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Bridging the gap: harnessing liquid nanomachine
know-how for tackling harmful airborne
particulates

{ '.) Check for updates ‘
Cite this: Nanoscale, 2023, 15, 17727
@b Guoxiang Chen,? Fenyang Zhu,® Dmitry Gorin,

€ Udit Choudhury, Jizhai Cui, ©© ® Krunal Modi, (¢
afan yongfeng Mei (229" and Alexander A. Solovev () *2

Aleksei Kuzin,
Brij Mohan,
Gaoshan Huang,

The emergence of "nanomotors”, “nanomachines”, and “nanorobotics” has transformed dynamic nano-
particle research, driving a transition from passive to active and intelligent nanoscale systems. This review
examines two critical fields: the investigation of airborne particles, significant contributors to air pollution,
and the rapidly emerging domain of catalytic and field-controlled nano- and micromotors. We examine
the basic concepts of nano- and micromachines in motion and envision their possible use in a gaseous
medium to trap and neutralize hazardous particulates. While past studies described the application of
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nanotechnology and nanomotors in various scenarios, airborne nano/micromachine motion and their
control have yet to be thoroughly explored. This review intends to promote multidisciplinary research on
nanomachines’ propulsion and task-oriented applications, highlighting their relevance in obtaining a
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1. Introduction

The capacity of airborne particles to traverse large distances
due to the high air drag-to-weight ratio is one of the factors
that has contributed to the worsening of the situation regard-
ing air pollution since the beginning of the industrial revolu-
tion." The current techniques used to facilitate the capture of
particulate matter (PM), including electrostatic precipitators,
nanoscale meshes, and magnetic traps, have not yet produced
a universally practical and effective solution to prevent the
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cleaner atmospheric environment, a critical component to consider for human health.

diverse health effects of air pollution.> The field of
nanoscience has witnessed a significant evolution over the
past few decades, with the shift in research focus from static
nanoparticles to more dynamic and interactive terms such as
“nanomotors”, “nanomachines” and “nanorobots”.>* These
newly introduced terms brought a dynamic aspect to the field,
suggesting movement, control, and tasks at the nanoscale.’
This shift in terminology has profound and far-reaching
impacts, leading to a surge in research focusing on the control
of nanoparticles’ speed, motion type and traveling distance,
resulting in broad applications.®® Some common types of
nanomachines include Janus spheres, nanowires, microjets
and particles with chiral structures.’ Versatile methods of
nanomachines’ external control have been demonstrated using
ultrasound,'® electrochemical potential,"" oscillating electric
(AC) field,"* magnetic field,"® light,"* and chemotaxis,"® to
name a few examples. Some prominent fields of nanomachine
applications are medicine, environmental science, and
energy.'® For instance, nanomachines can be used for cargo
delivery,"”” biosensing in motion,"® minimally invasive
surgery'® and environmental remediation.>**!

Airborne particulates are conceptually particulate-based
machinery that achieves take-off and propulsion through
various means such as chemical burning reactions,”* electro-
static charging,”® and wind power.>* Classical static techniques
(e.g., high-efficiency particulate air (HEPA) filter) have been
used to remove particulates and create cleaner air.>® The inte-
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gration of materials, energy, and control in the context of
robotics and autonomous systems could be applied to airborne
particulates.>® Subsequently, the principles of dynamic nano-
machines, such as electro-charged water droplets generated
through electrospray atomization,”” electronetting using elec-
trically charged droplets,®® and monodisperse charged dro-
plets via an electrohydrodynamic device,*® can be applied to
enhance the removal of PM. Air cleaning systems primarily use
filtration, UV light, and ionization.>® While practical, these
methods may not entirely remove ultrafine particulates less
than 0.1 pm, have limitations in energy efficiency and can
produce toxic byproducts. By applying nano-micromachines
with incorporated catalytic segments, methods of control
using magnetic fields, light, thermophoresis, electric fields,
ionization and ultrasound could lead to a novel approach to
enhance the effectiveness of air cleaning systems.

This review discusses the capability to control the motion,
interactions and filtration of airborne particulates by deepen-
ing our understanding of the dynamic properties of nano- and
micromotors, machines and robots, which can be designed to
selectively capture, neutralize, and decompose harmful pollu-
tants in the air. In this mini-review, an intersection between
the established area of liquid nanomachines and the emergent
challenges of airborne particulates is rigorously examined.
Initially, advancements in the autonomous and controlled
motion techniques of nanomotors in fluidic environments are
elucidated. Subsequently, attention is directed towards air-
borne particulates, with a discussion of the existing challenges
and potential solutions for their effective removal. An interdis-
ciplinary approach is then employed to compare the capabili-
ties and limitations of nanomachines in both liquid and aerial
environments. In the concluding remarks, the potential of
nanomachines as a promising approach for addressing the
issue of harmful airborne particulates is substantiated. The
overarching aim is to catalyze further scholarly inquiry and
technological innovation in this critical area of airborne
dynamic nanosystems and environmental science. The
purpose of this review is dual-faceted: (i) to investigate the pro-
spective utility of nanomachines in the selective capture and
removal of airborne pollutants, guided by the principles of
nanoscale engineering and materials science, and (ii) to criti-
cally assess how existing research in nanomachine technology,
particularly the principles of nanoscale fluid dynamics and
electrostatic interactions, can be extrapolated to enhance
atmospheric quality. The review’s purview extends beyond
mere deployment of nanomachines for direct sequestration
and relocation of airborne particulates. It also interrogates the
translational applicability of fundamental operating mecha-
nisms—initially conceived for nanoscale systems in fluidic
environments—toward air purification strategies. In doing so,
this review operates both as a comprehensive assessment of
the prospective roles that nanomachines could play in advan-
cing air quality amelioration methodologies and as a rigorous
analytical critique of how extant knowledge in nanomachine
science can foster innovation in alternative air purification
technologies. Fig. 1a-b are dedicated to the elucidation of the
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Fig.1 (a) Three-dimensional expression of a megacity with clearly
occurring air contamination resulting from consequences of the indus-
trial revolution. (b) Graphical image showing human exposure to parti-
culates lead to significant health risks. (c) Typical size distribution and
examples of PM and ultra-fine particulates.> Images (a and b) were gen-
erated using the text-to-image Al tool Midjourney.

