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Abstract
Nanocatalysts are critical to energy, chemical, and environmental technologies, but their
broader  use  requires  scalable  and  reproducible  manufacturing  with  precise  structural
control.  Continuous-flow  synthesis  provides  a  compelling  method  that  enables
programmable  reaction  environments  with  well-defined  mixing  and  heat  transfer
conditions, thereby allowing tighter control over nanostructure formation. In this study, a
reaction  engineering  approach  is  used  to  investigate  the  continuous-flow  synthesis  of
nanocatalysts. First, we elaborate on how key factors, such as mixing dynamics, residence
time  distribution,  thermal  history,  interfacial  confinement  and  external  energy  input,
regulate  nucleation,  crystal  growth,  defect  formation,  interface  construction  and
multicomponent assembly. Second, we then discuss how this flow environments support
structural control across increasing levels of complexity, from primary nanostructures to
interfacial  and  multicomponent  structures  and  ultimately  to  catalyst-level  structural
integration. Last, we consider the main challenges to manufacturing translation, such as
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reactor  fouling  and  clogging,  process  drift,  loss  of  reproducibility  during  sustained  operation,  and  difficulties
preserving  structural  fidelity  during  scale-up  and  downstream  catalyst  handling.  These  advancements  make
continuous-flow synthesis a critical bridge between reaction engineering, nanocatalyst design, and scalable catalyst
manufacturing.

INTRODUCTION
Catalysts are critical in a wide range of chemical pro-

cesses, including organic synthesis
[1]

, environmental

remediation
[2]

, energy conversion
[3]

 and emerging

biorelated systems
[4]

. Nanocatalysts have garnered

much attention because reducing catalyst dimen-

sions to the nanoscale alters surface atomic configu-

rations and electronic structures, which improves

catalytic activity, selectivity, and stability
[ 5 - 9 ]

.

Notably, the performance of nanocatalysts is highly

sensitive to structural features such as particle size

and size distribution, exposed crystal facets, defect

density, composition, and interfacial structure
[10-14]

.

Therefore, precise control of these structural

attributes during synthesis is essential to the rational

design of catalytic materials.

This requirement also makes nanocatalyst synthesis

a reaction engineering challenge. Catalytic nanostruc-

tures form via a series of transient and closely cou-

pled processes, such as precursor mixing, supersatu-

ration development, nucleation, crystal growth, and

interfacial reconstruction. All these processes are

controlled by local reaction conditions
[15-19]

. In

conventional batch systems, these processes are

often poorly controlled because limited heat and

mass transfer generate nonuniform temperature and

concentration fields, broadening local reaction histo-

ries and promoting temporal and spatial overlap

between nucleation and growth
[20-24]

. As a result,

batch synthesis often produces materials with broad

structural distributions, limited reproducibility and

poor scalability, whereas harsh conditions, long reac-

tion times and safety concerns further limit practical

production.

Continuous-flow synthesis provides a compelling

approach to overcome these limitations by enabling

programmable reaction environments with well-

defined mixing and heat transfer conditions.

Precisely regulating nanostructure formation - via

improved control of residence time, reactant deliv-

ery, interfacial confinement, and external energy

input - expands the design space for catalytic mater-

ials
[25,26]

. Several excellent studies have summarized

the application of microfluidics and continuous-flow

technologies for nanoparticle synthesis, focusing on

reactor configurations
[27]

, synthesis methodologies
[28]

,

material categories
[29]

, and the advantages of flow pro-

cessing
[30]

 over conventional batch approaches.

These studies provide useful examples for nanomate-

rial synthesis using flow systems. However, the pre-

sent study gives minimal attention to the reaction

engineering principles in terms of nanostructure

formation and their application in large-scale man-

ufacturing.

In this s tudy, we use a react ion engineering

approach to examine continuous-flow nanocatalyst

synthesis. Rather than classifying synthesis examples

according to material type or reactor design, we

focus on how key reaction engineering factors, such

as mixing dynamics, residence-time distribution,

thermal history, interfacial confinement, and

external energy input, control nucleation, growth,

defect formation, interface construction, and multi-

component assembly. Furthermore, we extend the

discussion beyond nanoparticle synthesis itself to

consider how these structure-forming mechanisms

affect catalyst-level structural integration, process sta-

bility, and scalable manufacturing. By connecting

nanostructure formation to manufacturing require-

ments, we provide a conceptual framework that

links reaction engineering, nanocatalyst design, and

industrially relevant catalyst production.

WHY NANOCATALYST SYNTHESIS IS A
REACTION ENGINEERING PROBLEM
The catalytic performance of nanocatalysts is highly

sensitive to structural features formed during synthe-

sis. Unlike bulk catalysts, whose properties are often

controlled by their composition and average phase

structure, nanocatalysts have size-dependent and

interface-dependent characteristics, such as particle

size and size distribution
[31]

, exposed crystal facets
[32]

,

defect density
[33]

, compositional homogeneity and

heterointerfacial structure
[34,35]

. These characteristics
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Figure 1. Illustration of the nanoparticle formation process based on the LaMer model. Adapted with permission from ref.[37]. Copyright
2024, Wiley.

directly affect not only the density, accessibility and

electronic structure of active sites but also activity,

selectivity and stability in catalytic reactions
[36]

.

Therefore, the synthesis of nanocatalysts involves

not only the production of the target material but

also the construction of specific structural states to

yield the required catalytic function.

These structural states emerge through dynamic pro-

cesses that evolve across short spatial and temporal

scales. The formation of nanoparticles typically

involves precursor accumulation, supersaturation

development, nucleation, crystal growth, and sub-

sequent structural evolution [Figure 1], all of which

are  s ignif icantly  af fected  by  local  react ion

conditions
[37-39]

. In idealized solution-phase synthe-

sis, a rapid and temporally concentrated nucleation

event followed by a separate growth stage can gener-

ate particles with narrow size distributions and

uniform structures. In practice, the formation of cat-

alytic nanostructures relies not only on the basic

composition of precursors but also on the order,

duration, and spatial distribution of the above basic

reactions. With respect to nanocatalysts, minor

changes in growth kinetics, local redox atmosphere,

or interfacial evolution may change the exposed

crystal facets, vacancy density, alloy state, and interfa-

cia l  s tructure  and  cause  dist inct  catalyt ic

performance
[40-42]

.

In conventional batch systems, these processes are

often difficult to accurately control. Limited heat

and mass transfer can generate nonuniform tempera-

ture and concentration fields throughout the reactor,

resulting in extensive local supersaturation distribu-

tions and asynchronous precursor conversion.

