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A Review on Reactor Design and Surface Modification of
Atomic Layer Deposition for Functional Nanoparticles

Guanghui Yan,* Gaoshan Huang, Jianjun Shi, Yi Ouyang, Xueqin Zuo, Zhihao Bao,
and Yongfeng Mei*

Atomic layer deposition (ALD) has emerged as a promising method for
surface modification of functional nanoparticles, enabling the versatile
applications in energy, catalysis, and human health. The self-limiting surface
chemistry of ALD allows not only the coating of ultrathin and conformal films
but also the decoration of nanoparticle surfaces with specific nanoclusters
under appropriate processing conditions. In particle ALD, one of the major
challenges lies in the strong cohesive force causing nanoparticle agglomerates
or aggregates, which requires their homogeneous dispersion. This review
provides an overview on the developments and advancements of particle
ALD, covering both reactor designs and applications. The fundamentals of
ALD are first reviewed, followed by the reactor designs including fluidized bed
reactors, rotating bed reactors, and atmospheric-pressure continuous spatial
ALD reactors. Among them, the basics of particle fluidization are concisely
outlined to establish a foundation for understanding fluidized bed reactors.
The advantages and disadvantages of various reactor designs are compared
and analyzed. Subsequently, the applications of ALD-modified nanoparticles
are reviewed, with a focus on energy, catalysis, biomedicine, and cosmetics.
Finally, the progress and applications of ALD modification for functional
nanoparticles are summarized, and the perspectives in the field are proposed.

1. Introduction

Ultrafine particles, especially nanoparticles (NPs) with a size be-
low 100 nm, have attractedmuch attention both in scientific com-
munity and industrial sectors.[1,2] Due to the small primary par-
ticle size and large surface area-to-volume ratio, this kind of par-
ticles may exhibit new chemical, physical, and biological proper-
ties, resulting in great potential in the applications of energy,[3]
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catalysis,[4,5] pharmaceuticals,[6,7]

cosmetics,[8–10] and sensing.[11] To
achieve the potential uses in the emerg-
ing application fields, surface modifi-
cation of NPs have aroused growing
interest,[12–16] even though the syn-
thesis method is still of importance
for NPs.[17–19] To modify the surface
properties while maintaining the bulk
properties, a conformal and ultrathin
film on NPs is crucial. On the other
hand, NPs occasionally need specific
surface decorations, like nanoclusters,
for unique functionality.[4,20,21] To this
end, it calls for a technology which has
the ability not only in providing confor-
mal and ultrathin coatings on complex
structures, but also in decorating specific
nanoclusters on NP surfaces. Over the
past decades, atomic layer deposition
(ALD), a gas–solid surface reaction
technique, has been already explored to
deposit films on varying substrates, such
as flat substrates, nanowires, carbon nan-
otubes, porousmaterials, etc., to enhance
the functionality of materials.[13,14,16]

ALD shows the ability in modifying the particles with encapsula-
tion layers, passivation layers, barrier layers, and surface-reactive
catalysts.[13,16] Furthermore, ALD can deposit many materials
onto the particle substrates, including metal oxides, metal ni-
trides, metal sulfides, noble metals, and others.[22–24] Therefore,
ALD has been regarded as a promising tool for surface modifica-
tion due to its virtues of conformality and sub-nanometer thick-
ness control as well as nanocluster deposition.[13,14,16]
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Although ALD technology has emerged as a promising
method for surface modification, some challenges still exist in
the modification of (nano)particles. Compared to the flat sub-
strates, the processing conditions for NPs may distinctly differ
from their planar counterparts due to the high aspect ratio and
irregular shapes of NPs. Moreover, NPs usually exhibit strong in-
terparticle forces and thereby individual particles tend to attract
each other to form agglomerates or aggregates,[25] which may re-
sult in nonuniform coating or uncoated area. In this respect, one
of the foremost challenges is homogeneous dispersion of NPs in
gaseous media for total coverage of the reactants. To obtain the
dispersion of NPs, appropriate reactors have to be designed for
particle ALD (PALD). In 2014, Longrie et al. presented a brief
review on the reactor designs of PALD.[26] In 2019, Dr. Weimer,
an expert in the ALD field, presented an excellent review about
PALD,[16] which is very helpful to understand the PALD knowl-
edge for the readership. At the same year, van Ommen et al. also
provided a compact review on PALD with briefly reviewing on
reactor, applications, potential scale-up, etc.[13] After the year of
2019, there are some new developments of PALD both in reac-
tor designs and applications, such as atmospheric-pressure ALD.
Thus, to promote the development of this field, it is necessary to
timely summarize the recent progress of PALD.
In comparison to other reviews, this review will provide an

overview on the development and advancement of temporal ALD
(t-ALD) reactors used in PALD, from static bed reactors to flu-
idized bed reactors (FBRs), rotating bed reactors and vibrating
bed reactors. Since the large quantity of particles needs to be
processed in the practical applications which requires scale-up
solutions for PALD, this paper will discuss the application of
atmospheric-pressure spatial ALD (s-ALD) in the particle mod-
ification, focusing on high-throughput methods such as batch
processing and continuous processing. The advantages and dis-
advantages between different reactor designs are compared and
analyzed. After that, the applications of ALD-modified NPs in the
fields of energy, catalysis, bio-medicine, cosmetics and ceram-
ics will be discussed by highlighting the current literature. Fi-
nally, we conclude the progress of ALD modification technique
for functional NPs and put forward our perspectives in this field.