pressing issues associated with air pollution in megacities. A
comprehensive overview is provided, illustrating the genesis
and propagation of airborne particulates characterized by a
broad size distribution and complex chemical composition.

2. Nanomotors, machines and robots
in liquids

2.1. Nanomotors’ autonomous motion in liquids

The fundamental principle underlying the autonomous move-
ment of nano- and micromotors is converting chemical to
mechanical energy. It can be achieved by designing the motors
to catalyse specific chemical reactions, generating gaseous,
proton, or ionic fluxes, which propel the nanomachines.*® In
fluidic environments, the performance of these micromotors
is quickly diminished due to viscous forces, resulting in a
marked decrease in the Reynolds number, a dimensionless
quantity that measures the ratio of inertial to viscous
forces.**?? In fluidic settings, viscous forces can indeed be a
limiting factor, affecting the Reynolds number and, conse-
quently, the operational efficiency of nanomotors. However, in
gaseous environments like air, these viscous forces are signifi-
cantly reduced, allowing for a higher Reynolds number and,
therefore, more dynamic and rapid movements. This enables
nanomotors to cover larger distances in shorter time frames,
making them particularly well suited for tasks such as captur-
ing and transporting airborne particulates. The lower resis-
tance in air also opens up the possibility for more complex
maneuvers and trajectories, which can be crucial for targeted
applications such as the removal of airborne pathogens. Thus,
the nanomotors’ adaptability to air-based operation is not
merely a theoretical proposition but a practical advantage sub-
stantiated by the fundamental differences in fluid dynamics
between air and liquid media. Self-propelled nano-/microma-
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chines have been designed in various shapes, such as tubes,
wires, rods, and spheres powered by catalytic reactions.**>”
Notable examples of nano-/micromotor mechanisms of
motion include self-generated motive forces (self-electrophor-
esis, self-diffusiophoresis, dynamic surface tension, gas
recoil), shown in Fig. 2(a-d). Self-electrophoresis, for instance,
involves the asymmetric catalytic decomposition of a fuel
molecule, leading to a non-uniform distribution of ions
around the motor.*® This ion gradient creates an electric field,
which propels the motor. This propulsion mechanism has
been widely used in the design of bimetallic rod-shaped
motors. On the other hand, self-diffusiophoresis exploits the
concentration gradient of a solute around the motor for pro-
pulsion.®® This has been the basis of the design of Janus
sphere motors, where one hemisphere of the sphere is coated
with a catalyst that triggers a reaction to produce a solute.'®
Bubble recoil has been employed in catalytic tubular microjets.
Here, the motor catalyzes a reaction to produce gas bubbles.*®
The recoil or ejection of microbubbles from the open end of
the tube provides the thrust needed for propulsion. This
unique mechanism has been shown to enable high speeds due
to the efficient confinement of reaction-diffusion processes in
large aspect ratio microtubes, which create favorable con-
ditions for bubbles’ generation.

2.2. Nanomotors’ motion control in liquids

The control of nano- and micromotor motion in liquid
environments is a promising area of research with potential
applications in various fields. In addition to chemical propul-
sion, nano- and micromotors can be controlled and powered
using external fields such as magnetic, optical, electrical,
electrochemical, and ultrasound fields.*> In addition, external
stimuli can modulate the direction, speed and behavior of the
devices.**** For instance, magnetic fields have been used to
manipulate the motion of microtubes, offering the potential to
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Fig. 2 Propulsion mechanisms of nanorod and Janus particle-based
catalytic nanomotors. (a) Proposed interfacial tension gradient and (b)
self-electrophoresis-driven Pt nanomotors. (c) Microbubble-driven and
(d) self-diffusiophoresis mechanisms of motion. Figure is reproduced
from ref. 41 under the terms of the Creative Commons Attribution 4.0
International License (https://creativecommons.org/licenses/by/4.0).
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perform tasks.*” Considering the effects of viscous force,
thermal fluctuation, and symmetry breaking, nanomotors can
achieve directional control by chemotaxis, and confined space/
geometry,*’ for example, electric-driven micro/nanomotors
with a defective shape, i.e., golden micro/nanomotors and the
longitudinally asymmetric defective golden micro/nanomotors
(LA-DGMs), which exhibited controllable motion behaviors
under different frequencies of an AC electric field.
Nanomotors switch their direction of motion by changing the
frequency of the AC field.*® Different mechanisms of motion
control of nano-micromotors in liquids, including motion
control using particles’ geometry, photocatalytic reactions,
chemotaxis, thermophoresis, electrochemistry, electric field,
ultrasound and magnetic field, are shown in Fig. 3(a-h).

