid contact and
interaction of reactant molecules, significantly increasing nucleation
rates. Consequently, URs provide favourable conditions for synthe-
sizing NPs with higher crystallinity, smaller particle sizes, and
narrower size distributions.'”” %

This journal is © The Royal Society of Chemistry 2025

Furthermore, cavitation induces extreme localized condi-
tions within microseconds, including transient high tempera-
tures (~5000 K), pressures (~1000 bar), and ultra-high
heating/cooling rates (~10'® K s~ ')."'®""" These conditions
establish unique physicochemical environments for NMs
synthesis and modification, effectively reducing activation
energies, accelerating reaction kinetics, and enabling reactions
that are otherwise difficult to achieve under conventional
conditions."* Ultrasonically synthesized particles often exhibit
porous structures and high surface areas,"*****> which enhance
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Fig. 7 (A) Types of UR and corresponding equipment for each category.

(B) Formation of microbubbles. Adapted with permission from ref. 121.
Copyright 2024 Elsevier.*?*
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their catalytic activity in various applications."*®'"” Addition-
ally, the mechanical effects of cavitation break up particle
aggregates and dislodge particles adhered to channel walls.
By precisely adjusting ultrasonic frequency, power, and expo-
sure time, the morphology, size distribution, and properties of
materials can be finely controlled.'*®**° Ultrasonic reactors are
classified into batch systems (e.g., ultrasonic baths and sub-
mersible probes) and continuous configurations (Fig. 7(A))."**
Batch reactors are primarily utilized in laboratory-scale studies,
while continuous systems are better suited for large-scale
industrial production. However, batch reactors face limitations
due to uneven acoustic field distribution and challenges in
scalability, which restrict their broader industrial adoption.

2.7 Microwave reactor

Conventional heating typically only heats the outer surface of
the heated object and relies on conduction or convection for
heat transfer. However, the microwave Reactor (MWR) employs
microwave radiation to convert electromagnetic energy into
thermal energy, which is directly transferred to the heated
object via interaction with microwaves, without affecting the
surrounding environment. Microwave radiation can penetrate
materials, thereby generating heat uniformly throughout the
material and achieving more efficient and uniform heat
transfer."*>">* Fig. 8(A) illustrates the difference in heating
mechanisms between conventional and microwave heating."**
MWR can be divided into two types: single-mode and multi-
mode reactors. Single-mode reactors irradiate a single vessel,
providing a highly uniform energy field that enables rapid and
precise heating. In contrast, multimode reactors are equipped
with larger cavities capable of accommodating multiple vessels
simultaneously. These reactors often require stirrers or other

Traditional heating Microwave heating
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Fig. 8 (A) Different heating models for conventional and microwave
heating. Reprinted with permission from ref. 124. Copyright 2025 Royal
Society of Chemistry.** (B) Multimode system and single-mode cavity.
Adapted with permission from ref. 125. Copyright 2012 Springer Nature *%°
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mechanisms to enhance the uniformity of the electromagnetic
field distribution within the solvent (Fig. 8(B))."*®

Microwave radiation demonstrates reduced energy require-
ments, characterized by its high penetration depth and the
ability to achieve rapid temperature modulation. This facil-
itates challenging chemical reactions under mild conditions
while providing precise control over reaction dynamics, thereby
enhancing nucleation and chemical reaction rates by several
orders of magnitude.”**"*® Microwave radiation can also
reduce the deposition of NPs on the reactor wall.'*>'*° Selective
heating is accomplished through the exploitation of specific
ions’ microwave energy absorption capabilities and the ‘“hot
spot” effect,"*""** leading to high selectivity and fine-tuned
control over crystal morphology for achieving a uniform parti-
cle size distribution.**"** Microwave technology can drasti-
cally reduce reaction times from days to minutes,"** even in dry
medium conditions, minimize solvent consumption and by-
product formation,"**"*” and improve product quality, yield,
and reproducibility, thus enabling the green and efficient
synthesis of NMs."*”**® However, the limited microwave pene-
tration depth constrains its applicability in large-volume reac-
tors. The integration of microwave heating with continuous
flow technology represents a promising strategy to overcome
this limitation.

For the convenience of readers’ understanding, the compar-
ison table of abbreviations and their full names mentioned in
this review can be found in Table S1 of the ESI.{ In the previous
content, we elaborated in detail on the superiority of the PI
device, and in Table S2 (ESIT), we compared the micromixing
performance (such as micromixing time and local turbulent
kinetic energy dissipation rate) among the reactors and the
particle size of the NMs materials obtained. Although these
technologies have been widely adopted, their maturity and
economic competitiveness remain major obstacles to further
development compared with traditional methods. The limita-
tions and problems that still exist in current PI technologies are
listed in Table S3 (ESIY).