2. Fundamentals of ALD

ALD is a derivation from chemical vapor deposition (CVD) and
has its unique characteristics. One of the main differences be-
tween ALD and CVD lies in the method of introducing reactants
into the reactor. In CVD process, the gaseous reactants are si-
multaneously introduced into the reactor, resulting in both gas
and surface reactions on the substrate.[27] However, in a typical
ALD process, gaseous reactants are sequentially pulsed into the
reactor and react with finite surface sites on the substrate sur-
faces, and intermediately purging steps are carried out between
reactant pulses to pump out the excessive reactants and reaction
byproducts.[24] Thanks to the special introduction of reactants,
ALD can offer a dense and pinhole-free film with precise thick-
ness control on high aspect ratio structures including NPs.[24,28]

To obtain the desired film deposited via ALD, the surface chem-
ical properties of substrates and process conditions should be
taken into account seriously. Thus, this section will give a brief in-
troduction to the fundamentals of ALD, including the concept of

film deposition, the surface chemistry and processing conditions
associated with ALD reactions.

2.1. Concept of Thin Film Deposition by ALD

Typically, one ALD reaction cycle can be divided into four
steps,[23,29] as shown in Figure 1. Specifically, the full steps of ALD
process are as follows:

Step 1: dosing the reactant A pulse for a complete chemisorption
on the substrate;

Step 2: purging the excessive reactant A with the inert gas;
Step 3: dosing the reactant B pulse for a complete reaction with
the reactant A;

Step 4: purging the by-products and excessive reactant B with the
inert gas.

In the first step, the surface of the substrate is exposed to the
molecules of reactant A and allows the chemisorption of reactant
molecules onto the active surface sites. After that, the excessive
molecules of reactant A are purged by the inert gas in the second
step. In the third step, the reactant B is introduced to undergo a
reaction with the adsorbed reactant Amolecules and form a solid
product onto the substrate surfaces. The fourth step involves the
removal of excessive reactant B molecules and the by-products
generated by the third step. The process of reactant pulses and
purging steps constitute one ALD cycle that determines the thick-
ness of the deposited film. The growth rate denoted as growth per
cycle (GPC) can be simply and precisely controlled by repeating
the number of ALD reaction cycles. Normally, the final film de-
posited by ALD is amorphous or poly-crystalline. In a typical ALD
process, the purging steps, which divide the ALD reactions into
two half-reactions, play a significant role in preventing the coex-
istence of reactant A and B. If reactant A and reactant B coexist in
the chamber, the CVD reaction may happen, thereby giving rise
to an abnormal film growth.
With the unique reaction fashion, the major advantages of de-

positing films by ALD are in that:[12,13] 1) the film thickness with
Angstrom level can be simply controlled by the number of ALD
cycles, as the thickness is proportional to the number of reaction
cycles under the assumption that there is no nucleation delay of
film growth in the beginning of ALD cycles and the newly de-
posited film surface do not affect the successive film growth; 2) it
can be used to deposit large-area films with excellent conformal-
ity and homogeneity via the use of chemisorbed reactants. The
coating films with controlled thickness and conformality allow
that the ALD process has the potential use in the modification of
micro/nanoparticles.
The above-mentioned conventional ALD process with the

pulses of reactants being intermitted by purging steps is also
deemed as t-ALD process (Figure 2a).[30] It is reported that the
purging step takes up at least 50% of the total process time of a
standard ALD process.[31] Thus, the low deposition rate is one of
themajor drawbacks of the t-ALD process. To eliminate the purg-
ing steps, the s-ALD process has been proposed (Figure 2b).[30] In
the s-ALD process, the reactants are simultaneously fed into the
different locations of the reactor separated by an inert gas zone,
while the substrate canmove to the different reactant zones to ful-
fill the half-reactions. With developing a kinetic model of s-ALD,
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Figure 1. Schematic of the sequential ALD cycle. Step 1: Pulse of reactant A and its absorption on the surface. Step 2: Pulse of purging gas and removal of
the unabsorbed reactant A. Step 3: Pulse of reactant B and reaction between reactant A and reactant B on the substrate surface. Step 4: Pulse of purging
gas and removal of the byproduct generated by reaction of reactant A and reactant B, and the unreacted reactant B. Reproduced with permission.[24]

Copyright 2010, American Chemical Society.

Poodt et al.[32] estimated that the maximum alumina deposition
rate can reach several nm/s, showing drastic enhancement of the
deposition rate. Consequently, s-ALD has attracted much atten-
tion from the scientific and engineering community.[30,33]

2.2. Surface Characteristics and Processing Conditions

ALD is a self-limiting surface reaction which is due to the irre-
versible chemisorption of reactant species on the substrate sur-
faces. The properties of substrates, especially the surface species,
have significant influence on the ALD surface reactions. Taking
Al2O3 ALD with trimethylaluminium (TMA) and H2O as an ex-
ample, the sequential A-B half reactions can be expressed as the
following equations:[23,24]

AlOH∗+Al
(
CH3

)
3

(
g
)
→ AlOAl

(
CH3

)
2

∗+CH4

(
g
)

(1)

AlCH3
∗ +H2O

(
g
)
→ AlOH∗+CH4

(
g
)