The chemical propulsion method uses chemical reactions
to generate propulsion. For example, catalytic nanomotors can
decompose hydrogen peroxide into water and oxygen,**** and
the resulting gas bubbles propel the nanomotor, as depicted
in Fig. 3(a). Photocatalytic nanomotors can be powered and
controlled using specific wavelengths and intensities of light.

Fig. 3 Various methods of nano—micromotors control in liquids: (a)
geometric confinement of a microengine. Reproduced from ref. 47 with
permission from American Chemical Society, copyright 2011. (b)
Photocatalytic motion. Reproduced from ref. 48 with permission from
the Royal Society of Chemistry, copyright 2017. (c) Chemotactic naviga-
tion. Reproduced from ref. 49 with permission from Nature Publishing
Group, copyright 2019. (d) Thermophoresis-driven motion. Reproduced
from ref. 50 with permission from the De Gruyter, copyright 2018. (e)
Electrochemical control of nanomotor speed. Reproduced from ref. 11
with permission from the Royal Society of Chemistry, copyright 2009. (f)
Electric field-driven motion. Reproduced from ref. 12 with permission
from the Royal Society of Chemistry, copyright 2010. (g) Ultrasound-
powered propulsion. Reproduced from ref. 51 with permission from the
Wiley-VCH, copyright 2012. (h) Magnetic field-guided motion of a cata-
lytic microengine. Reproduced from ref. 40 with permission from the
Wiley-VCH, copyright 2009.
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In addition, phototactic nanomotors can move towards or
away from the light source depending on their design, as illus-
trated in Fig. 3(b). Some nanomotors can move in response to
a chemical gradient, a non-biological chemotaxis phenom-
enon, as indicated in Fig. 3(c). Nanomotors self-propel towards
regions of higher concentration of a particular substance. It is
beneficial for nanomotors used in biological environments,
which can be guided toward specific cells or tissues by a
chemical gradient. Temperature gradients can be used to
control the motion of nanomotors. Nanomotors move from
hot to cold regions in a process known as thermophoresis, as
represented in Fig. 3(d). Applying an external electrochemical
potential across a solution containing nanomotors can create
an electric field, influencing the motion of charged nanomo-
tors, as shown in Fig. 3(e). The speed and direction of the
nanomotors can be controlled by adjusting the magnitude and
polarity of the applied voltage. Even if the nanomotors are not
charged, they may still respond to an oscillating electric field if
polar. By oscillating the electric field, the nanomotors can be
driven to move or rotate, depending on their shape and the
properties of the electric field. The direction, speed, and
nature of the motion (rotational vs. translational) can be con-
trolled by adjusting the frequency, amplitude, and direction of
the oscillating electric field, as indicated in Fig. 3(f). When an
ultrasound wave travels through a fluid medium where nano-
motors are suspended, it generates regions of compression
and rarefaction due to the alternating high and low-pressure
phases of the sound wave. These pressure variations can create
“acoustic radiation forces”. When these forces act on nanomo-
tors, they can induce both translational and rotational motion,
as illustrated in Fig. 3(g). Nanomotors made of or coated with
magnetic materials can be controlled using an external mag-
netic field (B). It allows for precise control of their motion and
direction. Sequences of optical micrographs indicating mag-
netic control of the directionality of motion of a self-propelled
tubular microjet engine are shown in Fig. 3(h). Each of the dis-
cussed methods has its advantages and limitations, and the
choice of control method depends on the specific application
and environment of the nanomotor.

2.3. Tasks enabled by nano-micromotors in fluids

Understanding the principles of motion at the nanoscale is
crucial for harnessing the potential of nano- and micromotors
in fluids, leading to various applications. In targeted drug
delivery, for instance, a deep understanding of nanomotor
motion under different conditions can facilitate the design of
systems capable of maneuvering through complex environ-
ments. Similarly, in environmental remediation, understand-
ing the mechanics of nanomotor movement can aid in devel-
oping systems that effectively clean polluted water or air, cap-
turing and neutralizing contaminants. Moreover, in advanced
manufacturing, knowledge of nanoscale motion can facilitate
the design of nanomotors that precisely assemble nano-
structures, potentially creating new materials with customized
properties. Therefore, the intersection of nanotechnology and
fluid dynamics, and an in-depth understanding of nanomotor
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motion, opens up many opportunities to address complex
challenges in medicine, environmental science, and materials
science. For instance, integrating photocatalytic materials,
such as TiO,, has shown potential in accelerating nanomotor
movement and enhancing pollutant degradation.”® The
motion of Pt/AC micromotors enhances the diffusion-limited
adsorption process and reduces the adsorption time threefold
compared to static conditions.’®> Nanomotors have evolved
with intelligent designs and varied propulsion techniques,
encompassing chemical, external field, enzymatic, and bio-
hybrid systems. These advancements allow them to adapt and
function in a range of biological settings, such as blood,
tumors, eyes, and mucus.’® The hetero-silica-based micro/
nanomotors have been used for drug delivery, cancer therapy,
bioimaging, diagnosis, and nanosurgery.”” The advantages of
nanomachines over conventional passive drug delivery systems
include enhanced efficiency, precision, targeting and controll-
ability, while limitations include biocompatibility, and toxicity,
regulation and ethical issues.”® In other studies, MagRobots
have demonstrated diverse propulsion techniques. These
include corkscrew-like movements, traveling-wave locomotion,
surface-assisted movements, and other forms of magnetic
stimulation. These advanced propulsion methods have been
employed in a range of applications, from targeted drug and
gene delivery to cell manipulation. They’ve also been used in
minimally invasive surgeries, biopsies, disrupting and eradi-
cating biofilms, guided imaging for delivery, therapy, and
surgery, as well as in pollution removal and sensing.’® In other
examples, nanomachines containing a redox-sensitive gate
(S-S-PEG) have been used for loading and releasing a dye (Ru
(bpy)sCl,) or a drug (doxorubicin) in the presence of gluta-
thione (GSH), a reducing agent found in cells.®® The functions
of biomedical micro/nanomotors include improving tissue per-
meability, promoting cellular uptake, loading and delivering
cargo, and providing imaging contrast.