3. Advanced applications of PI-
fabricated NMs

In advancing NM performance, PI technologies and equipment
serve as indispensable enablers by inducing multi-dimensional
structural reconfigurations in materials through the applica-
tion of finely controlled physical and chemical fields. These
include: precise control over particle size to surpass the thresh-
old of quantum size effects, fabrication of gradient porous
architectures to maximize surface area and mass transfer
efficiency, directional grafting of surface functional groups to
engineer highly active interfaces, and simultaneous regulation
of lattice defects while increasing the density of active sites.
Importantly, PI systems exhibit strong synergistic effect in the
concurrent optimization of compositional, morphological, and
interfacial properties. By precisely managing crystallization
kinetics, PI techniques not only facilitate the formation of

This journal is © The Royal Society of Chemistry 2025
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highly monodisperse nanocrystalline clusters but also con-
struct heterostructures with tuneable crystal face exposure.
Moreover, dynamic charge-balancing mechanisms enable the
regulation of atomic-scale surface charge distribution, further
enhancing electrochemical uniformity and functional stability.
This multi-dimensional, cross-scale modification strategy not
only elevates the intrinsic physicochemical properties of NMs,
but also establishes a rational design pathway by mapping
structural features directly to performance metrics. As a result,
PI-fabricated NMs unlock their full potential in high-value
fields such as biomedicine, catalysis, optics, energy systems,
and other frontier technologies. Below, we discussed the repre-
sentative applications. The contributions of the PI equipment
in the preparation of these NMs are presented in the ESI{ in the
form of Table S4. Meanwhile, Table S5 (ESIt) compares the
traditional methods with the PI device. It provides specific data
on reaction time, material size, specific surface area, pore size
and pore volume, productivity and yield, as well as application
performance, to more intuitively demonstrate the outstanding
performance of the PI devices.

3.1 Application in the biomedical field

Biomaterials span a wide array of forms and functions, includ-
ing gels, pharmaceuticals, and additives, each demanding
tailored NM properties. In gel systems, the synthesis of nano-
precursors with small particle sizes and narrow size distribu-
tions is crucial to achieving uniform crosslinking and robust
mechanical integrity. Simultaneously, mild fluid dynamics and
low shear stress are essential to prevent structural degradation
during synthesis. The characteristics of MCR and CIJR, parti-
cularly their narrow residence time distribution and minimal
shear forces, render them highly suitable for the preparation of
such precursors. A cascaded CIJ microreactor system enables
the efficient synthesis of hydroalcoholic gel hand sanitizers
(GHS) containing carboxymethyl chitosan/Zn(u)/proanthocyani-
dins antimicrobial NPs."*' This method effectively minimizes
alcohol evaporation, enhances product quality, and extends
shelf life. Hands treated with GHS demonstrated significant
microbial reduction after 12 hours. Moreover, high-pressure
CIJR restricts the growth of microgel precursors, resulting in
smaller particle sizes and narrower size distributions.** This
facilitates uniform crosslinking, yielding highly stable stimuli-
responsive poly(N-vinylcaprolactam) gels while avoiding issues
associated with surfactant residues and cytotoxicity.

For non-gel systems, reactors with intense turbulence and shear
effects, such as SDR, RPBR, and HSR, play essential roles in
nanopharmaceutical and additive manufacturing. Small particle
sizes and narrow size distributions are critical for ensuring rapid
dissolution and product stability. RPBR enables the controlled
preparation of monodisperse spherical CaCO; NPs with an average
size of approximately 6 nm, achieving reduced energy consump-
tion alongside mass transfer rates enhanced by 1-2 orders of
magnitude and a 56% improvement in productivity.'** As highly
stable (>18 months) super-alkaline nano-additives, the integra-
tion of these materials into lubricating oils significantly extends
the service life of modern machinery. In the biomedical field, drug

This journal is © The Royal Society of Chemistry 2025
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absorption depends largely on dissolution kinetics. Poorly water-
soluble drugs have limited dissolution rates in the gastrointestinal
tract, reducing bioavailability. Drug nanocrystals increase the
specific surface area to enhance dissolution and improve bioavail-
ability. Additionally, amorphous irbesartan NPs prepared via RPBR
exhibit approximately 13.5-fold higher saturation solubility than
raw drugs within 10 min and achieve 100% in vitro dissolution
within 30 min, maintaining amorphous stability for over 6 months
of storage.'** SDR further enhances the continuous synthesis of
nimesulide NPs with smaller sizes and narrower distributions
through liquid antisolvent precipitation, reducing the complete
dissolution time from 180 to 80 min while significantly improving
dissolution. rates and bioavailability."*> These reactors demon-
strate remarkable advantages in scalable, efficient, and controlla-
ble production of non-gel nanobiomaterials.