(2)

where the asterisks denote the surface species. In the half-
reaction A, the substrate surfaces with hydroxyl species are ex-
posed to undergo reactions with TMA molecules and switch to
methyl species completely. In the half-reaction B, the methyl-
terminated surfaces change to hydroxyl-terminated surfaces. Ac-
cording to the above A-B equations, it indicates that the hy-
droxyl species on the substrate surfaces facilitate the onset of
the formation of alumina film. Therefore, the substrates can be
treated to promote the ALD surface reaction, and the treatment
of substrates depends on the materials to be deposited and ALD

reactions.[34] Through the sequential A-B reactions, Al2O3 film
is deposited with the film thickness controlled by the number of
ALD cycles. Previously, the ALD process is deemed as a mono-
layer deposition technology. Actually, the description of mono-
layer deposition in ALD is not appropriate in nature. Because
of the steric hindrance effect of ligands and density of reactive
surface sites on the substrate surface,[35] the GPC in ALD is in-
deed less than one monolayer, usually less than 50% monolayer
as reported in the previous literature.[36,37] The GPC is also af-
fected by the growth modes. In ALD, there may exist three types
of growth modes, namely, (a) two-dimensional growth, (b) island
growth, and (c) random growth,[35] as illustrated in Figure 3. The
two-dimensional growth is an ideal growth mode because that
the reactant molecules are chemically absorbed on the substrate
surfaces via the manner of monolayer. If the reactant vapors are
inactive on the substrate surfaces, the film growth prefers to take
place selectively in the reactive area of the surfaces, such as de-
fects area on the substrate surfaces, resulting in island growth
mode. It was reported that the growth mode of ZrO2 and Al2O3
on hydrogen-terminated surface belongs to island growth.[38] The
random growth mode refers to the film growth that the materi-
als to be deposited are distributed on the substrates randomly. It
should be noted that the configuration of reactors and properties
of the substrate surfaces play important influence on the growth
mode. At the beginning of the film growth, the film usually expe-
riences nucleation. A nucleation retardation phenomenon is ob-
served in the beginning of film formation in the ALD process.[38]

It implies that controlling the initial growth of the materials to be
deposited in ALD can be used to grow nanoclusters to decorate
the designated catalysts.[4,21]
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Figure 2. a,b) Schematic diagrams of t-ALD and s-ALD. Reproduced with
permission.[30] Copyright 2012, American Vacuum Society.

In ALD, the processing conditions, such as temperature, pres-
sure, and time, are needed to be tuned appropriately to achieve an
ideal deposition. Temperature is an important parameter in the
ALD surface reactions because that it can provide the appropriate
activation energy for the chemisorption and related reactions in
ALD. The ALD reaction can only proceed in a confined zone of
temperature, named as “temperature window” (Figure 4), which
was first found by Suntola et al. in 1980.[22] At higher tempera-
tures, the chemical desorption rate becomes low. However, the
decomposition of reactant vapors and surface species may take
place, resulting in additional reactions and film growth. At low
temperatures, the reactant vapors may condense on the substrate
surfaces and the surface reactions may not reach completion due
to the lack of enough energy. Thus, to achieve an ideal deposition
behavior, it is recommended to carry out the ALD process in the
appropriate temperature range.[39]

Normally, the ALD surface reaction is considered to be ther-
modynamically favorable. And the chemisorption of reactant va-
pors on the substrate surfaces is fast kinetics.[35] However, the
fast kinetics of chemisorption is followed by a series of slow re-
actions consisting of the removal of excessive reactants and reac-
tion byproducts, and surface diffusion. Thus, the exposure and
purging times also affect the ALD film growth. For particles and
porous substrates, the reactants require long exposure to facil-

itate sufficient diffusion into the substrate surfaces. It was re-
ported that Al2O3 growth on the flat substrates only requires ex-
posure time ofmilliseconds to deposit a conformalmonolayer,[40]

while it takes about one minute to deposit a conformal film for
high-aspect-ratio structures with the pore depth of 50 μm and di-
ameter of 65 nm.[24,28] It indicates that sufficient exposure time
and purging time are needed when using ALD to modify the sur-
faces of particles.
The operating pressure is considered to influence the course of

mass transfer and thereby affects the film growth in ALD. The ab-
solute pressure in the ALD process is the sum of partial pressures
of reactant, byproduct and carrier gas. Due to the thermodynamic
nature of chemisorption in the ALD surface reaction, the partial
pressure of the reactant has negligible effect on the surface chem-
istry. However, the weak gas–solid interactions induced by low
pressure can affect the ALD film growth. Under the assumption
of stepwise reactive sticking coefficient, Gordon et al. deduced a
formula to estimate the partial pressure (P) and exposure time
(t) for complete coating of the sidewalls of high-aspect-ratio (a)
structures per cycle, which was expressed as following:[40]

P ⋅ t = S
√
2𝜋mkT

[
4a + (3∕2) a2

]
(3)

where S,m, k, and T are the saturated surface density, molecular
mass, Boltzmann’s constant, and temperature, respectively. Al-
though the carrier gas that is used to carry the reactant vapors to
the substrate surfaces does not participate in the ALD reactions,
it could affect the surface diffusion of reactants and thereby play
a significant role in the ALD film growth.[41]