3. Particulates’ motion in the air
3.1. Particulates’ autonomous motion in the air

Aerosols are collections of solid or liquid particles suspended
in a gas that significantly affect air quality and health.
Airborne particulates suspended in the air comprise various
substances such as dust, soot, pollen, mold spores, bacteria,
viruses, cement, ash, smog, smoke, and liquid droplets.®*~®*
Typical smog consists of particulate matter (PM), ozone (Oj3),
nitrogen dioxide (NO,), sulfur dioxide (SO,), carbon monoxide
(CO), and volatile organic compounds (VOCs).®> Autonomous
motion of airborne particulates is influenced by particles’
initial velocity, the surrounding air’s turbulence, the particle’s
size, shape, and mass, and external forces such as gravity and
electrostatic forces. The Brownian motion of nanoparticles,
due to the collision with gas molecules, plays a significant role
in their transport. Brownian motion is defined as the stochas-
tic, erratic movement of particles, induced by thermal fluctu-
ations and mediated through collisions with surrounding fluid

This journal is © The Royal Society of Chemistry 2023
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molecules, whether in gaseous or liquid states.®® It strongly
influences small particles with a diameter below 1 pm,
affecting their diffusion and deposition.®” Additionally, parti-
culates powered by chemical decomposition or explosive reac-
tions, such as fireworks®® and atmospheric molecular reac-
tions,* can gain initial an motive force and speed. PM is cate-
gorized based on its size into three distinct modes: ultrafine
particles, which have a diameter less than 0.1 pm; accumulat-
ing particles, which range in size from 0.1 to 2 pm; and coarse
particles, which have a diameter larger than 2 pm.”® The many
modes exhibit distinctions in terms of their origins, compo-
sition, and dynamic characteristics. The material-balance prin-
ciple offers a systematic approach for establishing a quantitat-
ive connection between indoor particle concentrations and
many elements that influence them, including emissions, ven-
tilation, filtration, deposition, penetration, and transformation
processes.”" The relative importance of these factors depends
on the particle size and the indoor environment character-
istics. For example, cigarette smoking and outdoor air are
major sources of fine particles, while cooking and cleaning
generate ultrafine and coarse particles.”” Filtration and pene-
tration exhibit greater efficacy in removing coarse particles
compared to fine particles, whereas deposition and coagu-
lation play a more significant role in the removal of ultrafine
particles when compared to other mechanisms. There are
several supplementary dynamic processes that impact the
amounts of particles indoors, including mixing, interzonal
transit, resuspension, and phase shift.”®

3.2. Particulates’ motion control in the air

Several external fields can be used to control the motion of
particulates in the air. The gravitational field is the primary
field that affects all particulates in the air. It constantly pulls
particulates downwards, eventually causing them to fall to the
ground.” Electromagnetic fields charge particles that can be
polarized and subsequently controlled using electric or mag-
netic fields. The magnitude and direction of these fields can
be manipulated to control the trajectory and speed of the par-
ticles.”> Thermal fields or temperature changes create convec-
tive currents in the air that can carry particulates. The hotter
air rises while cooler air sinks, creating motion that carries
particulates.”® Overall, catalytic and combustion reactions can
affect the velocity of Brownian particulates in the air. However,
the exact speeds and distances traveled by such particulates
depend on various factors, including particle size, medium vis-
cosity, and the number of collisions with surrounding mole-
cules.”” Combustion reactions can also affect the fluctuating
velocity of particles, which increases with the combustion
temperature. The speed of particulates in combustion reac-
tions is influenced by factors such as the concentration of reac-
tants, temperature, and surface area of reactants.”® Ionization
refers to the process by which an atom or a molecule acquires
a negative or positive charge by gaining or losing electrons.
When particulates are ionized, they become charged and can
be influenced by electric or magnetic fields.”” Moreover,
ionized particles tend to attract or repel each other based on
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their charges, which can affect their motion and collective
behaviors. By carefully controlling the ionization of particu-
lates and the application of electric fields, it is possible to
achieve a significant degree of control over the motion of parti-
culates in the air. Controllable ionization of particulates can
be achieved using corona discharge, ultraviolet radiation and
radioactive materials.*® By applying an external electric field,
the charged particles experience a force proportional to the
strength of the field and the amount of their charge. If the
field is static (not changing over time), particles move along
the field lines until they reach a point where the field strength
is zero or until they hit an obstacle. Subsequently, multiple
electrodes can be assembled to create more complex electric
field patterns, allowing more precise control over particle
movements.