Under these conditions, nucleation may begin earli-

er in some regions, whereas others remain in the pre-

cursor accumulation stage, resulting in temporal and

spatial overlap between nucleation and growth
[38]

.

This often results in extensive particle growth histo-

ries and increases structural heterogeneity. In multi-

component systems, the problem becomes even

more distinct because differences in precursor reac-

tivity, reduction kinetics, or deposition pathways can

further complicate the formation of well-defined

interfaces and compositional order
[43]

. Therefore,

many of the limitations associated with batch

nanocatalyst synthesis stem not only from chemical

complexity but also from insufficient control of the
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local environments in which structure formation

occurs.

Nanocatalyst synthesis is a reaction engineering

problem. The key challenge is to define and regulate

the local reaction histories that control supersatura-

tion, nucleation, growth, defect generation, and

interface evolution rather than merely selecting

appropriate precursor chemistries
[44]

. This require-

ment places transport processes, thermal manage-

ment, residence time and interfacial conditions at

the center of catalyst synthesis. This requirement

also explains why conventional batch approaches

often fail to yield both precise structural control and

scalable reproducibility. Continuous-flow synthesis

has been given much attention because it provides

more programmable reaction environments in

which these variables can be better controlled.

Understanding nanocatalyst synthesis in terms of

reaction engineering provides a conceptual basis for

analyzing why flow systems are particularly suitable

for the controllable and scalable production of cat-

alytic nanostructures.

REACTION ENGINEERING MECHANISMS
THAT GOVERN NANOSTRUCTURE
FORMATION
Continuous-flow synthesis provides more than a

reduction in reactor size or a change in operating

mode. The main advantage of continuous-flow

synthesis is the ability to define the local reaction

environment more accurately than in conventional

batch systems. This advantage is particularly

important for nanocatalyst synthesis, where particle

formation is highly sensitive to transient concentra-

tion fields, transport processes, and thermal fluctua-

tions
[45,46]

. Several key factors control nanostructure

evolution under flow, such as mixing and supersatu-

ration, residence time and residence-time distribu-

tion, thermal history, interfacial confinement and

external energy input
[47]

. These factors determine the

sequence and uniformity of nucleation, growth,

defect formation and interface evolution.

Mixing is a primary determinant because it controls

how rapidly precursor species come into contact and

how quickly local supersaturation is established. In

systems that involve fast reduction, hydrolysis, or

precipitation, small differences in mixing time can

significantly affect the nucleation density and width

of the particle size distribution [Figure 2A-C]
[48,49]

.

Rapid and homogeneous mixing can compress the

nucleation window and promote more synchronized

particle formation, whereas slow or nonuniform

mixing expands local concentration fields and allows

continuous nucleation and uneven growth to occur

simultaneously [Figure 2D]
[50,51]

. Mixing and super-

saturation jointly define the initial reaction history

of nanocatalyst formation. Owing to the variability

of precursor chemistries and particle formation

pathways, a universal quantitative correlation

between mixing efficiency and nucleation rate has

not been established. Nevertheless, several reaction

engineering descriptors, including mixing time,

micromixing efficiency, Damköhler-type analyses,

and supersaturation evolution, are typically used to

analyze this relationship. In particular, the relative

timescales of mixing and nucleation play a critical

role in determining supersaturation development

and nucleation kinetics
[52,53]

. When mixing occurs

faster than nucleation, supersaturation can be gener-

ated more uniformly throughout the reactor, result-

ing in a temporally compressed nucleation event and

narrower particle size distributions. Conversely,

insufficient or nonuniform mixing may result in

local concentration gradients, sustained nucleation

periods, and increased structural heterogeneity
[54,55]

.

Residence time and residence-time distribution pro-

vide a second level of control by determining how

long particles experience a given reaction environ-

ment and how uniformly those histories are shared

across the system
[56]

. A narrow residence-time distri-

bution is especially valuable because it reduces dis-

parities in growth duration and produces more

uniform nanostructures [Figure 3A and B]
[57,58]

. Ther-

mal history significantly affects precursor decomposi-

tion, crystallization, phase transformation, and

defect generation, specifically for oxide and multi-

component catalysts 
[59,60]

. Compared with traditional

batch reactors, continuous-flow reactors involve

faster heat transfer and more stable temperature con-

ditions, thus enabling better control of the above pro-

cesses and greater structural reproducibility.

Thermal history is critical role in defect formation

and stabilization in oxide nanocatalysts. Continu-

ous-flow synthesis involves rapid heating and

quenching. The short thermal treatment time

promotes kinetically controlled crystallization, so

defects, such as oxygen vacancies, lattice distortion,



Chen et al. Engin Fut. 2026, 1, 2 Page 5 of 25

Figure 2. (A) Schematic of NP synthesis in a microfluidic channel; (B) schematic of differently shaped microchannels; and (C) schematic
description of NP generation in different passive and active microfluidic devices. (A-C) adapted from ref.[49]. Copyright 2025, The Royal
Society of Chemistry; (D) Microchannel reactor for nanoparticle preparation. Adapted with permission from ref.[51]. Copyright 2022,
Springer Nature. NP: Nanoparticle; AC: alternating current.

Figure 3. (A) Continuous-flow experimental setup for CeO2 nanoparticle preparation; (B) HRTEM images and SAED pattern of CeO2

nanoparticles. (A and B) adapted from ref.[58]. Copyright 2017, American Chemical Society. HRTEM: High-resolution transmission electron
microscopy; SAED: selected area electron diffraction.

and nonstoichiometric domains, can be retained
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Figure 4. (A) Schematic showing the addition of a solvent to increase the reaction efficiency; (B) schematic showing increased interphase
contact; and (C) multiphase reactors for improved reactions. (A-C) adapted from ref.[68]. Copyright 2006, American Chemical Society; (D)
Schematic of a microfluidic system coupled with UV/thermal fields for Ag NP synthesis. Adapted with permission from ref.[69]. Copyright
2025, American Chemical Society. NP: Nanoparticle; UV: ultraviolet.

before the system reaches thermodynamic equilib-

rium
[61,62]

. Consequently, flow-synthesized oxides

often have higher concentrations of metastable

defects that can improve catalytic activity. In con-

trast, batch crystallization typically involves slower

heating rates and longer residence times at higher

temperatures, promoting atomic diffusion, defect

migration, and lattice reorganization
[63-65]

. These pro-

cesses facilitate defect annihilation and structural

ordering, resulting in lower defect densities and

more thermodynamically stable crystal structures.

Therefore, thermal history controls the balance

between defect generation and defect annihilation,

directly affecting defect concentration, local electron-

ic structure, and ultimately catalytic performance.