Encapsulation and coating are extensively employed in
nanobiomaterial synthesis. NPs can serve as drug delivery plat-
forms and biological imaging probes. These systems can effi-
ciently enhance tissue compatibility, and increase cellular
uptake efficiency, achieving precise delivery. Therefore, optimiz-
ing the design of nanocarriers to encapsulate hydrophobic drugs
and unstable bioactive substances is a key strategy for improving
bioavailability and diagnostic accuracy. UR excel in structural
modulation by altering local microenvironments. For instance,
UR facilitates the ethanol-free self-assembly of zein and sodium
caseinate into stable spherical NPs (225.94 nm + 3.84 nm)."*
Under ultrasonic assistance, these NPs efficiently encapsulate
hydrophobic curcumin, forming smooth, dense surfaces that
enhance stability and sustain release—achieving 78.4% reten-
tion at 95 °C and 86.91% =+ 0.72% DPPH radical scavenging
capacity. Coupling UR with MCR enables continuous clog-free
production of fragile mRNA lipid NPs with 98.3% mRNA encap-
sulation efficiency, maintaining stable and potent luciferase
expression 24 hours post-injection of a 10 ug dose in mice.'*’
Notably, PLA/DDAB NPs were continuously synthesized at a
throughput of 1.6 ¢ h™* for 1.5 h without clogging (Fig. 9). The
integration of high shear technology with cavitation effects in
the hydrodynamic cavitation reactor (HCR) facilitates the for-
mation of stable oil-in-water nanoemulsions (366.4 nm, PDI
0.298), which enhance nicotinamide release (4335.8 pg cm™>
cumulative release at 12 h) and penetration while reducing pore
occlusion in skincare applications.'*® These synergistic integra-
tions of non-contact energy input technologies (UR, MWR) with
PI equipment (MCR, HSR) not only overcome traditional reactor
limitations such as clogging and narrow applicability but also
achieve superior synthesis outcomes, establishing a versatile
platform for advanced biomaterial fabrication.

3.2 Application in the adsorption field

Enhancing specific surface area, optimizing pore structure,
exposing more active sites, reducing agglomeration, and
improving dispersion are not only critical strategies for improv-
ing the performance of adsorption materials but also represent
the core advantages and objectives of process-intensified reac-
tors in regulating the synthesis of nano-adsorbents. For exam-
ple, the confined jet impingement-continuous microchannel
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approach in mice. Adapted with permission from ref. 147. Copyright 2023 Elsevier.

reactor (CJI-CMR) demonstrates exceptional capabilities in
increasing specific surface area.* It enables the preparation
of mesoporous silica NPs (MSNs) with ultra-high specific sur-
face areas ranging from 1347 to 1854 m”> g ' and lightweight
worm-like mesoporous structures. When used as a silicon
source, the resulting Li,SiO, achieves a CO, adsorption capacity
of 27.18 wt% at 650 °C, with only a 1.1 wt% decline after 10
adsorption/desorption cycles. Zr-based metal-organic frame-
works (Zr-MOFs) were reduced to the nanoscale using an
internal circulation rotating packed bed (ICRPB)."*° Defects
and stacking interactions increased pore volume, promoting
water cluster formation and improving pore-filling efficiency.
Compared to micron-scale Zr-MOFs made with a traditional
STR, the ICRPB process achieved 26.5% yield in 1 minute, with
a 50% faster reaction rate. The resulting product adsorbed
water vapor at 625 mg g ', with the adsorption rate increasing

2272 | Nanoscale Horiz., 2025, 10, 2262-2284
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2.0-2.8 times (Fig. 10). Global industrialization and chemical
use have increased pollutant levels, including heavy metals,
antibiotics, and dyes, in aquatic ecosystems. Functionalizing
nanoadsorbents with biomolecules, carbon materials, or poly-
mers improves pollutant separation, adsorption capacity, and
recyclability. Similarly, the IS-RPB system, which integrates
CIJR and RPB, exhibits outstanding performance in preparing
carboxymethyl cellulose-stabilized nano zero-valent iron and
effectively reduces NP agglomeration and increases active
sites, achieving a maximum Pb®*" adsorption capacity of
1237.32 mg g~ 1.1%!

PI reactors enhance NM dispersion through two primary
pathways: improving raw material dispersion and optimizing
NP distribution. The high turbulence and shear forces gener-
ated within the RPB significantly improve the dispersion of
hydrous ferric oxide (HFO) NPs in D201 resin, yielding

This journal is © The Royal Society of Chemistry 2025
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with permission from ref. 150. Copyright 2023 John Wiley and Sons.*>°

D201-HFO nanocomposites (D201-HFO-R) with small average
particle size, narrow size distribution, and elevated specific
surface area." These composites achieve a Cr(vi) removal
efficiency of 99.7% while reducing reaction time to one-fifth
of conventional methods. MWR excel in NM dispersion control,
as demonstrated by microwave-assisted synthesis of CeO, NPs
uniformly dispersed on highly crystalline multi-walled carbon
nanotubes (MWCNTSs)."”* The resulting 9% CeO,/MWCNTSs
composite shows enhanced surface hydroxyl groups, achieving
an adsorption capacity of 62.1 mg g ' and a removal rate of
95.3% for methylene blue (MB).

Energy shortages and environmental degradation are driv-
ing the global community to seek clean energy solutions,
among which nuclear energy and hydrogen energy are expected
to play a key role in future energy systems. However, how to