3.3. Airfiltration systems and approaches

Wet scavenging is one of the most efficient processes for
removing aerosols from the atmosphere. Fig. 4(a) shows the
main principles of in-cloud scavenging, where particles are
activated as cloud condensation nuclei and absorbed by cloud
water, and below-cloud scavenging. Subsequently, raindrops or
snow particles capture aerosols and gas after the hydrometeors
leave the clouds. A study conducted experiments to assess the
mass scavenging efficiencies (MSEff) and probable factors that
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Fig. 4 Particulates’ motion control in the air. (a) Main processes of wet
scavenging of black carbon. Reproduced from ref. 81 under the terms of
the Creative Commons Attribution License. (b) Schematic illustration of
filtration mechanisms. Reproduced from ref. 82 with permission from
Elsevier, copyright 2017.
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may affect the in-cloud and below-cloud scavenging of black
carbon (BC). The research revealed that mean square errors
(MSErr) of BC tend to be smaller in places at lower altitudes
and increase as altitude rises. This finding provides further
support for the significant influence of atmospheric aging on
the chemical alteration of BC. Fig. 4(b) describes two main
types of wet collectors (scrubbers) for particulate removal in
gas streams: one using liquid sprays (e.g., spray towers, venturi
scrubbers), and another using wetted surfaces (e.g., packed
towers). A high-gravity (HiGee) reactor, which utilizes both
types, has been demonstrated. Due to shear stress, the reactor
produces thin liquid films and tiny droplets. The HiGee
system leverages three collection mechanisms: diffusion, inter-
ception, and inertial impaction. Large particles are primarily
collected via impaction and interception, and small particles
are through diffusion. In addition, using charged droplets
could enhance particulate attraction, facilitating more effective
air cleansing. Understanding of nanoparticle motion control
and several techniques can be used for air purification, includ-
ing physical filters, ionizers, electrostatic and magnetic effects,
humidity, and photocatalytic methods.®®> Most particles are
composed of organic matter, elemental carbon, sulfate and
nitrate, i.e., which do not contain any “magic” property for an
effective separation using external fields.?* Filtration systems,
such as HEPA filters, utilize dense fibrous media to capture
particles based on size and mechanical interception. The
efficiency of filtration is influenced by factors such as filter
material, pore size, and airflow rate.*® Electrostatic precipi-
tation relies on applying high-voltage electrostatic fields to
induce an electrostatic charge on the particles, causing them
to be attracted to and deposited onto collection surfaces.”> Air
ionization techniques also utilize ion generators or ionizers to
produce negative ions that attach to airborne particulates,
causing them to agglomerate and settle out of the air.®> The
study suggested that ozone-emitting air purifiers should be
avoided in indoor environments with elevated concentrations
of unsaturated VOCs, and that reducing the ozone emission
rate and increasing the airflow through the air purifier are
essential factors for achieving the maximum possible
reduction in the indoor particle level.®® Using another
approach, photocatalysts, such as LiNbO; and TiO,, can be
used for air purification, which can degrade pollutants such as
volatile organic compounds (VOCs) and inorganic oxides by
using light energy.®’” Furthermore, chemical reactions with
specific sorbents can facilitate capturing and removing toxic
substances and heavy metals. Metal-organic frameworks
(MOFs) are promising materials for air purification due to
their high porosity, tailorability, and thermal stability for
removing various chemical hazards, such as chemical warfare
agents, carbon monoxide, ammonia, sulfur dioxide, and
others.®® Additionally, acoustic filtration using ultrasound can
agglomerate micronic and sub-micron particle matter, increas-
ing their size and making them easier to collect using conven-
tional methods.®® Hybrid systems that incorporate multiple fil-
tration stages, such as cyclone separators, electrostatic precipi-
tators, and activated carbon filters, are used to maximize
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removal efficiency and address different particle sizes and
characteristics. Fig. 5(a) describes the preparation of a
ZIF-8@PDA@PDMS composite sponge using a sacrificial tem-
plate and in situ growth methods. The sponge is designed for
efficient and sustainable filtering of PM under harsh environ-
ments such as high temperature and humidity. The composite
sponge displays excellent PM filtration performance due to the
high specific surface area and porous network structure of the
PDMS sponge, as well as the large number of metal sites of
ZIF-8. The removal efficiency of PM2.5 or PM10 is greater than
99.8% and the sponge filter has long-term filtration stability,
still achieving excellent performance after 65 hours of fil-
tration. The composite sponge can adapt to harsh environ-
ments such as high temperature (250 °C) and high humidity
(90% RH). The composite sponge filter is also regular shaped
and can be customized to any shape as required.”® Fig. 5(b)
illustrates a novel electrostatic precipitator including dielectric
coatings applied to the repelling electrodes, which enhances
the efficacy of sub-micron particle removal.”" The study investi-
gated four parameters that have an impact on performance:
the voltage differential (Vc) and distance (dc) between the
repelling and collecting electrodes, as well as the dielectric
material and its thickness (de). The optimal performance of
the novel ESP was observed when it was coated with a 60 pm
thick layer of PET at a distance of 3 mm from the direct
current (dc) source. The utilized breakdown voltage ranged
from —4 kv (in the absence of a dielectric film) to —9 kv,
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Fig. 5 Air filtration materials using the (a) ZIF-8@PDA@PDMS compo-
site sponge used under high temperature and humidity conditions.
Reproduced from ref. 90 with permission from Elsevier, copyright 2023.
(b) New electrostatic precipitator with dielectric coatings to efficiently
remove sub-micrometer particles in the building environment.
Reproduced from ref. 91 with permission from Elsevier, copyright 2020.