Interfacial confinement and external energy input

further expand the controllable synthesis space in

flow systems. In multiphase or segmented-flow

reactors, droplets, slugs, and fluid interfaces create

confined reaction domains that regulate transport,

inhibit aggregation, and facilitate the formation of

more uniform particles, shells, and heterointerfaces

[Figure 4A-C]
[66-68]

. External inputs [Figure 4D]
[69]

,

such as ultrasound, microwave irradiation, light and

laser fields, use additional kinetic and thermal con-

trol, allowing access to nonequilibrium growth

pathways that are difficult to achieve under conven-

tional conditions. Collectively, these factors define

the local reaction histories experienced by the forma-

tion of nanocatalysts in flow and provide a basis for

understanding how continuous-flow synthesis can

be used to control specific structural targets.

These mechanistic differences in local reaction histo-

ries can be further substantiated and quantitatively

evaluated by comparing key performance indicators

between batch and continuous-flow synthesis under

otherwise identical chemical systems. Maintaining

consistent chemical system and reaction parameters

is essential. Under identical precursors and reaction

conditions, parallel experimental studies demons-
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trate that batch synthesis inevitably produces

nanocatalysts with a larger particle size coefficient of

variation, which is a direct consequence of expanded

concentration and temperature fields inside the

reactor
[70,71]

. More importantly, the asynchronous pre-

cursor conversion in batch reactors causes substan-

tial temporal overlap between nucleation and

growth. Owing to the rapid and uniform mixing as

well as the well-defined residence-time distribution,

continuous-flow synthesis results in synchronous

nucleation across the entire reactor. Continu-

ous-flow synthesis not only decreases the particle

size coefficient of variation to obtain highly monodis-

perse nanoparticles but also reduces the overlap

between nucleation and growth
[53,70,72,73]

. These differ-

ences in key performance indicators clearly indicate

that continuous-flow technology can accurately con-

trol the elementary steps of nanostructure formation

in terms of reaction engineering.

STRUCTURE-ORIENTED REACTOR DESIGN
IN CONTINUOUS-FLOW NANOCATALYST
SYNTHESIS
Reaction engineering factors control the local con-

centration, thermal and transport histories during

continuous-flow synthesis. These factors determine

the structural outcomes. The catalytic performance

of nanocatalysts is controlled not only by nominal

composition but also by structural states formed

across multiple levels of organization, from individu-

al particles to coupled nanoscale domains and, ulti-

mately, to integrated catalyst structures. Continu-

ous-flow synthesis is important not because all flow

reactors provide the same advantages but because

different flow environments provide different

degrees of control over the structure-forming tasks

that become dominant at each level of complexity.

Accordingly, this section considers reactor–structure

relationships in terms of three progressively more

demanding synthetic objectives: primary nanostruc-

ture control, interfacial and multicomponent nanos-

tructure control, and catalyst-level structural integra-

tion.

Primary nanostructure control

Primary nanostructure control represents the most

essential level at which continuous-flow synthesis

affects the formation of nanocatalysts. At this level,

the key structural targets include particle size and

size distribution, particle shape and exposed crystal

facets, and defect or vacancy states within individual

nanostructures
[47]

. Although these features are often

described separately, they are different indicators of

the same underlying problem: how nucleation,

growth and internal structure development are dis-

tributed across local reaction histories. The signif-

icance of flow is not only in generating smaller or

more uniform particles but also in reducing the dis-

tributions of concentration, temperature and resi-

dence time that control the formation of individual

nanostructures.

Among these structural attributes, particle size and

size distribution provide the most immediate read-

out of flow-controlled synthesis. In many nanocat-

alyst systems, the decisive requirement is not only

rapid precursor conversion but also temporal com-

pression of the nucleation event and a reduction in

disparities in subsequent growth histories
[74]

. Contin-

uous-flow environments can meet this requirement

by improving mixing homogeneity, accelerating

supersaturation and inhibiting secondary nucleation

or aggregation, thereby enabling more synchronized

particle birth and narrower size distributions than

are typically accessible in batch reactors. Specifically

in monometallic systems, catalytic behavior is often

highly sensitive to small variations in particle dimen-

sions, but similar principles apply to oxide nanocat-

alysts that are formed through hydrolysis or precipi-

tation pathways
[75]

. When the dominant synthetic

task is to decrease local reaction history distributions

without requiring strong compartmentalization, sin-

gle-phase flow reactors are often sufficient and par-

ticularly effective because they reduce concentration

and  thermal  heterogeneity  during  part ic le

formation
[76]

.

Control at the primary structural level, however, cov-

ers far more than particle size alone. Synchronized

nucleation can be realized in continuous-flow sys-

tems. By adjusting the precursor feeding rate,

growth time, and local reaction conditions during

crystal growth, researchers can further control the

particle morphology and exposed crystal facets
[77]

.

This is particularly important for nanocatalysts

whose activity and selectivity are determined by

anisotropic growth or by the preferential exposure of

catalytically distinct crystal planes. In these scenar-

ios , f low is cr i t ical because i t provides more

reproducible growth conditions rather than only

faster synthesis. Continuous-flow environments can
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Figure 5. (A) Different types of reactors for dynamic microfluidic synthesis of zinc oxide nanowires; (B) uniformity of the grown ZnO-
NWs. (A and B) adapted from ref. 81. Copyright 2025, Wiley. NW: Nanowire; PDMS: polydimethylsiloxane.

convert structural control from a largely empirical

outcome into a more programmable consequence of

precursor transport and growth-path regulation.

Another advantage of flow is that catalytic function

is determined by internal structural states rather

than by external particle geometry. Defect incorpora-

tion, vacancy formation, and local crystallographic

disorder are often sensitive to thermal history, redox

conditions, and nonequilibrium growth pathways,

all of which are difficult to control uniformly in

conventional batch systems
[78]

. Because flow reactors

can better limit these local histories, they can also

provide a way to catalytically tune nonstoichiometry

and metastable internal structure. This is particularly

relevant in oxide and multivalent systems, where

vacancy concentration or local electronic disorder

can affect adsorption energetics, charge transport,

and reaction pathways as strongly as particle size or

morphology [Figure 5]
[79-81]

. When this internal

structural control requires rapid crystallization or

intensified activation beyond what only hydro-

dynamic regulation can provide, field-assisted flow

can provide an additional layer of control by more

selectively perturbing local kinetic or thermal envi-

ronments.