This journal is © The Royal Society of Chemistry 2025

achieve efficient uranium capture and solve the problems of
hydrogen transportation and storage remains a key challenge
that requires innovative solutions. For pore structure optimiza-
tion, HSR-induced nanobubbles enable the functionalization of
hierarchical silica mesoporous microspheres (HSMSMs) with
amidoxime (AO) groups, creating HSMSMs-AO with high sur-
face area, large pore volume, short parallel channels, and rapid
adsorption equilibrium."* This material demonstrates excep-
tional uranium adsorption capacity (607 mg g~') with high
selectivity in multi-ion environments. The combination of
microwave-assisted and microfluidic technology enables
in situ heating, overcoming the thermal conductivity limita-
tions of conventional methods. This approach facilitates the
one-step synthesis of Cu-BDC@rGO composites with signifi-
cantly reduced processing time.'”> The sandwich-structured
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composite, featuring MOFs encapsulating reduced graphene
oxide (rGO) sheets, shows an 18% higher yield and a 26%
enhanced hydrogen adsorption capacity (77 K, 40 bar) com-
pared to conventional methods. Air pollutants and greenhouse
gases emitted from the combustion of fossil fuels and indus-
trial production will have adverse effects on the environment
and human health. The control and remediation of air pollu-
tion through nano-adsorbents is regarded as an advanced
treatment technology. Additionally, microwave-assisted reverse
micelle synthesis produces Th**-based MOF NMs composed of
spherical nanorod clusters (~20 nm), exhibiting enhanced
pore size, surface area, and thermal stability.'>® Compared with
the same materials prepared by the ultrasonic-assisted method,
these materials have higher adsorption capacities for CO and
CH, at room temperature.

Meanwhile, the large-channel design of HSR minimizes
clogging risks, making them suitable for complex multiphase
systems. For instance, achieving near-complete conversion of
Ca(OH), to stable calcite with HCI outlet concentrations below
30 mg m~>. HSR enables counter current contact of HCI/CO,
with carbide slag slurry, This process simultaneously achieves
pollutant capture and green resource utilization of industrial
waste.">’

3.3 Application in the catalysis field

The catalytic efficiency of nanocrystals exhibits a significant
structure-activity relationship with their surface morphology
characteristics, wherein the atomic arrangement pattern of the
exposed crystal faces on the periphery plays a critical role. PI
equipment exerts a decisive influence on the performance
optimization of synthesized nano-catalytic materials, primarily
in three aspects: First, it significantly optimizes the surface
defect density through precise control of lattice distortion.
Second, it effectively increases the distribution density and
accessibility of active sites, including acidic centers and oxygen
vacancies. Most importantly, it establishes efficient charge
transfer pathways, facilitating the directional migration of
electrons, reactants, and products. This synergistic effect ulti-
mately leads to the formation of an advantageous catalyst
system characterized by high surface energy states and open
mesoporous structures, which not only markedly improves
reaction conversion rates and selectivity but also effectively
suppresses side reactions and reduces reaction cycle times.

High-gravity fields or ultrasonic technology enable precise
particle size control, reducing agglomeration and improving
uniformity of surface area, pore volume, and elemental dis-
tribution. Based on these methodologies, a highly catalytically
active Cu-Mn composite oxide catalyst (Cu-MnO,/y-Al,O3) was
successfully synthesized within 45 minutes using the RPBR-
assisted impregnation method, achieving a total organic car-
bon removal rate of up to 93.4% within 20 min.’*® Moreover,
the MnO,/SnO, nano-catalyst system prepared via the UR-
assisted co-precipitation method exhibited a catalytic efficiency
of 84.4% for H,0, decomposition."*®

HSR can enhance the density of surface acidic sites on nano-
catalysts, promote the formation of oxygen vacancies, and
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increase the proportion of active species. These synergistic
effects significantly improve the overall catalytic performance,
thereby enhancing raw material conversion rates, target product
selectivity, and product yield. Traditional co-precipitation meth-
ods rely on surfactants or solvents, raising environmental and
economic concerns. In contrast, high shear-assisted technology
converts CsCug1H, oPM0,,VO,, from irregular bulk structures
into uniform particles without additives, enhancing porosity and
surface smoothness.'®" Applied to methyl acrolein conversion to
methyl acrylic acid, this catalyst achieved 83.4% conversion and
87.1% selectivity. For two-dimensional NMs, MnAl mixed metal
oxides (MnAl-MMOs) typically exhibit dense packing due to layer
spacing constraints. High shear force exfoliates these materials
into ordered structures with expanded gaps,'®® exposing active
sites.'®® This modification improves NO conversion and N,
selectivity in NH; catalytic reduction to 96.3% and 91%, respec-
tively. Compared to high-shear mixing technology, ultrasonic
cavitation further reduces the diameter of bimetallic NiMo nano-
catalysts without significantly altering their metal ratios, thereby
enhancing the quality and stability of synthetic oil during
vacuum residue upgrading.'®*

Waste from the textile and pharmaceutical industries often
contains toxic and biologically refractory organic pollutants.
Photocatalytic technology is renowned for its economic feasibility
and environmental sustainability. It degrades organic pollutants
by absorbing solar energy, reducing pollution in aquatic ecosys-
tems. Microwave thermal effects increase nitrogen doping in
carbon quantum dots (CQDs) and control morphology, regulating
electronic structure and spectral bands.'®> A hybrid semiconduc-
tor (N-CQDs) formed in 1 minute degraded rose red dye by 93%.
The SDR-assisted sol-gel method synthesizes small TiO, particles
without solvents, enabling copper doping and phase
%6 This approach reduces bandgap energy,
increasing formic acid generation in CO, reduction by 15-21%.
SDR assistance boosts Ag NPs production to 0.49 g h™*, enabling
uniform embedding in zeolite carriers."”” The resulting AgNP-Z
catalyst degrades MB by 74% under visible light within 6 hours.
The customization of BiOX nanocatalysts (BiOCL,Br; _,) with vary-
ing halogen doping ratios was achieved using four-stream multi-
inlet vortex mixer (MIVM)-assisted FNP technology.'®® The result-
ing BiOCLBr;_, had a uniform petal-like morphology and a
bandgap energy of 2.89 eV, balancing light absorption and oxida-
tion capacity. During tetracycline (TC) photocatalytic degradation,
the rate constant was 5 times higher than traditional methods,
achieving over 90% TC removal after 40-min visible light irradia-
tion (Fig. 11).

transformation.