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3nr03808d

Published on 26 9 2023. Downloaded on 2025/10/31 2:17:43.

Nanoscale

resulting in an improvement in PM removal efficacy from 60%
to 92%. The electrostatic precipitator (ESP) exhibited a rela-
tively modest level of net ozone formation, ranging from 3 to 5
parts per billion (ppb). Additionally, it demonstrated a low-
pressure drop, measuring in the range of 10-13 Pa, and a low
energy consumption of 18 W m™>. These characteristics collec-
tively contribute to the environmentally benign nature of the
ESP.

4. Interdisciplinary approach
4.1. Capture and removal of harmful particulates

Classically, fibrous filters can be applied for different slip and
no-slip air flow cleaning regimes.® Air filtration in the free
molecular flow (FMF) regime is essential and challenging
because it can achieve higher filtration efficiency and lower the
pressure drop than conventional filters. Carbon nanotubes
(CNTs) are ideal for air filters in the FMF regime because of
their nanoscale diameters and high surface area. Different
structural models of HEPA filters based on CNTs have been
introduced, such as CNT films, CNT filters with gradient or
hierarchical nanostructures, and CNT fluidized bed air filters.
Theoretical and experimental studies of air filtration in the
FMF regime are reviewed, focusing on the relationship
between structure, pressure drop, and filtration efficiency.”?
The diffusion characteristics of industrial submicron aerosol
particles in indoor air using Computational Fluid Dynamics
(CFD) and Discrete Particle Modelling (DPM) were studied. It
was found that the main acting forces on submicron particles
are drag force, Brownian force, lift force, and thermophoresis
force. A recent study indicated that Brownian force should be
considered when the particle diameter is below 0.3 mm, as it
enhances their diffusion ability. It was shown that the smaller
the particle size, the higher the heat source temperature, and
the lower the particles’ initial velocity, leading to the increase
of horizontal dispersity.”* Charged droplets operating as nano-
motors (generated by voltage discharge) can help remove smog
particulates from the air by increasing the efficiency of particle
removal compared to uncharged aerosols. Water droplets and
particles can exhibit various collisions and capture behaviors,
depending on the particle properties (density, size, wettability)
and the impact parameters (velocity, location). Multiple
capture methods have been reported, such as surface capture,
cavity-forming entry, skid entry, and escape.®®

4.2. Air detoxification using catalytic nanomachines

Catalytic reactions and catalyst-embedded droplets or particles
can effectively purify and detoxify the air, in indoor settings,
industrial contexts, or broader environmental scales. The
nanomotors can be designed to adsorb harmful substances
onto their surfaces using an adsorption mechanism. In
addition, the nanomotors can be loaded with chemicals that
neutralize harmful substances or deliver neutralizing agents
into the environment. The nanomotors can be guided to
release these chemicals at the contamination sites.’® For
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instance, nanomotors containing catalytic segments such as
platinum, palladium, and rhodium can be used to facilitate
reactions that convert harmful gases like carbon monoxide
(CO), nitrogen oxides (NO,), and unburnt hydrocarbons (HCs)
into less harmful substances such as carbon dioxide (CO,),
nitrogen (N,), and water (H,O). A liquid or solid catalyst can be
introduced into the air as fine droplets or particles. These dro-
plets or particles can react with harmful gases in the air, con-
verting them into less harmful substances. This is particularly
effective at removing sulfur dioxide (SO,) and nitrogen oxides
(NO,) from flue gases in power plants and other industrial set-
tings. For example, photocatalytic nanomaterials, such as tita-
nium dioxide (TiO,), can degrade a wide range of organic pol-
lutants in the presence of light.>* Nanomaterials can also be
used to catalyze reactions that neutralize harmful gases like
carbon monoxide or volatile organic compounds.