These examples reveal the overall importance of

continuous-flow synthesis at the primary nanostruc-

ture level, which can reorganize the timing and con-

ditions of particle formation itself. Continuous-flow

synthesis not only produces more uniform nanopar-

ticles but also regulates how size, morphology, and

internal structural states emerge from coupled

nucleation and growth processes. The catalytic signif-

icance of primary nanostructure control has distinct

l imits .  In  many  advanced  nanocatalysts ,

performance is determined not only by the proper-

ties of individual particles but also by the spatial

arrangement and kinetic coordination of their multi-

ple components. At higher levels of complexity, the

synthetic challenge shifts from controlling isolated

particle histories to controlling interfaces and multi-

component formation pathways.

Interfacial and multicomponent nanostructure
control

As catalytic nanostructures evolve beyond isolated

particles, the central synthetic challenge shifts from

controlling individual formation histories to coord-

inating the spatial and temporal relationships

between multiple domains or components. At this
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level, the relevant structural targets include core-

shell structures, heterointerfaces, alloy nanoparticles,

intermetallic phases, and other compositionally cou-

pled nanostructures whose catalytic performance is

determined by the properties of each constituent but

also by how they are arranged, connected, and

formed relative to one another
[82-86]

. Continuous-flow

synthesis is particularly important because it can reg-

ulate not only when particles form but also how dist-

inct formation pathways are sequenced, confined

and synchronized across interfaces and components.

The transition from primary nanostructure control

to interfacial and multicomponent control indicates

a shift from single-particle precision to coordinated

nanoscale organization.

This higher-order control is most immediately

observed in interfacial nanostructures, where catalyt-

ic behavior is often controlled by the proximity,

sharpness, and mutual coupling of distinct domains

rather than by a single nanocrystal. This pheno-

menon is particularly evident in core-shell structures

and related heterostructures because their synthesis

requires shell growth to proceed on preformed cores

within a defined time window while avoiding

secondary nucleation, uncontrolled overgrowth, or

aggregation
[84,86]

. It is difficult for batch reactors to

meet the above requirements because of uneven con-

centration distributions and inconsistent particle

growth processes. In contrast, continuous-flow sys-

tems can accurately control the contact time of pre-

cursors, add stepwise reagents, and maintain

uniform growth environments to unify the growth

conditions of particles. As a result, shell thickness,

interfacial sharpness, and compositional gradients

can be regulated more reproducibly, allowing the

formation of interfacial nanostructures with greater

structural fidelity than is typically possible under less

controlled conditions.

In addition to controlling shell thickness and overall

composition, the atomic structure of the core-shell

interface  i tse l f  can  determine  catalyt ic

performance
[87,88]

. In many bimetallic nanocatalysts,

the interface is not atomically abrupt but contains an

interdiffusion region whose thickness is determined

by the precursor reduction kinetics, deposition

pathways, thermal history, and postsynthesis restruc-

turing
[89,90]

. These compositional gradients can signif-

icantly alter the electronic interactions between adja-

cent domains through ligand and strain effects,

which alter the structure and catalytic selectivity. In

terms of engineering, continuous-flow synthesis pro-

vides unique opportunities for controlling interfacial

evolution because precursor delivery, reduction

kinetics, temperature profiles, and residence times

can be regulated more accurately than in convention-

al batch systems. Rapid mixing and short reaction

times may inhibit undesired interdiffusion and facili-

tate  the  formation  of  more  sharply  def ined

interfaces. Nevertheless, achieving truly atomically

sharp interfaces remains challenging because atomic

diffusion, surface reconstruction, and thermodynam-

ic equilibration continue to occur during nanopar-

ticle growth and postsynthesis processing. Future

advancements will likely require the integration of

continuous-flow synthesis with in situ characteriza-

tion and atomic-scale modeling to establish quantita-

tive relationships among reaction history, interfacial

sharpness, and catalytic performance.

This advantage becomes even more distinct when

structural precision requires compartmentalization

or localized interfacial growth. In these scenarios,

multiphase and segmented-flow systems are particu-

larly powerful because droplets, slugs or other limit-

ed domains can serve as isolated reaction units that

localize nucleation and deposition while reducing

particle-particle interference across the broader

reactor volume [Figure 6]
[91,92]

. In the multicompo-

nent synthesis process, the material stream begins

with the controlled use of multiple precursors in the

microfluidic reactor, where precise mixing ensures

uniform local supersaturation for each component.

Nucleation events are subsequently initiated in a tem-

porally synchronized manner, reducing overlapping

growth and allowing for predictable particle size dis-

tributions. The growth stage occurs under confined

flow conditions, which regulate interfacial interac-

tions and facilitate the formation of core-shell and

heterostructured nanoparticles. The assembly of

these components is coordinated to create multi-

component nanostructures with well-defined

interfaces and controlled compositional gradients.

These nanostructures are important not only for

integrating a more complex flow pattern but also for

creating synthetic environments in which growth

can be spatially isolated, sequentially organized, and

less vulnerable to wall deposition or uncontrolled

aggregation. This compartmentalization is particu-

larly useful when distinct phases must be assembled
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Figure 6. (A) Schematic of the experimental setup with water-in-oil droplets to prepare Pd nanoparticles; B: TEM and HRTEM images of
Pd nanocrystals. (A and B) adapted from ref.[91]. Copyright 2013, Wiley. (C) Schematic of the droplet-reactor system; (D) Setup for cross-
flow filtration. (C and D) adapted from ref.[92]. Copyright 2018, American Chemical Society. TEM: Transmission electron microscopy;
HRTEM: high-resolution transmission electron microscopy.

in close proximity without allowing competing

growth pathways to overlap excessively. Segment-

ed-flow and droplet-based methods therefore

become important not only as intensified reactor

formats but also as control tools for interfacial orga-

nization when structural precision depends on local-

ized confinement.

As structural complexity increases, the challenge

shifts from controlling predefined interfaces to syn-

chronizing the formation of multiple components

with intrinsically different chemistries and kinetics.

This is the main difficulty in multicomponent nanos-

tructure control. The main challenge is not complex

compositions but rather the coordination of multi-

ple coupled formation pathways. These pathways

differ greatly in terms of precursor reactivity, reduc-

tion order, hydrolysis rate, diffusion performance,

and postsynthesis structural reconstruction
[93,94]

. In

batch systems, these differences result in asynchro-

nous nucleation, uneven growth, local composition-

al heterogeneity, partial segregation, or incomplete

ordering. As a result, structures intended to create

homogeneous alloys may instead evolve into compo-

sitionally graded particles, whereas systems that tar-

get ordered intermetallic phases may fail to achieve

the desired atomic arrangement. Continuous-flow

synthesis can mitigate these problems by reducing

local reaction histories, staging precursor addition

more precisely, and maintaining more stable ther-

mal and transport conditions throughout the synthe-

sis pathway. Under these conditions, the balance

between coreduction and sequential deposition,

between alloying and segregation, or between order-

ing and phase separation can be directed more

reproducibly towards the desired structural out-

come.