3.4 Application in the coating field

In general, the application of NMs in coatings can be categor-
ized into three types based on coating preparation processes:
(1) simultaneous synthesis of NMs and coating solutions fol-
lowed by application; (2) in situ formation of coatings on
substrates during NM synthesis, primarily utilized for textiles;
(3) sequential preparation of NMs prior to coating fabrication.

For the first category, reactors must exhibit robust shear and
dispersion capabilities to simultaneously regulate NM

This journal is © The Royal Society of Chemistry 2025
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synthesis and enhance dispersion efficiency. The combination
of UR and HSR proves highly effective, significantly reducing
mixing time.'®® This approach not only intercalates polymer
chains into layered silicate clay interlayers but also achieves
uniform clay dispersion in polyurethane (PU) coatings. Conse-
quently, PU composite coatings containing 3 wt% clay demon-
strate a 34.4% improvement in adhesive strength, with contact
angles reduced to 56.66° and corrosion rates decreased to
0.0002 mm per year.

The second category benefits from non-contact PI technologies
such as UR and MWR, whereas reactors with moving components
(RPBR, HSR, SDR) pose risks of substrate damage. In recent years,
antibacterial noble metals (e.g., Ag) and transition metal oxides
(e.g., ZnO, TiO,) NMs have played a key role in the textile industry
by inducing bacterial cell wall or membrane rupture via surface
lattice defects or specific free radicals. These materials are widely
used in developing multifunctional smart textiles. For instance,
ultrasonic cavitation avoids thermal degradation of textiles while
promoting TiO, crystallization, Ag" reduction, and Fe;O, for-
mation, enabling one-step in situ synthesis of core-shell struc-
tured TiO,:Fe;04:Ag nanocomposites.’® This method enhances
NM adsorption and uniform distribution on polyester fabrics.
Ultrasound-assisted emulsification further facilitates the prepara-
tion of vitamin E-encapsulated spherical NPs using bovine serum
albumin and silk fibroin carriers."”® Cotton fabrics coated with

This journal is © The Royal Society of Chemistry 2025

these NPs exhibit negligible cytotoxicity, strong antioxidant
activity, sweat-resistant stability, and accelerated degradation
in 95% ethanol with approximately 40% vitamin E release within
48 hours. Ultrasonic treatment induced glycosidic bond cleavage
in cellulose while preserving fabric integrity, generating mechan-
ical free radicals that reduced metal ions (Ag®, Au®") in situ.'”
This promoted uniform dispersion of Ag and Au NPs in the
cellulose matrix, enabling preparation of environmentally
friendly cellulose-based nanocomposites with antibacterial and
catalytic properties. This method avoids toxic reagents and
simplifies the process compared to conventional techniques
(Fig. 12). Microwave radiation decomposes trisodium citrate into
dihydroxyacetone, releasing electrons to reduce Ag* to Ag’.'”?
Spherical Ag-NPs synthesized in situ are evenly dispersed on
cotton fibers. These NPs absorb UV radiation via localized sur-
face plasmon resonance above 120 °C, providing UPF 50+
protection. Cotton fibers with smaller NPs (which increase the
contact area with bacterial surfaces) and higher NP loading
exhibit enhanced antibacterial activity and UV shielding.

For the third category, the coupling of HSR with hydrother-
mal methods excels in enhancing NP crystallinity. This method
successfully synthesized highly crystalline, antibacterial sphe-
rical ZnO NPs, which can function as an efficient film coating to
effectively inhibit the enzymatic browning of avocados."”* UR-
assisted precipitation improves crystallinity, Agl/TiO,
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(A) SEM images of the cotton fabric before (left) and after 30 min of sonication (right). (B) 4-NPh reduction catalyzed by the cotton fabric—Au

nanocomposite followed by UV-vis spectroscopy. The reaction follows first-order kinetics as shown by the linear In(C,/Co) vs. time plot (inset). (C) Area of

inhibition of fabrics on agar growing Escherichia coli. Adapted with permission from ref. 171. Copyright 2020 American Chemical Society.

nanocomposites exhibit a blue-shifted visible light absorption
band (430 — 424 nm)."”* Corrosion of engineering materials
threatens infrastructure and manufacturing. Nano-coatings
reduce porosity and fill defects to prevent the penetration of
harmful environmental factors, improving long-term corrosion
resistance and extending service life. UR further enables the
fabrication of core-shell structures, as demonstrated by
ultrasound-assisted synthesis of ZnO-poly(methyl methacry-
late) (ZnO-PMMA) hybrid NPs (~90 nm)."”> A 4 wt% hybrid
NP coating extends mild steel (MS) service life, increasing
impedance to 2 m>.