4.3. Application of external fields to remove particulates

High-frequency sound waves can be used to agitate airborne
particulates, causing them to coalesce and fall out of the air.
This approach is similar to ultrasound-propelled nanomotors
in a liquid medium." If the airborne particulates are made of
or coated with a magnetic material, a magnetic field could be
used to control their motion. An oscillating electric field could
trap and control the motion of charged airborne particulates,
similar to how it is used to control the motion of nanomotors.*®
Unlike in fluids,"* electrochemical potentials cannot be used for
particulates motion control and air purification. In fluidic
environments, electrochemical potentials serve as an effective
means to control the motion of particles, including nanoma-
chines. This is largely due to the presence of ions in the fluid,
which interact with the electrochemical gradients to produce
forces that can be harnessed for motion control. However, this
mechanism is not directly translatable to air for several reasons.
Air, being a gaseous medium, lacks the ionic constituents that
are essential for electrochemical interactions. In fluids, charged
particles move in response to an electric field, but in air, the
absence of a continuous ionic medium makes it challenging to
establish a stable electrochemical gradient for particle control.
Even if ionization is used to create a medium for electro-
chemical interactions, the energy required to maintain such a
state would be impractically high. This makes the use of electro-
chemical potentials in air both inefficient and unsustainable for
long-term applications. Given these challenges, application of
electrochemical potentials is not a viable method for controlling
particulate motion in air. However, photoelectrochemical oxi-
dation (PECO) has been recently demonstrated for air purifi-
cation.” PECO is an innovative air purification process that
uses light to activate a catalyst, which then oxidizes and destroys
pollutants and organic matter as small as 0.1 nm, which cannot
be removed by conventional filters. Using another approach,
thermophoresis effects have been shown to be responsible for
dust accumulation on solar panels, where the temperature gra-
dient between the solar panel and the ambient air influences
the transport and deposition of airborne dust particles.
Thermophoretic force, which drives particles from hot to cold
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Table 1 Characteristics of nano- and micromachines in the air and liquid. Note: specific values are presented for the general consideration and

does not cover all existing conditions

Characteristic Particulates in the air Nanomotors in a fluid Ref.
Size range, nm 0.4-100 10-1000 101 and 102
Max. absolute speed, m s ~80 ~1x107° 103 and 104
Max. relative speed, bl s7* ~8 x 10° ~1x10° 104 and 105
Medium viscosity, Pa s ~1.8 X 107° (air at 20 C) ~1x107° (water) 106 and 107
Medium density, kg m™ ~1.2 (air at 20 C) ~1000 (water) 108 and 109
Mean square displacement ~3.2%x107° ~7.1x107° 110
(e.g- 10 nm particle, time, time
1s),m
Coasting, drifting distance ~1x1077 ~2x107"2 100
(for 1 um diameter motor
moving at 30 pm s™'), m
Motive force Gravity, buoyancy, air drag, chemical Chemical gradients, self-electrophoresis, self- 9 and 111
decomposition and photochemical diffusiophoresis, bubble recoil, buoyancy, surface
reactions tension, fluid drag
Methods of external control Electric field, light, temperature, magnetic  Electric field, light, temperature, magnetic field, 43 and 111

field, ultrasound, aerodynamic forces,
mechanical forces, optical tweezers

regions, can reduce the dust accumulation of sub-micrometer-
size particles on the solar panel whose temperature is a few tens
of degrees higher than the ambient air in the daytime.’® A
numerical study of airborne particle dynamics in vortices near
curved electrode surfaces has been performed, combining
effects of aerodynamic and electrostatic forces. The direction
and strength of air circulation and electric fields can influence
particle capture, deposition, and flight manipulation differently.
It was found that co-vortices improve the electrostatic capture of
particles, while counter-vortices deteriorate it or trap particles in
the air. Depending on their size, inertia, and dielectrophoretic
force, particles can exhibit different trajectories, such as vortex
trapping, inertial limit cycles, spillage, and inverse cyclonic
separation.”®

4.4. Comparison of nanomachines in the air and liquid

There are some similarities and differences of motive forces of
nanomachines in the air and liquid. Several essential charac-
teristics can lead to a better understanding of particles in the
air and liquid, as summarized in Table 1. Both gliding and
coasting leverage the kinetic energy accumulated in the
vehicle’s mass, essentially its inertia, to maintain motion.
However, this energy gradually dissipates due to opposing
forces like air drag, rolling resistance, and gravity. Accepting a
spherical size of the nanomotor, the air drag force equals F =
6mur,v, where v is the nanomotor velocity, p is the medium vis-
cosity and r,, is the radius of machine. Subsequently, the rate
at which the nanomotor would stop equals a = F/m, where m is
the nanomotor mass.'®° The deceleration can be used to calcu-
late the drifting time (¢) and distance (d) using the equation d
= vt — 0.5(at)®. For instance, if the motive force is no longer
applied, the nanomachine drifts for a longer time and distance
in the air than water, due to the lower viscosity of air.
However, even in the air, the drifting distance can be in the
order of nanometers. This highlights the negligible inertia of
nanoparticles, which allows them to stop almost instan-
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ultrasound, electrochemical potential, chemical
gradients, pH gradients, optical tweezers, flow
fields

taneously when the motive force is removed. The mean square
displacement of a nanomachine due to Brownian motion
depends on the diffusion coefficient (D) and (¢) the time (x*) =
2Dt. For example, for a 10 nm nanomachine propelling in
water by diffusion during 1 second (D = 2.5 x 107*° m* s7),
the root-mean-square displacement equals
V/(x%) = 22.36 x 107®m. Accepting D = 5 x 10°° m* s™', the
root-mean-square  displacement in the air equals