3. Challenges in Particle Modification via ALD

In order to obtain conformal and uniform coating films on the
particles via ALD, it is crucial that the entire surface of target
particles should be exposed to the reactant gases during the de-
position cycle. However, the cohesive interparticle forces hinder
the exposures of interior particle surfaces to the reactant gases
during the ALD surface reactions, resulting in nonuniform coat-
ings. As the particle size scales down to the nanoscale, cohesive
interparticle forces become significant and strong, causing NPs
readily adhere and form agglomerates or aggregates. Herein, the
aggregation refers to the sintering together of particles, while ag-
glomeration refers to the adhesion of particles.[42] A systematic
explanation of agglomerates have been proposed by Yao et al.,
using the concept of multistage agglomerates theory (MSA).[42,43]

According to the MSA theory, there exist three stages of agglom-
eration of particles. The first stage is the 3D netlike structure
formed by primary particles (size < 10 μm) due to the strong ag-
gregation effect. Then the netlike structure coalesces into simple
agglomerates of micro size (size < 100 μm) due to the interpari-
cle forces. The third stage is the formation of large and complex
agglomerates (size > 100 μm) due to the physical motion in a re-
actor, such as fluidizing reactor. The formation of agglomerates
is highly associated with the interparticle forces. Therefore, un-
derstanding the interparticle forces is crucial for optimizing pro-
cess parameters to ensure effective PALD process. Typically, in a
system of particles, chemical bonding is a strong force between
particles. Except that, attractive forces also exist between the par-
ticles. Normally, there are fourmajor interparticle forces, namely,
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Figure 3. Schematic of the film growthmode in ALD. a) Two-dimensional growthmode, b) island growthmode, and c) randomgrowthmode. Reproduced
with permission.[35] Copyright 2005, AIP Publishing.

Figure 4. Schematic of the effect of deposition temperature on the growth
per cycle (GPC). Reproduced with permission.[24] Copyright 2010, Ameri-
can Chemical Society.

van der Waals force, electrostatic force, liquid bridge formation,
and sintering,[25] as listed in Table 1.

Van der Waals force is seen as a weak intermolecular force
and plays a significant role in the attraction between the particles
with the size less than 100 μmwhen two particles approach each
other as closely as 1 nm.[25,44,45] Physically, the van derWaals force
derives from the instantaneous nonuniform distribution of elec-
tronic charges on the particle surfaces. According to the simple
model of rigid spheres, the van der Waals force in sphere–sphere
interactions can be expressed as follows:

Fvw = A
6d2

R1R2

R1 + R2
(4)

where A is the Hamaker constant (materials-related), which is an
important parameter of the van der Waals force in describing the
particle interactions including agglomeration and dispersion, R1
and R2 are the sphere radius of two particles, and d is the surface
separation.[25,45] It implies that the van der Waals force increases
as the surface separation distance decreases. In practice, the van
der Waals force depends on the surface asperities and environ-
mental dryness.
Electrostatic force can also arise among dry particles in a

gaseousmedium. In a dry environment, the opposite charges will

Table 1. Comparison of the main interparticle forces.

Force type Origin characteristics

van der Waals force Instantaneous nonuniform distribution
of electronic charges on particle

surfaces

Significant at the very close separation distance (0.2–1 nm)
Being affected by surface asperities and dry environment

Particle diameter <100 um

Electrostatic force Opposite charges on the particle surfaces
induced by electron exchanging after

contact, friction, collision, etc.

Force strength decreases rapidly as the separation distance
increases, and increases with an increase in the charges

carried on the particle surfaces
Anisotropic particles exhibit a higher force than spherical ones

due to the nonuniform charge distribution

Capillary force Surface tension from the liquid–solid
interface

Existing especially in the moisture environment
Force strength increases with an increase in the surface

tension

Sintering force Material migration and strong bonding
effects between the particles

Strong force to form dense particles which can hardly be
separated

Formation of “neck” in the region of contact
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exist on the surfaces of the particles via electron exchanging after
contact, friction, collision, etc. The electrostatic force Fes gener-
ated between the charged particles can be given by[25]

Fes =
q1q2
4𝜋𝜀d2

(5)

where q1 and q2 are the charges existed on the surface of the par-
ticles, 𝜖 is the dielectric constant of the medium between the par-
ticles, and d is the separation distance of the particles. The equa-
tion suggests that the force strength decreases rapidly with the
separation distance, and increases with the charges carried on
the particle surfaces. For anisotropic particles, the electrostatic
force is larger than spherical ones due to the nonuniform charge
distribution on surfaces. Also, the electrostatic force may exist
between the reactor walls and particles, leading to the adhesion
of particles on the reactor walls, which imparts the ALD pro-
cess. Therefore, before ALD process, an anti-electrostatic treat-
ment should be taken into account to avoid the accumulation
of particles on the walls. To eliminate the effects of electrostatic
forces, antistatic coatings are commonly used. Generally, a mate-
rial with the surface resistivity of 105 Ω/□–1012 Ω/□ is defined as
an anti static material.[46] Considering the operating conditions
in PALD, some conductive materials such as metals (Ni, Ag, etc.)
and metal oxide semiconductors (ZnO, SnO2, etc.) are consid-
ered to be suitable for antistatic coatings for the reactors.[46–48] To
obtain the antistatic coatings, somemethods can be used, such as
electroplating and spraying.[49,50] To deposit Ni-based conductive
materials onto the surface of metallic reactors, electrodeposition
could be a commonmethod. To coatmetal oxide semiconductors,
the spraying method could be an option, especially for the reac-
tor with complex shapes.[50] Plasma spraying is deemed to en-
hance anticorrosion performance of the reactors.[51] It is worthy
to note that ALD is also an effective technique to coat pinhole-
free and conformal films of metal oxide semiconductors as an-
tistatic coatings, though the thickness of the coatings is usually
at nanoscale.[52] Except the antistatic coatings and correspond-
ing deposition methods, some other techniques benefit the mit-
igation of the static electricity. To electrically ground the reactors
is an easy and reliable way which can dissipate the electrostatic
charges. Although increasing the gas humidity in the reactors can
increases the conductivity of the gas to reduce the static charges,
it could induce the agglomeration of particles due to the liquid
bridge formation which will be discussed later.
Due to the presence of water molecules between particles,