Segmented flow microchannel reactors produce monodis-
perse spherical lignin NPs (LNS) with high specific surface area
and uniform size (~13 nm)."”® These LNS maintain size
stability for 60 days and form smooth PVA composite films
with enhanced thermal stability (50% weight loss at 388 °C) and
13.3% improved UV shielding (1 wt% LNS at 250 nm). RPBR
enables the fabrication of ultrafine layered hexagonal Mg/Al-
layered double hydroxide NPs (160 nm, Mg/Al = 3) with rounded
edges.’”” These NPs enhance interfacial interactions with poly-
propylene, improving flame retardancy and thermal stability
without compromising mechanical properties.

3.5 Application in the optical field

The regulatory effect of PI equipment on the optical properties
of NMs is primarily reflected in three key aspects: optimizing
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the electronic structure through surface defect engineering,
constructing efficient charge transport pathways to enhance
electron-hole separation efficiency, and simultaneously sup-
pressing the non-radiative recombination of photogenerated
carriers. This multi-scale regulation enables precise tuning of
photoluminescence intensity, redshift/blueshift of absorption
spectra, and bandgap energy modulation, thereby significantly
improving photoluminescence quantum yield while enhancing
fluorescence intensity and photocatalytic efficiency. It is worth
noting that NMs prepared through PI strategies can exhibit
advanced intelligent optical response characteristics, including
selective transmission/shielding effects at specific wavelengths
and reversible fluorescence switching behaviors. These perfor-
mance improvements provide substantial opportunities for
novel NMs in functional coatings, high-resolution bioimaging,
precise molecular diagnostics, targeted drug delivery systems,
next-generation flexible optoelectronic displays, and high-
efficiency perovskite solar cells.

Research indicates that increasing the flow rate within the
helical-coil microreactors (HCMR) enhances the crystallinity of
SnO, NPs, reduces variations in lattice parameters, and
decreases the proportion of surface oxygen vacancies.'”® At a
high flow rate of 1.0 ml min~", the synthesized SnO, NPs
exhibit a pure tetragonal phase, with a long-range ordered
structure, redshifted absorption edge, and reduced bandgap
energy to 3.92 eV. These findings provide a foundation for

This journal is © The Royal Society of Chemistry 2025
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optimizing optoelectronic and photocatalytic materials via
fluid dynamics regulation in continuous flow synthesis.
Moreover, reactors such as RPBR and HSR, which possess
excellent mixing and fragmentation capabilities, demonstrate
significant advantages in reducing particle aggregation and
enhancing material and elemental dispersion. RPBR can pro-
duce monodisperse MgAl layered double hydroxide (MgAI-LDH)
NPs with an average particle size of only 31 nm within an
extremely short reaction time of 20 s, achieving a visible light
transmittance of 77.4% at 555 nm.'’® Photocatalysts, green
materials using solar energy for chemical reactions, have great
commercial potential. However, most systems only absorb ultra-
violet light (4% of the solar spectrum), limiting efficiency and
applicability. Developing visible-light-driven photocatalysts is a
core focus in research. HSR enables the synthesis of smaller, less
aggregated ZnO NPs. Compared to traditional stirrers, the single-
particle size and secondary particle size are reduced from
9.69 nm and 955 nm to 7.09 nm and 26.5 nm, respectively,
while providing more active sites, thereby increasing the photo-
catalytic degradation rate of MB from 38.6% to 70.8%."%° Addi-
tionally, the high shear force generates an overpressure field in a
short period, allowing molecules to accumulate sufficient
nucleation energy within an extremely brief timeframe (approxi-
mately 1.03 ms)."®" This avoids heterogeneous nucleation
defects and facilitates the synthesis of Sn,Zn; ,O;., NPs with
more uniform elemental distribution, more pronounced band-
gap changes, and enhanced photocatalytic activity. Ultrasonic
treatment’s cavitation effect also generates high temperature
and pressure, significantly reducing particle size and minimiz-
ing aggregation. The resulting heterojunction nanocomposite
(YbvO,/CuWO,) exhibits paramagnetic properties, with a

View Article Online

Nanoscale Horizons

reduced bandgap of 2.67 eV, enhanced visible light absorption,
and a MB degradation rate reaching up to 100%.">

Traditional fluorescent dyes rely on UV light to trigger
switches; however, UV light is harmful to cells, and irreversible
fluorescence responses cause background interference. In con-
trast, CJIR-assisted FNP physically encapsulates the fluorescent
group and quencher into biocompatible block copolymers,
effectively overcoming these limitations."®® The fluorescence
resonance energy transfer efficiency of the formed 4CzIPNDAE
with reversible fluorescence switching properties is signifi-
cantly increased to 74.47%.