(x2) = 3.16 x 1073 m. It demonstrates that nanomachines in
the air have significant dynamic behaviors. Furthermore, both
nanomachines in the air and liquid experience buoyancy. Both
air and liquid create drag forces on moving particles, which
opposes the motion of the nanomachine and depends on the
object’s speed, size, shape, viscosity and density of the fluid.
Gravity is a significant motive force for particulates in the air,
but it is less critical for nanomachines in fluids. Surface
tension force is generally more relevant in liquids. Interfacial
forces are typically less relevant in the air due to the lower
density and intermolecular forces. Chemical gradients, self-
electrophoresis, self-diffusiophoresis, bubble recoil, and
surface tension are specific to nanomotors in liquids and are
irrelevant to air propulsion. Bubble recoil (liquid) is relevant to
power nanomotors in liquids. It involves the recoil or ejection
of gaseous microbubbles, and drives motion in the opposite
direction (according to Newton’s third law). Since air is less
dense than liquid, an equivalent force in the air requires the
creation of “steam” at much higher fuel decomposition rates
and temperature, resulting in high-speed propulsion of man-
made rockets and jet engines. Photochemical reactions involve
the absorption of light, which can also lead to chemical
changes in the particles and potentially influence their
motion. While the distinct similar motive mechanisms can
drive particulates in the air and liquid, there are significant
differences. It is noteworthy that motive forces can interact
and depend on factors like the scale of the particles, the reac-
tion rates, the strength of fields and the surrounding medium.

This journal is © The Royal Society of Chemistry 2023
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5. Conclusions

For decades, “nanoparticle” has been an established term in
nanoscience, but its breadth has limited its potential to excite
the next generation of nanomachine enthusiasts. The emer-
gence of man-made “nanomotors”, “nanomachines”, and
“nanorobotics” has transformed static nanoparticle research,
driving a transition from passive to active and potentially intel-
ligent nanoscale systems. This linguistic and conceptual shift
has successfully created nanoparticle motion control systems,
which have applications in domains such as targeted drug
delivery and environmental remediation. A similar shift in per-
spective could stimulate advances in controlling airborne par-
ticulates as humanity faces expanding air pollution. It is pro-
jected that by adopting the terminology “nanomotors,
machines, and robots”, studies on not only monitoring air-
borne particles but also innovative mitigation approaches
could be established. While extensive studies have been con-
ducted on the adverse health effects of air particles and the
advantages of air cleaning systems, a research gap remains in
implementing engineered nano-micromachines for controlling
particulates. Controlling nano-micromachines using catalytic
processes, magnetic fields, light, thermophoresis, electric
fields, electrochemical potential, and ultrasound might give
novel approaches for catching and neutralizing air particles.
Conventional air filtration technologies are inherently static,
exhibiting limited efficacy in spatiotemporally heterogeneous
environments due to their localized mode of operation. These
systems may be proficient at filtering air passing through a
designated volume, yet they fall short in mitigating pollutants
that bypass the filtration network, entering habitable zones via
alternate ingress points such as fenestrations or door aper-
tures. It is in these challenging environments that the
dynamic, adaptive nature of nanoscale machines becomes par-
ticularly advantageous for air purification. Specifically, liquid-
phase nanomachines—when appropriately engineered for air-
borne applications—can disseminate rapidly throughout a
volumetric airspace, utilizing real-time sensing and feedback
mechanisms to identify, target, and sequester airborne con-
taminants. Such dynamic functionality equips airborne nano-
machines with a superior capacity for mitigating indoor air
pollution, especially in settings where pollution sources are
characterized by temporal and spatial variability. It can result
in more efficient air cleaning systems and decrease the health
hazards connected with air pollution. Nanomotors can travel
through the air, capture particulates, and transport them to a
collecting station. First and foremost, this new concept can be
based on hazardous particle classification and then the optim-
ization strategy for their liquidation by passive or active air
micro-nanomachines. As a promising station for collection,
classification, and mass measurements of airborne PM
samples, lab-on-a-chip (LOC) devices have demonstrated the
ability to perform airborne PM monitoring and detection
using different operating principles with simple and low-cost
devices with fast response times, and the capacity to become
portable in identifying specific airborne PM components has
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recently shown remarkable progress.''> After determining the
class and hazards of PM, the multidisciplinary methods and
techniques in this review, and sampling strategies and analyti-
cal techniques for the assessment of airborne micro and nano
plastics' can be used for PM collecting and removal.
Considering the practicality of employing nanomotors for air
purification, several key parameters must be scrutinized. The
time required for a single nanomotor to capture an airborne
particle is contingent upon multiple factors, including particle
dimensions, the velocity of the nanomotor, and the prevailing
environmental conditions. To achieve a noticeable impact on
air quality in a standard residential room, a swarm comprising
a large number of nanomotors would be necessary. While the
immediate application of this technology may appear most
relevant for the capture of airborne pathogens, given their
potential health impact, the inherent scalability and adapta-
bility of nanomotors should not be underestimated. These
attributes make nanomachines a promising technology for a
wide range of air purification applications. In addition, nano-
motors might be designed to selectively bind to specific sur-
faces of particulates. If the nanomotors can be controlled, they
may be able to react to changes in the environment in real
time. Some nanomotors might contain catalysts that convert
hazardous contaminants into less harmful molecular species.
In conclusion, it is crucial to emphasize that man-made flying
nanomotors, machines, and robots remain primarily concep-
tual and have not yet been explored.
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