In this multicomponent regime, the importance of

flow stems from pathway synchronization rather



Chen et al. Engin Fut. 2026, 1, 2 Page 11 of 25

than transport enhancement. Rapid and reproduci-

ble mixing can align the earliest stages of multi-

component formation, whereas segmented-flow envi-

ronments can isolate competing pathways and

reduce cross-interference during coupled growth.

Field-assisted flow can further expand the accessible

structural space when multicomponent assembly

requires rapid crystallization, selective activation or

nonequilibrium restructuring, which cannot be

achieved reliably through only hydrodynamic con-

trol
[95]

. These different flow environments should not

be considered parallel reactor categories of equal rel-

evance in every scenario. Instead, they provide differ-

ent levels of control over how multiple components

are brought together, transformed, and stabilized

during nanostructure formation. Their significance

therefore depends on which step in the coupled

formation pathway is most structurally decisive.

Consequently, controlling interfacial and multi-

component nanostructures reveals that continu-

ous-flow synthesis extends beyond improving the

uniformity of individual particles. At these higher

levels of structural complexity, catalytic function

increasingly depends on the coordination of multi-

ple domains whose arrangement, compositional dis-

tribution, and coupling must be established during

synthesis rather than corrected afterward. Continu-

ous-flow systems are particularly important because

they provide programmable environments for orga-

nizing these coupled formation pathways with

greater temporal and spatial precision. However,

even when nanoscale precision is achieved, its

practical value remains limited unless it can be

transformed during catalyst assembly into larger,

functionally usable structures. The challenge

therefore shifts from the formation of coordinated

nanostructures to catalyst-level structural integra-

tion.

Although interfacial and multicomponent nanostruc-

tures can provide improved catalytic functionality

through synergistic interactions, their practical effect

ultimately depends on whether these structural fea-

tures can be retained during catalyst assembly and

deployment. Therefore, the challenge shifts from

nanoscale organization to ensuring structural fidelity

and accessibility at larger scales, linking nanostruc-

ture design directly to catalyst-level integration and

manufacturing.

Catalyst-level structural integration

While the previous discussions have focused on gen-

erating increasingly complex nanostructures

through reaction engineering control, the practical

importance of these structural attributes ultimately

depends  on  whether  they  can  be  ef fect ively

maintained during catalyst integration and manufac-

turing. At this stage, structural fidelity is critical to

preserving catalytically relevant features generated at

the nanoparticle level - such as particle size distribu-

tions, defect states, heterointerfaces, active-site acces-

sibility, and spatial organization - rather than focus-

ing on particle morphology during integration and

processing
[96,97]

. Depending on the catalyst system,

structural fidelity can be assessed through comple-

mentary descriptors such as particle size retention,

dispersion index, accessible active-site density,

interface preservation, pore accessibility, and catalys-

t-level structural uniformity, which together deter-

mine whether nanoscale design features remain func-

tional after deposition, shaping, drying, calcination,

or support integration
[98-100]

. Catalyst manufacturing

is a cross-scale structure-transfer problem that

requires translating nanoparticle-level descriptors

(e.g., size, defect concentration, and interface struc-

ture) into catalyst-level properties, including active-

phase dispersion, site accessibility, mass-transfer

characteristics, and operational stability. Ultimately,

this translation determines whether the advantages

of continuous-flow nanostructure control are

retained in practical systems.

The importance of continuous-flow nanostructure

control is its ability to achieve nanoscale precision,

which occurs only when this precision is translated

into catalyst structures that remain functional under

practical conditions. In most catalytic applications,

active nanophases are not used as freely dispersed

particles. Instead, they are incorporated into support-

ed, composite or coprecipitated materials, where cat-

alytic behavior is controlled by the larger structural

environment. At this level, the challenge shifts from

generating particles with controlled size, interfaces

or composition to preserving these features during

deposition, assembly and integration into a macro-

scopic catalyst body [Figure 7]
[45,101-103]

. Catalyst-level

structural integration therefore represents a distinct

stage of synthesis, shifting the focus from the forma-

tion of nanostructures to the retention of their cat-

alytic properties within a usable material.

This shift is important because catalyst performance
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Figure 7. (A) Synthesis of core-shell-structured composite catalysts in continuous-flow reactors.; (B) Representative trajectories of single
cores; (C) SEM images of Au@Pd core-shell nanoparticles synthesized via the microfluidic/batch process; (D) SEM images of Au@Au
core-shell nanoparticles synthesized via a microfluidic/batch process. (A-D) adapted from ref.[45]. Copyright 2021, Wiley. NP:
Nonoparticle; BHP: bottom herringbone positive; UH: upper herringbone; SEM: scanning electron microscopy.

at the structural level depends on structural variables

that are not determined by only particle descriptors.

The most important variables are the dispersion of

active domains, the accessibility of interfacial active

sites, the strength and uniformity of active phase-

support coupling, and the resistance of the integrat-

ed catalyst to aggregation or structural drift during

handling and operation
[104-107]

. These variables are

highly sensitive to local concentration fields, precipi-

tation pathways, deposition kinetics, and thermal

histories during synthesis. Therefore, even nanos-

tructures that are well controlled in isolation may

lose much of their function if they become unevenly

deposited, partially buried, weakly coupled to the

support or poorly distributed throughout the final

catalyst structure. The challenge at this stage is

therefore retaining not only morphology but also

structure-function relationships across a change in

scale.

Continuous-f low  synthesis  has  dist inct ive

advantages because it allows catalyst assembly to be

treated as a coordinated formation process rather

than as an unorganized sequence of separate steps.

In supported and composite catalysts, improved con-

trol over precursor mixing, local supersaturation,

deposition timing and thermal exposure can reduce

the distribution of formation histories experienced

during active-phase integration
[108]

. This is particu-

larly important in coprecipitation and continuous

deposition pathways, where small variations in pH,

concentration or conversion can determine whether

active phases are finely dispersed, unevenly clustered

or partially embedded within an inaccessible support

matrix (for example, the synthesis of ZIF-8; Figure

8)
[109]

. Under flow, these variables can often be held

within a narrower operating window, making the cat-

alyst-level structure more reproducible and less

dependent on uncontrolled local fluctuations than in

conventional batch preparation. Instead of only
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Figure 8. (A) Schematic representation of the experimental setup used for ZIF-8 synthesis; (B) SEM images of ZIF-8 particles showing the
size dependence of the concentration and flow rate (all SEM images are presented at the same scale; scale bar: 500 nm). (A and B)
adapted from ref. 109. Copyright 2024, Wiley. ZIF: Zeolitic imidazolate framework; SEM: scanning electron microscopy.

accelerating synthesis, flow is critical for translating

nanoscale designs into catalyst structures with consis-

tent functional organization.