Efforts continue to explore methods for chemically modifying
and precisely controlling base substances using specific func-
tional groups or heteroatoms to synthesize new functional
materials.'® MWR represent an important approach for heteroa-
tom modification of semiconductor materials and rapid synthesis
of nanostructures with photoelectric detection performance. Uni-
form Ag doping in PbS improves the photoelectric detection
performance of the Ag:PbS colloid, achieving a responsivity of
0.70 A W' and an external quantum efficiency of 164%."%°
Spherical Ti;C,-MXene quantum dots (Ti3;C,-MQDs) with excellent
fluorescence stability achieve fluorescence quenching and recov-
ery through fluorescence resonance energy transfer with curcu-
min and oxidation-reduction reactions involving ClO™, enabling
selective detection of curcumin and CIO™."*® Through the syner-
gistic processes of copper dissolution, Cu" doping, diffusion, and
the strong interaction between CuNWs and ZnS, one-dimensional
nanowire core-shell structures with roughened surfaces were
successfully synthesized in situ. In the CuNWs/ZnS hybrid mate-
rial, the CuNWs core is encapsulated by a porous ZnS shell
(Fig. 13)."® Its absorption edge red-shifted to 500 nm, showing
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Fig. 13 (A) Schematic illustration of the CuNWs/ZnS hybrids formation by a

microwave-assisted hydrothermal route. (B) FESEM (up) and TEM image of

the as-prepared CuNWs/ZnS hybrids (CZ) (down). (C) Photocatalytic H, evolution rate of different samples under 420 nm LED light irradiation. Adapted

with permission from ref. 187. Copyright 2019 Wiley-VCH.*®”
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superior hydrogen production under 420 nm LED illumination
with a rate of 10 722 pmol (h g) " and quantum efficiency of 69%.
Stability tests confirmed continuous operation for over 28 hours
without significant performance loss.

3.6 Application in the electrochemical field

The particle size, dispersion state, interlayer spacing of crystals,
crystal plane size, and uniformity of multi-metal co-deposition
in NMs significantly influence their electrochemical properties,
making these factors a focal point for electrochemical research-
ers. Introducing PI technology during preparation provides a
feasible approach to achieve controllable regulation of these
characteristics. Supercapacitors, with high power density, fast
charging/discharging and long cycle life, are a key electro-
chemical energy storage technology. Nanosystems as electrode

tip speed: 2.9 ms!

A 10 mm
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materials improve charge storage and transfer via high surface
area and excellent conductivity, and are expected to further
increase energy and power density. MCR has been widely
applied to fabricate nanoelectrochemical materials with uni-
form small particle size, low aggregation, and high dispersion,
such as Ni-MnO,,"®® BiFe03,'®* Fe;0,,"°° and KMnF,."*" Super-
capacitors prepared using these materials exhibit an energy
density of 13.1 Wh kg™ " at a power density of 386.3 W kg %,
with a capacitance retention rate of 81.2% after 5000 cycles. The
integration of microfluidic and confined impinging flow tech-
nologies has demonstrated exceptional capability in the precise
synthesis of layered composite materials, enabling the for-
mation of porous nickel cobalt oxide (Ni-Co-O) composites
and NiAl-LDH with controllable interlayer spacing.’**'®® The
former exhibits superior ion diffusion and conductivity, with a
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(A) Conventional impeller (left), three HSM mixing heads with rotor—stator teethed (HSM-1, HSM-2), and blade-screen configuration (HSM-3)

(right). (B) Particle size distribution of the synthesized samples. (C) Rate capabilities, specific discharge energies (inset) and cycling stabilities at various
current densities. Adapted with permission from ref. 67. Copyright 2021 Elsevier.%”
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charge transfer resistance of only 0.2 Q and specific capacitance
of 2012 Fg " at 1 A g~ . After 2000 cycles at 5 A g7, it retains
93.9% of its initial capacity. The latter, LDH-20 with larger
interlayer spacing, features a loose stacking, rough surface,
irregular edge turbine-like layered mesoporous structure, and a
high specific surface area of 48.9 m”> g ', providing more
reaction sites that enhance electrolyte penetration and promote
Faraday reactions.

Lithium-ion batteries dominate high-energy-demand appli-
cations like portable devices and electric vehicles. To meet
rising market demand, researchers are exploring higher-
capacity cathode materials. Cobalt-free, nickel-rich layered
oxides are attracting attention for their high energy density
and sustainability. The exceptional micro-mixing performance
and strong shear dispersion capability of HSR form the basis
for its effectiveness in enhancing uniform multi-metal co-
deposition. Through HSR and co-precipitation methods,
layered LiNiy;3C013Mny/30, (Fig. 14) can be synthesized.®”
The optimal sample exhibits an average particle size of
236 nm, reduced charge transfer resistance, and improved Li"
diffusion coefficient. After 200 cycles at 3200 mA g ', the
material maintains a capacity of 98 mAh g~ with cycle stability
reaching 78.5%. This method is also applicable for preparing
LiNig 6oMng 400, and LiNiggoMng 40_xFe,O, (NMFe, x = 0.01-
0.05) NMs."”* The latter achieves a discharge capacity of
185.3 mAh g~ (0.1C, 2.8-4.5 V, 25 °C), surpassing the former’s
182.5 mAh g~'. Additionally, HSR enables the synthesis of La-
intercalated LiNi, ¢C0q.19sMnNg 5Lag 00202 NMs, which exhibit an
initial dis-charge capacity of 200.5 mAh g, outperforming
materials without La.'®® This technique provides a promising
tool for manufacturing heteroatom-inserted bulk nickel-rich
cathode materials. Furthermore, SDR is employed to regulate
lattice spacing. The resulting Prussian blue NPs display nar-
rower diffraction peaks shifted toward smaller angles, larger
lattice spacing, fewer lattice defects, and reduced crystalline
water content.’”® When used as cathode materials in sodium-
ion batteries, Prussian blue NPs enhance sodium content and
maintain a capacity retention rate of 64.97% after 200 cycles at
a current density of 170 mAh g~ '. SDR technology is also
utilized to synthesize monodisperse spherical sulfur particles,
reducing the average particle size to 82 nm and increasing the
initial capacity to 1510 mAh g~ ~."*” In terms of in situ synthesis,
UR offers irreplaceable advantages. Combining UR with spin-
coating technology allows for the synthesis of single-crystal
antimony sulfide iodide nanowires and antimony sulfide
iodide-acrylonitrile composites on indium tin oxide substrates
without high-temperature annealing.'®® The resulting photo-
voltaic devices, under 100 mW cm ™2 white light illumination,
achieve an average short-circuit current density of 1.84 pA cm™>
and an open-circuit voltage of 69 mV.