there exists a solid-liquid interaction, resulting in the formation
of liquid bridge as illustrated in Figure 5. The multiple particle
bridging can lead to large agglomerates. Thus, the bridge forma-
tion affects the handling process of particles. The static force Fls
induced by the liquid bridge can be expressed as a sum of the
surface tension and pressure drop[25]

Fls = 2𝜋r2𝛾 + 𝜋r22ΔP (6)

ΔP = 𝛾

[
1
r1

− 1
r2

]
(7)

where 𝛾 and ΔP represent the surface energy and pressure drop,
respectively. r1 and r2 denote the principal radii of curvature of
the liquid bridge surface. As the particles are close proximity to

Figure 5. Schematic of the liquid bridge formation between two spherical
particles. Reproduced with permission.[25] Copyright 2000, Elsevier.

each other, the static force of the liquid bridge formation reaches
the maximum value Fls, max, given by

Fls,max = 2𝜋R𝛾 (8)

where R represents the liquid bridge neck radius. The high hu-
midity can have a severe effect on the liquid bridging. Hence, a
drying step is required before the PALD coating. Moreover, in
some dry processes, especially in the ALD process where water
is used as reactants or the byproduct of the reaction, the possi-
ble liquid bridging formation becomes important, resulting in
the formation of compact aggregates. Once the liquid bridging
forms, the gas-solid interactions between reactants and particle
surfaces will be reduced. Thus, proper reaction temperatures are
required in the related ALD process to remove the water.
In ALD, high temperatures are usually used for drying parti-

cles and the coating process. At the elevated temperatures, the
liquid bridging will be lost as the water is removed. However,
the high temperature can give rise to the high rate of sintering
among the particles. To some extent, sintering is as similar to the
liquid bridging, except that the solid particles replace the water
molecules in the “neck” region. The formation of “neck” in the
sintering between particles is because that the material migrates
to the region of contact. The particles with “neck” is often termed
as permanent agglomerates or aggregates, meaning strong and
dense particle collectives, which are hardly separated.[25,53] To de-
scribe the time-dependent sintering phenomenon, the neck ra-
dius x at a time 𝜏 can be expressed by the surface energy 𝛾 , parti-
cle radius r, and viscosity coefficient 𝜇, according to the Frenkel
equation for viscous sintering[53]

(x
r

)2
= 3𝛾
2r𝜇

𝜏 (9)

In the viscous sintering, migration is driven by the surface en-
ergy minimization and opposed by the viscosity. The viscosity is
an Arrhenius function of the temperature[25]

𝜇 = 𝜇0exp (E∕RT) (10)

where E is the activation energy, T is the temperature, and R rep-
resents the molar gas constant. It indicates that the viscosity de-
creases with the temperature for themedia in a liquid state, while
themigration benefits from the temperature which facilitates the
sintering. To this end, the viscous sintering occurs much faster
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at higher temperatures. During the ALD process, the formation
of sintering also reduces the degree of particle–reactant interac-
tions, thereby leading to the non-uniform coating as the same
as the liquid bridging does. Thus, careful reactor designs should
be developed such that they can address the problems associated
with interparticle forces as well as the process conditions.
To address the issue of agglomeration or aggregation induced

by the cohesive interparticle forces, various strategies such as
mechanical vibration, fluidization, and external field assistance
have been developed.[2,54–57] For the vibration method, the vi-
bration forces are exerted on the particles to cause them to be
separated. Although the method suits for the particles with a
wide size distribution, an appropriate thickness of the particle
bed and layer phenomenon should be taken into account for the
well separation. Fluidization is a method to flow the particles
through continuously introduction of a upward gas to achieve
the separation. However, some cohesive particles are difficult to
reach a homogeneous fluidization state, which calls for external
fields to improve the fluidization quality. In this respect, acoustic
fields, electric fields and magnetic fields are applied to assist the
fluidization.[57–59] These assistance fields also have their limita-
tions. The use of acoustic fields may generate significant noise
levels and potentially induce concerns about the joint tightness.
The assistance of electric fields may bring safety problems as-
sociated with the use of high voltage and particle stability issues
during charging/discharging process.Magnetic fields are limited
to the particles that can be magnetized. Based on the advantages
and disadvantages of these strategies, the combination of the one
or twomethods is deemed as a feasible option to separate the par-
ticles in the practical use.
Although the agglomeration or aggregation is one of the signif-

icant challenges in the surface modification of particles via ALD,
there are also some other aspects that need to be considered, in-
cluding the dependency of the film growth on irregular surfaced
particles, and the low material utilization efficiency of reactants
due to the prolonged dosage of reactants for a conformal coat-
ing. Regarding the ALD coating on irregular surfaced particles,
granular films weremostly grown on the surfaces of particles, es-
pecially in the initial ALD cycles.[24] The properties of reactants
such as the size of ligands and reactant vapor pressures also sig-
nificantly affect the coating profiles.[60,61] In some cases, longer
deposition time and lower reactant efficiency would occur, as us-
ing conventional ALD reactors for the particle coating.[62] In the
system of particles at the reduced pressure, the pores between the
particles are usually as small as sub-micrometer size, and the dif-
fusion of reactantmolecules enters themolecular flow regime.[63]