In multicomponent catalyst systems, this structural

design is essential for integrating several domains

while maintaining nanoscale precision, accessibility,

stability, and mutual coupling in the final material.

Catalysts such as Cu/ZnO/ Al
2
O

3
 and CuO-ZnO-

ZrO
2
 are particularly effective because their catalytic

properties depend not only on their composition but

also on how multiple components are spatially orga-

nized and remain mutually accessible after synthesis

[Figure 9]
[110-112]

. Similar considerations apply to sup-

ported noble-metal catalysts, where the benefits of

particle size control, facet regulation or multicompo-

nent design can be achieved only if the active

nanophase remains exposed, well dispersed and

structurally stable after support integration. During

catalyst-level structural integration, nanoscale design

becomes functionally explicit: particle size deter-

mines active-site density, interface quality dictates

cooperative catalysis, compositional order deter-

mines reaction selectivity, and support coupling con-

trols accessibility and durability. Continuous-flow

synthesis is particularly important here, because it

enables the formation of nanostructures with greater

precision while yielding catalyst structures that are

more coherent, reproducible, and compatible with

manufacturing translation.

Across these different levels of structural control, the

importance of continuous-flow synthesis gradually

becomes more explicit. At the primary nanostruc-

ture level, flow reduces local reaction history distri-

butions and improves the reproducibility of particle

formation. Shifting structural target to interfaces and

multicomponent domains requires coordinating cou-

pled formation pathways with greater spatial and

temporal precision. At the catalyst level, the main

challenge becomes the integration of this nanoscale

precision into structures that remain catalytically

accessible, stable, and functional. Continuous-flow

synthesis is therefore best understood not only as a

method for better nanoparticle preparation but also

as an approach for organizing structure formation

across scales. However, the ability to generate

structurally well-defined catalysts under flow does

not ensure their stable or scalable production. After

synthesis shifts from proof-of-concept structural con-

trol to production-relevant operation, new chal-

lenges emerge, including solid accumulation, pro-

cess drift, scale-up-induced loss of structural fidelity,

and incompatibility with downstream catalyst han-

dling. These issues define the next stage of develop-

ment in continuous-flow nanocatalyst synthesis and

are critical to its translation from controllable synthe-

sis to scalable manufacturing.

FROM CONTINUOUS SYNTHESIS TO
SCALABLE MANUFACTURING
Although structural control makes continuous-flow

synthesis suitable for nanocatalyst design, it does not

ensure manufacturing viability. A flow process that
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Figure 9. (A) Microfluidic synthesis of Cu/ZnO/Al2O3 via coprecipitation; (B) TEM images of calcined Cu/ZnO nanoparticles produced in
the batch reactor. (A and B) adapted from ref.[111]. Copyright 2022, The Royal Society of Chemistry. TEM: transmission electron
microscopy.

can produce structurally well-defined nanocatalysts

under short, carefully controlled laboratory condi-

tions may still fail to yield stable, reproducible, and

practically usable catalyst production with extended

operation or increased throughput. The main chal-

lenge at this stage is not only how to create a desired

nanostructure but also how to maintain structural

fidelity, process stability and catalytic reproducibility

during production. This shif t i s part icular ly

important in nanocatalyst synthesis because par-

ticle-forming reactions are intrinsically sensitive to

local hydrodynamic, thermal and compositional

fluctuations, whereas the continuous generation and

transport of solids create additional risks that are

largely absent in homogeneous flow chemistry.

Accordingly, three closely connected challenges arise

during the transition from controllable synthesis to

scalable manufacturing: solid accumulation and flow

instability during operation, structural drift and loss

of reproducibility over time, and the difficulty of con-

trolling the reaction history during scaling-up and

downstream catalyst handling.

Reactor fouling and clogging

Reactor fouling and clogging remain challenges in

continuous-flow nanocatalyst synthesis, hindering

the transition from controlled laboratory environ-

ments to reliable manufacturing. Unlike homoge-

neous f low chemistry, nanocatalyst synthesis

intrinsically involves the continuous generation,

transport, and transformation of solid particles

within confined channels or reaction pathways
[113]

.

This characteristic makes deposition, accumulation

and blockage difficult to eliminate, particularly when

particle formation is rapid, local supersaturation is

high or colloidal stabilization is insufficient. Fouling

and clogging are not secondary engineering inconve-

niences in a well-behaved process; they are direct

consequences of particle-forming chemistry operat-

ing under confinement.

Their origins are closely linked to the same reaction

histories that control nanostructure formation. If pre-

cursor conversion, reduction, hydrolysis, or precipi-

tation proceed much faster than material dispersion

and transport, high-concentration regions will form

near mixing areas, channel walls, or flow dead

zones
[114]

. Under these conditions, heterogeneous

nucleation may occur preferentially at solid boundar-
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Figure 10. (A) Aggregation and clogging phenomena of microparticles in microfluidics. Adapted with permission from ref.[116]. Copyright
2018, Springer Nature; (B) Reactor fouling of the continuous synthesis of gold nanoparticles using a 3D glass capillary microfluidic device.
Adapted with permission from ref.[118]. Copyright 2017, Elsevier; (C) Microfluidic experimental setup for precipitation-induced clogging
experiments; (D) Time-lapse bright field images representative of precipitation-induced clogging experiments. (C and D) adapted from
ref.[119]. Copyright 2023, American Geophysical Union. PDMS: Polydimethylsiloxane; NP: nanoparticle.

ies rather than in the bulk stream, creating an initial

layer of deposited material that further perturbs

local hydrodynamics and promotes additional

accumulation [Figure 10A]
[115,116]

. Even when nuclea-

tion begins primarily in the flow phase, secondary

aggregation, insufficient stabilization or incomplete

particle removal can still cause gradual build-up

within the reactor [Figure 10B]
[117,118]

. These effects

are particularly severe in systems designed to

increase productivity because the same conditions

that favor rapid particle generation often also

increase the likelihood of wall deposition and flow

obstruction.