4. Conclusions

In summary, PI technology exhibits transformative potential in
NM synthesis by reconstructing reaction environments through

This journal is © The Royal Society of Chemistry 2025
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structural innovations (e.g., microchannels), fluid-carrying
energy (e.g., impinging jets), and external field energy (e.g,
shear force, ultrasound, microwave, supergravity). This enables
enhanced control over NM properties and functionality. The
core regulatory mechanisms of PI are reflected in three dimen-
sions: (1) by precisely modulating fluid dynamics, shear inten-
sity, thermal gradients, and micro-mixing, PI enables fine-
tuning of NM size, morphology, crystallinity, and dispersion.
The spatial confinement and low shear characteristics of MCR
and CIJR make them particularly suitable for gel preparation.
The strong turbulence and high shear effects of RPBR, SDR,
and HSR provide significant advantages in reducing particle
size and improving dispersion. Moreover, the ultra-strong shear
of HSR can promote directional crystallization and enhance the
crystallinity of NMs. (2) PI technologies enable targeted surface
modification, defect engineering, and interfacial control. MCR
and CIJR optimize reaction kinetics via flow rate control,
minimizing surface defects of NMs. MWR-assisted heteroatom
doping (e.g., nitrogen- or sulfur-modified carbon dots) enables
bandgap structure regulation. UR-assisted self-assembly pro-
cesses facilitate the formation of stable core-shell structures.
(3) Comprehensive improvements in dispersion and stability
are achieved through in situ synthesis techniques assisted by
UR and MWR, as well as the synergistic strengthening of
mechanical shear and high shear force fields in RPBR and
HSR, effectively addressing agglomeration issues commonly
encountered in traditional NM preparation. Furthermore, the
synergistic enhancement of mixing and shearing in HSR
improves the uniformity of multi-metal co-deposition.

5. Future prospects

Looking forward, to meet the demands for customized and
intelligent synthesis of NMs, PI strategies will progressively
evolve from single technologies toward multi-technology inte-
gration, intelligent control, green chemistry, and scalable
deployment:

(1) Multi-technology coupling: integrating the narrow resi-
dence time distribution of MCR with the strong turbulence and
high shear characteristics of HSR or RPBR, along with the
directional induction and activation energy reduction effects
of UR or MWR, to construct a segmented multi-field intensified
reaction system, achieving simultaneous optimization of parti-
cle size, morphology, and surface defects in a single step.

(2) Computer-aided simulation: by integrating computa-
tional fluid dynamics with a population balance model that
features a validated kernel, numerical simulations are con-
ducted to systematically investigate the particle mixing
dynamics within mixers, as well as the associated mechanisms
of particle size evolution. Additionally, molecular dynamics
simulations are employed to compute aggregation nuclei and
elucidate atomic-scale phenomena.

(3) Intelligent-driven process: develop high-sensitivity tools
with excellent spatiotemporal resolution to conduct in situ
monitoring and real-time characterization of key parameters,
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for rapid and accurate analyse particle formation process.
Integrate the system with machine learning to create a multi-
scale platform linking “equipment parameters - reaction
kinetics — material properties”. Finally, use artificial intelli-
gence algorithms extract data from a wide range of datasets and
adjust parameters dynamically, reducing optimization time
and improving product performance.

(4) Green processes and application expansion: combining
material synthesis methods (e.g., template method, emulsion
method, and gel method) with bio-derived solvents (e.g., ionic
liquids, deep eutectic solvents) and focusing on function-
oriented NM design to develop environmentally friendly synth-
esis pathways.

(5) Scalability and materials innovation: deepening the
understanding of dynamic mixing behavior within reactors,
establishing reliable scale-up models. Developing novel low-
cost, corrosion-resistant, and wear-resistant materials (e.g., 3D-
printed components, corrosion-resistant alloys, or ceramics) to
reduce equipment manufacturing costs.

From MCRs to HSRs, PI strategies are propelling NM synth-
esis from empirical trial-and-error toward data-informed
rational design. Through multi-tech synergy, intelligent plat-
forms, and green process innovation, PI will become a corner-
stone for bridging nanoscale discoveries and industrial-scale
implementation, driving the next generation of advanced func-
tional materials.
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