Based on the mathematical deduction, Longrie et al. showed that
the mass transfer purely by diffusion in the fixed particle bed can
lead to as long asmany hours to saturate the surface reaction sites
for a complete coating.[26] Thus, mechanical agitation is required
to enhance mass transfer, thereby reducing exposure time and
improving reactant utilization efficiency. For instance, the fluidiz-
ing scheme for a large quantity of particles is demonstrated as an
effective method to improve reactant utilization efficiency with
losses of reactants limited to a few percent, verified by the exper-
iments and simulations.[64,65] Although several approaches for
agitation or fluidization of particles have been developed to en-
hance gas-solid interactions, reduce exposure times and improve
reactant efficiency, designs of ALD reactors under atmospheric

pressure is still challenging in PALD. On the other hand, robust
design of ALD reactors for processing high-throughput particles
is very promising for industrial sectors which often need to pro-
cess tons of particles. Thus, scale-up solutions for PALD at at-
mospheric pressure or near atmospheric pressure have attracted
much attention from the engineering sectors.

4. Reactor Designs for PALD

To address the problems associated with PALD, reactors used to
hold the particle substrates and separation schemes of particles
are crucial to a ALD system. Over the past decades, the interest in
NP modification has pushed researchers to develop viable, easy-
to-operate and even economically scalable PALD reactors. Suc-
cessful modification of NPs have been achieved by using the de-
signed reactors, although the reactors have their own advantages
and limitations. Thus, in this section, the designs of reactors used
in PALD will be discussed from the modeling approaches and
lab-scale experiments to scale-up solutions.

4.1. Fixed-Bed Reactors

In 2000, George team attempted ALD coating on particles with
a thermal ALD reactor.[66,67] A small quantity of particles was
spread over the base of a fixed crucible (Figure 6a) while the re-
actant gases were injected from the upper to the bottom of the
crucible. Due to the small quantity of particles, the reactant gases
could diffuse through the interstitial of particles and thereby en-
able gas–solid interactions for the ALD surface reaction on the
individual particles. As the amount of particles increased, it was
found that only the top layer of particles could be successfully
coated, leaving the bottom layer of particles uncoated, as shown
in Figure 6b. For a complete coating of the entire particles, an ex-
tremely long time was needed because that it was difficult for re-
actant gases to diffuse deeply inside the particle bed, as the stud-
ies reported by Longrie et al.[26] To obtain the completion of coat-
ing for the bottom layer of the particle bed, George et al. proposed
to place a photo-etched tungsten grid on the bottom of the cru-
cible to support the particle substrates and let the reactant gases
flow across the grid to the pump lines to ensure the exposures of
particle surfaces at the bottom (inset of Figure 6c).[66] Since that
the reactant gases could flow from the upper layer to the bottom
layer of the particle bed, BN particles, including the particles on
the bottom layer of the crucible, were successfully coated with
ultrathin and conformal Al2O3 and SiO2 films.[67] To some ex-
tent, the design of supporting the particle substrates with grids
addressed the ALD surface reactions of the particles at the bottom
layer of the crucible. However, this method had some drawbacks.
Due to the fast flow rate, reactants usually tended to directly flow
through the channels in the particle bed and be pumped out be-
fore the completion of ALD surface reactions, leaving some re-
actants unreacted. On the other hand, the amount of particles in
the crucible was still small for the ALD coating process, limiting
the application of ALD to process a large quantity of particles.

4.2. Fluidized Bed Reactors

To facilitate the delivery or diffusion of reactant gases to the
particle surfaces, Wank et al. combined fluidization and ALD

Adv. Mater. Interfaces 2025, 12, e00140 e00140 (7 of 31) © 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH

 21967350, 2025, 14, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

i.202500140, W
iley O

nline L
ibrary on [08/03/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advmatinterfaces.de


www.advancedsciencenews.com www.advmatinterfaces.de

Figure 6. Schematic representation of fixed-bed reactors in ALD with particles inside the crucible. a) Individual particles are coated via ALD under
conditions where a small quantity of particles is present in the crucible. b) Only the top layer of particles is coated via ALD for a larger quantity of
particles. (Reproduced with permission.[26] Copyright 2014, American Vacuum Society. c) Particles at the bottom of the crucible can be coated using
ALD if a tungsten photo-etched grid is used as a filter at the base. Reproduced with permission.[67] Copyright 2000, Elsevier.

technology together to coat films on particle surfaces. In 2004,
they introduced a continuous upward gas into the FBR to
disperse and suspend the particles, thereby successfully per-
forming Al2O3 ALD surface reactions on micro-sized Ni and BN
particles.[68,69] The continuous fluidization gas leads to intense
interactions between reactants and particle surfaces, resulting in
ALD surface reactions more efficient. In 2005, Weimer’s group
used FBR-ALD to successfully deposit conformal Al2O3 coating
on silica (≈40 nm) and zirconia (≈26 nm) nanoparticles.[70,71]

Their fantastic works were the first to show the world that the pri-
mary NPs can be coated by PALD technique and the fluidization
scheme was important for this. Since then, the FBR-ALD opens

up a feasible scheme of modifying NP surfaces in a gaseous
medium.