The importance of fouling and clogging extends well

beyond the loss of uninterrupted operation. As solid

material accumulates, the effective channel geometry

changes, residence-time distributions broaden, and

local heat and mass transfer conditions deviate from

those originally used to define the synthesis window

[Figure 10C and D]
[119]

. In nanocatalyst synthesis,

where the particle size, morphology, interfacial struc-

ture, and compositional uniformity are highly sensi-

tive to the local reaction history, these changes can

cause product drift even before complete blockage

occurs. Reactor fouling therefore hinders not only

operability but also structural reproducibility: after

the flow environment is altered by deposition, par-

ticles no longer experience the same conditions com-

pared with those generated earlier in the run. This

difference makes fouling and clogging especially

important because they directly erode reaction-histo-

ry control, which determines continuous-flow

structural precision.

These challenges are particularly acute in precipita-

tion-driven syntheses, oxide-forming systems, and

multicomponent reactions involving fast hydrolysis,

reduction, or coupled phase formation
[120,121]

. In these

systems, the timescale of particle birth can become

comparable to or even shorter than the timescale of

local mixing and removal, making uncontrolled
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deposition difficult to avoid. The challenge becomes

more distinct as synthesis shifts to higher solid load-

ing, extended continuous operation, or increased

throughput because these conditions increase the

burden on particle transport and reactor cleanliness.

Therefore, reactor fouling and clogging is the first

manufacturing challenge in continuous-flow

nanocatalyst synthesis: before issues of long-term

product consistency or scale-up can be addressed,

the process must first remain physically operable

under particle-forming conditions.

Mitigating these effects requires methods that inter-

vene at both the reaction and reactor levels. One

method is to reduce the probability of uncontrolled

local particle formation through staged precursor

introduction, better-defined mixing profiles, or dilu-

tion methods that decrease transient supersaturation

peaks. Another method is to alter the flow environ-

ment itself, for example, by using a segmented-

flow
[122,123]

 operation to spatially isolate particle forma-

tion, reduce wall contact and improve particle trans-

port through confined moving domains. Surface

modification
[124]

, anti-fouling channel design
[125]

 and

operating conditions that improve colloidal stabiliza-

tion
[126]

 can further reduce the shift to deposition and

accumulation. Intensified transport or field-assisted

dispersion may also mit igate local bui ld-up,

although these approaches increase complexity and

do not eliminate the underlying trade-off between

rapid particle formation and reactor stability.

Thus, reactor fouling and clogging should not be

treated only as maintenance problems to be solved

after a successful synthesis has been identified. They

are integral to the engineering limits of continu-

ous-flow nanocatalyst production because they

define whether a structurally controlled synthesis

can remain viable over extended operating periods.

A process that produces well-defined nanocatalysts

only until deposition alters the reactor environment

has not achieved manufacturing relevance. The next

challenge, even when operability is maintained, is

whether the process can maintain structural consis-

tency and catalytic reproducibility.

Process stability and reproducibility

Even when reactor fouling and clogging are suf-

ficiently mitigated to permit extended operation,

continuous-flow nanocatalyst synthesis still faces

another  more  demanding  requirement:  the

sustained preservation of product-defining struc-

tures over time. This issue is particularly important

because a flow process may remain physically oper-

able while gradually shifting from the reaction envi-

ronment that originally produced the desired nanos-

tructure. In nanocatalyst synthesis, this drift can be

highly consequential
[127]

. Minor fluctuations in the

flow rate, precursor supply, temperature, phase state,

or external field coupling change the local reaction

conditions. These changes cannot be observed

directly during operation, but they affect the nuclea-

tion time, growth period, interfacial evolution, and

multicomponent structure [Figure 11A]
[128]

. Process

stability is not only uninterrupted flow; it is the abil-

ity to maintain a sufficiently invariant operating

window that ensures the structurally decisive charac-

teristics of synthesis are reproducible [Figure

11B]
[129]

.

This requirement is more stringent for nanocatalyst

manufacturing than for many other continuous

synthesis processes because reproducibility cannot

be evaluated by a single average property. Nanocat-

alysts that appear broadly similar in terms of mean

particle size may still differ significantly in terms of

size distribution, exposed crystal facets, defect con-

centration, compositional homogeneity, interface

quality, or catalyst-level accessibility, each of which

can affect catalyt ic act ivi ty ,  se lect ivi ty ,  and

durability
[130,131]

. The challenge is therefore multidi-

mensional: reproducibility must be maintained

simultaneously at the structural and functional lev-

els. In practice, a stable nanocatalyst synthesis pro-

cess should result not only in consistent particle

formation but also in consistent structure-function

relationships across repeated runs and extended

operation. A process that continues to produce

solids while gradually broadening structural distribu-

tions or shifting catalytic behavior has not yet

achieved the level of control required for manufac-

turing translation.

Even without obvious reactor failure, several factors

can affect this instability. Small fluctuations in the

feed composition or precursor concentration can

shift supersaturation profiles and alter the relative

timing of nucleation and growth. Small thermal

deviations can affect precursor decomposition,

crystallization pathways, and defect incorporation,

particularly in oxide or multicomponent systems. In

multiphase or segmented-flow synthesis, instability
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Figure 11. (A) Development of an automated platform for monitoring microfluidic reactors through multireactor integration and online
detection. Adapted with permission from ref.[128]. Copyright 2024, The Royal Society of Chemistry; (B) Scheme and photograph of the
pilot-scale Corning® AFR and the SiC plate. Adapted with permission from ref.[129]. Copyright 2025, American Chemical Society. LC: Liquid
chromatography; MS: mass spectrometry.

Figure 12. External field auxiliary flow system. (A) Ultrasonic fields. Adapted with permission from ref.[132]. Copyright 2014, American
Chemical Society; (B) Light fields; (C) Microwave fields. Adapted with permission from ref.[134]. Copyright 2016, American Chemical
Society; (D) Laser fields. Adapted with permission from ref.[135]. Copyright 2007, American Chemical Society. UV: Ultraviolet; TTL:
transistor–transistor logic; YAG: yttrium aluminum garnet.

may also arise from changes in droplet size, phase

fraction or interfacial transport, which can affect the

confinement conditions that define particle forma-

tion. Field-assisted flow systems
[132-135]

 result in fur-

ther sensitivities because the spatial uniformity of

ultrasonic [Figure 12A],  l ight [Figure 12B],

microwave [Figure 12C] or other external inputs

[Figure 12D] can also be maintained. Although indi-

vidual perturbations are subtle, their cumulative

effect can be substantial. Nanostructure formation
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Figure 13. (A) Scale-up approaches of micro/milli-reactors from the laboratory scale (a single-channel reactor) to the production scale;
(B) different types of flow distributors. (A and B) adapted from ref.[136]. Copyright 2021, Elsevier.

often amplifies small differences in the local environ-

ment into larger structural differences in the final cat-

alyst.

Therefore, process stability in continuous-flow

nanocatalyst synthesis should be defined by the

preservation of reaction history control rather than

by the lack of operational interruption. What mat-

ters is not only whether the reactants continue to

flow through the reactor but also whether the distri-

butions of the mixing history, thermal exposure, resi-

dence time, and interfacial conditions remain accept-

ably narrow and temporally stable. This perspective

also changes how reproducibility should be evaluat-

ed. Useful manufacturing metrics extend beyond

short-term demonstrations of product formation

and should include run-to-run consistency, duration

of steady-state operation, temporal drift in key

structural  descriptors ,  variance  in  catalyt ic

performance, and acceptable tolerance bounds for

product quality. These criteria are necessary because

the importance of continuous-flow synthesis is its

ability to provide controlled repetition, not just con-

trolled possibility.

Process stability and reproducibility link laborato-

ry-scale control and manufacturing relevance. A

synthesis approach that yields a desired nanostruc-

ture only transiently, or only under narrowly tuned

conditions that are not reliable, remains a proof-of-

concept rather than a production strategy. The issue

at this stage is therefore not whether continuous

flow can produce a target catalyst once but whether

it can continue to do so while preserving the same

structure-forming logic over extended timescales.

This requirement becomes even more challenging

during scale-up, where higher throughput and broad-

er process integration place additional pressure on

the retention of structural fidelity and catalytic con-

sistency.

Scale-up and manufacturing translation

Scale-up is the most demanding test of whether cont-

inuous-flow nanocatalyst synthesis can shift from

laboratory control to practical manufacturing. Theo-

retically, flow chemistry can increase production

capacity without simply increasing the reactor vol-

ume, which makes it highly promising. In practical

applications, the greatest challenge is not improving

throughput but maintaining precise control over the

reaction conditions that determine nanostructure

formation [Figure 13A and B]
[136]

. The structural

fidelity of a synthesis method that performs well at a

small scale is not intrinsically maintained when the

flow rate, reactor number, channel geometry, or pro-

cess integration are changed. This challenge is partic-

ularly critical for nanocatalysts, because the structu-

ral attributes that control catalytic behavior are often

determined by narrow distributions of mixing, ther-

mal exposure, residence time and, where relevant,

interfacial confinement. When these distributions

broaden during scale-up, the resulting catalyst may

remain nominally similar in composition while los-

ing the structural precision that originally justified

continuous-flow synthesis
[137]

.

Scale-up should not be determined only by increas-

ing grams per hour but by the ability to maintain

structure-forming equivalence at higher production

rates
[ 1 3 8 ]

. Meeting this requirement is difficult
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because the reactor characteristics that enable

precise control at a small scale are often closely asso-

ciated with confined geometries, short diffusion

lengths and tightly defined local transport condi-

tions. Increased throughput may compromise these

characteristics by broadening residence-time distri-

butions,  weakening  heat  and  mass  transfer

advantages or altering phase behavior in multiphase

and segmented-flow systems. Even numbering up,

which is often considered the most natural approach

to scale up in flow chemistry, does not eliminate this

problem. Parallel channels must still maintain suf-

ficiently similar flow distributions, thermal condi-

tions and residence times if each unit is to reproduce

the same nanostructure
[139,140]

. The main issue is

therefore not whether a flow process can be made

larger but whether it can be made larger without

changing the structure-forming logic, which deter-

mines catalyst performance.

Manufacturing translation also requires a broader

view of the process than reactor operation does.

After nanocatalyst synthesis shifts to production-rel-

evant implementation, downstream handling

becomes a component of the structural problem

rather than a separate logistical step. Product collec-

tion, phase separation, washing, stabilization, deposi-

tion onto supports, catalyst shaping and other

postsynthesis operations may alter the dispersion

state, interfacial accessibility, compositional homo-

geneity or catalyst-level structure. A nanostructure

that is well controlled at the reactor outlet may

therefore lose practical importance if it cannot be

recovered, formulated or integrated without structu-

ral deterioration. This is particularly important for

supported and composite catalysts, where the final

usable material is defined not only by the nanopar-

ticle product itself but also by how that product is

assembled into a stable and accessible catalytic struc-

ture. Manufacturing translation must therefore

maintain not only nanoparticle identity but also cat-

alyst usability.

Therefore, the criteria for manufacturing relevance

are necessarily more stringent than those for con-

trollable synthesis. A viable production approach

should result in increased throughput while retain-

ing structural fidelity, product consistency, and

compatibility with downstream catalyst processing.

This approach should also ensure the retention of

catalytically critical properties under realistic operat-

ing and handling conditions rather than only at ideal-

ized synthesis endpoints. Successful manufacturing

translation requires codesign across reactor configu-

rations, operating windows, and downstream pro-

cess integration. For continuous-flow nanocatalyst

synthesis to reach its full potential, nanoscale preci-

sion must be maintained under broader processing

conditions and remain functionally explicit in the

final catalyst product. The remaining challenge,

therefore, is not only to demonstrate that nanocat-

alysts can be synthesized continuously but also to

establish process structures in which structural con-

trol, operational stability, and manufacturing viabil-

ity are reinforced rather than compromised.

CONCLUSIONS AND OUTLOOK
Continuous-flow nanocatalyst synthesis is an

important method for controlling nanostructure

formation and combining reaction engineering with

catalyst design. In addition to replacing batch opera-

tion, continuous-flow systems enable programmable

reaction environments that regulate mixing, resi-

dence time, thermal history, interfacial confinement,

and energy input, allowing precise control of prima-

ry particle features, interfaces, multicomponent

structures, and catalyst-level integration. This preci-

sion is particularly important because the function

of nanocatalysts is determined by the structural

states created during synthesis rather than by the

nominal composition. Nevertheless, translating excel-

lent control effects in laboratories into stable catalyt-

ic performance in industrial production remains

challenging. These challenges include reactor foul-

ing, structural deviation, unstable operation, and the

loss of controlled reaction conditions during scale-

up and catalyst posttreatment.

Closed-loop validation methods that integrate cont-

inuous-flow synthesis with in-line or operando

structural characterization (e.g., X-ray absorption

spectroscopy, TEM, and particle tracking) and real-

-t ime catalyt ic evaluat ion are needed. These

approaches would enable quantitative correlations

among flow conditions, nanostructures, and catalyt-

ic performance and would facilitate iterative opti-

mization of synthesis parameters for reactions of

high interest, such as CO₂ hydrogenation, oxygen

evolution (OER), and hydrogen evolution (HER). By

combining structural precision, mechanistic under-

standing, and scalable operation, continuous-flow
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synthesis can evolve from a controllable nanopar-

ticle preparation method into a robust framework

for rational catalyst engineering and industrially rel-

evant catalyst production.
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