4.2.1. Fluidization Basics

To fluidize particles, a continuous gas with a velocity of U is fed
upward into the reactor, resulting in a pressure drop ΔP across
the particle bed. The pressure drop will increase linearly with
the gas velocity (Figure 7a, line OA). At a particular gas veloc-
ity, denoted as the minimum fluidization velocityUmf (Figure 7a,
point A), the particles will be floated and the pressure drop

Adv. Mater. Interfaces 2025, 12, e00140 e00140 (8 of 31) © 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 7. a) Pressure drop and voidage versus gas velocity. b) Extended Geldart diagram for powder classification with SFB (solidlike-to-fluidlike-to-
bubbling) and SFE (solidlike-to-fluidlike-to-elutriation). Reproduced with permission.[26] Copyright 2014, American Vacuum Society.

becomes maximum. As the gas velocity increases slightly, the
pressure drop will decrease a little. When the gas velocity in-
creases further, the pressure drop will remain constant, reach-
ing a fluidization regime (Figure 7a, line BC). At the fluidization
regime, the voidage of particles increases with the gas velocity
while the voidage merely changes before the fluidization. In the
fluidized bed, the gravitational force is balanced by the drag force
and buoyancy force induced by the fluidizing gas. The gas pres-
sure drop ΔP across the bed area can be expressed as follows:[72]

−ΔP =
weight of the particles − uptrust on the particles

area of the bed
(11)

−ΔP = H
(
1 − 𝜀mf

) (
𝜌p − 𝜌g

)
(12)

where 𝜖mf is the voidage of the particle bed, 𝜌p is the bulk density
of the particles, and 𝜌g is the density of the fluidizing gas. Using
the Ergun equation[73] and laminar condition for a packed bed
that the Reynolds number is less than 10,[72] the pressure drop
across the height of particle bed is given by

−ΔP
H

=
150Umf 𝜇(
𝜙dp

)2
(
1 − 𝜀mf

)2
𝜀3mf

(13)

Thus, the minimum fluidization velocity based on individual
particles can be expressed as

Umf =
ΔP
H

(
𝜙dp

)2
150𝜇

𝜀3mf

(1 − 𝜀mf )
2

(14)

Considering the equation of the pressure drop, the minimum
fluidization velocity can be obtained as

Umf =
(
𝜙dp

)2
150𝜇

[
g
(
𝜌p − 𝜌g

)] 𝜀3mf

1 − 𝜀mf
(15)

where ϕ is the sphericity, dp is the particle (or agglomerate) diam-
eter, 𝜇 represents the dynamic viscosity, 𝜖mf is the porosity at the
minimum fluidization, and g is the gravitational acceleration. It

indicates that Umf increases with the particle size dp and particle
density 𝜌p, and is affected by the properties of the fluidizing gas.
The minimum fluidization velocity is a crucial parameter of the
fluidization behavior to enable gas–particle interactions.
Generally, there are two fluidization regimes in the fluidiz-

ing particles: homogeneous fluidization (i.e., no-bubbling) and
bubbling fluidization. In the homogeneous fluidized bed, the
particle–particle distance will increase with the gas velocity while
the pressure drop across the bed remains constant. The bub-
bling fluidized bed is typically composed of two distinct phases:
the bubbling phase which contains gas bubbles and emulsion
phase which consists of fluidized particles surrounding the
bubbles.[74,75] In the bubbling fluidization, the gas with the veloc-
ity exceeding Umf will pass through the particle bed as bubbles.
The minimum bubbling velocity Umb represents the gas velocity
which make bubbles start to appear in the fluidized bed.
To classify and predict the fluidization behaviors of parti-

cles, Geldart divided particles into four categories, denoted C,
A, B, and D, as cohesive, aeratable, bubbling, and spoutable,
respectively,[2,76] as shown in Figure 7b. According to the classi-
fication, the very fine and cohesive particles belong to the Gel-
dart type C, which cannot be homogeneously fluidized due to
the strong interparticle forces, resulting in formation of plugging
and/or channeling in the particle bed. Since the cohesive parti-
cles or NPs tend to form agglomerates, the structure of agglom-
erates affects the fluidization behaviors more significantly com-
pared to individual NPs. In this respect, the fluidizing entities are
agglomerates rather than individual particles. There are two ma-
jor phenomena occurring during the agglomerate fluidization,
namely, agglomerate particulate fluidization (APF) and agglom-
erate bubbling fluidization (ABF). APF refers to the high expan-
sion bed and no-bubbling fluidization for the light and porous ag-
glomerates, behaving like the particles of Geldart type A. On the
other hand, ABF exhibits fluidization behavior like Geldart type
B particles and only macroscopic bubbles are formed, leading to
an inhomogeneous expansion bed. Yao and Zhu et al. summa-
rized the comparison of fluidization behaviors between APF and
ABF.[42,77]

For the particles in the classical Geldart type C, there are
some important findings which could help to improve the
understanding of the fluidization behaviors of these particles.
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As illustrated in Figure 7b, there exist two subcategories for
cohesive particles depending on the particle size and relative
density, namely, solidlike-to-fluidlike-to-elutriation (SFE) and
solidlike-to-fluidlike-to-bubbling (SFB).[76,78,79] The SFE behavior
means that the particle bed consisting of light and small parti-
cles will expand homogeneously without the formation of the
bubbling before the elutriation of particles, while SFB behavior
means that the particle bed comprising heavier and larger
particles will generate bubbles when the gas velocity increases
above the fluidlike state.
In the fluidized bed, it should be noted that fine particles or

NPs are not fluidized individually, but as particle agglomerates.
As discussed in theMSA theory, the formation of particle agglom-
erates is dynamic during the fluidization, showing the contin-
uous disintegration and reformation of complex agglomerates,
because of the shear forces exerted by the fluidizing gas and the
collisions between circulating agglomerates.[42] After the inves-
tigation of fluidization behaviors of various nanopowders at at-
mospheric and reduced pressure, Hakim et al. used dynamic ag-
gregation to describe the phenomenon that NPs could shed from
one agglomerate to another.[80] Later, Hakim et al. further pointed
out that the dynamic aggregation of NP agglomerates in the flu-
idized bed highly facilitated the ALD coating process and made
the PALD process viable.[70] It is worthy to note that the surfaces
of NPs inside the agglomerates can be exposed to the reactants
in a short time due to the continuous recirculation and frequent
collisions between the particle agglomerates.[71] To break particle
agglomerates, prolonged exposure time facilitates the reactions
of reactant gases with surface active sites, while extended purg-
ing time is conducive to the removal of unreacted gases within
the agglomerates. Regarding the transport of reactant gases in-
side porous agglomerates, similar to the case inside a pipeline,
there is an important parameter for the transportation behavior
of molecules, denoted as Knudsen number Kn, which is defined
as[81]

Kn =
𝜆

L
(16)

where L is the average pore diameter and 𝜆 is the mean free path
(MFP) of the reactant molecule which can be expressed as[82]

𝜆 =
kBT√
2𝜋𝜎2P

(17)

where kB is the Boltzmann constant, T is the temperature, 𝜎 rep-
resents the molecule collision diameter, and P is the pressure.
It indicates that the MFP is closely related to temperature, pres-
sure and molecular diameter. Considering the complex shapes
of NPs, Grillo et al. developed a model to describe the diffusion
behavior in NP agglomerates which can be treated as a porous
media.[65] According to the MSA theory, there exist three stages
of NPs, namely, aggregates, simple agglomerates, and complex
agglomerates.[42] Based on the three-level hierarchical structure,
they proposed two levels of the precursor diffusion at the NP
agglomerates, namely, the complex-agglomerate level character-
ized by the porosity of 0.77, and the simple-agglomerate level
characterized by the porosity of 0.95. It was concluded that, at
the atmospheric-pressure, the diffusion process was in Fickian

regime for the complex agglomerates and in transition regime
(both Knudsen and Fickian diffusion) for the simple agglom-
erates. Under the low pressure of 1 mbar, the diffusion pro-
cess entered transition regime at the complex-agglomerate level
while the Knudsen regime was fully developed at the simple-
agglomerate level.[65] Furthermore, different diffusion regimes
lead to different time scales. Grillo et al. put forward six time
scales, including gas residence time in the emulsion phase and
bubble phase, the diffusion time at simple-agglomerate level and
complex-agglomerate level, and the like.[65] In their study on the
bubbling fluidized bed for a batch of 22 g TiO2 NPs, they found
that, at the atmospheric pressure, the time scale of TMA half
reaction was shorter than that of the diffusion at the complex-
agglomerate level. However, under the low pressure of 1 mbar,
the reaction time scale became equivalent to the diffusion at the
both complex and simple agglomerates, and almost the reaction
and transport processes became faster.[65] Similarly, Duan et al.
pointed out that, in the fluidized bed, the diffusion time of re-
actant gases inside the particle agglomerates can be negligible
compared to the much longer reactor scale diffusion time under
the vacuum condition.[83]

Now as the basics of the fluidization has been discussed,
the size of particle agglomerates is crucial to predict the flu-
idization quality in the fluidized bed. In order to estimate
the mean size of particle agglomerates during the fluidization,
some methods have been developed based on the force balance
model,[84] energy balance model,[85] and Richardson-Zaki (R-Z)
equation.[77,86,87] Apart from the agglomerate size, the voidage
and agglomerate density can be estimated according to the mod-
ified R-Z equation.[86] To enhance the fluidization quality, var-
ious external force have been developed to assist the fluidiza-
tion, such as mechanical agitation,[64] electric field,[58] magnetic
field,[57,88] vibration,[69,89,90] acoustic wave,[55] etc. And these as-
sistance forces can be also used in the FBRs to facilitate the ALD
process.

4.2.2. Designs of Fluidized Bed Reactors

In comparison to the conventional reactors, the major advantage
of FBR lies in the efficient gas-solid interactions, resulting in high
rates of heat and mass transfer. The first attempt to use FBR
for the ALD process was developed by Wank et al. in 2004.[68]

In their work, they successfully obtained conformal Al2O3 films
on nickel particles (150 μm) by combining fluidization and ALD
techniques. According to the classical Geldart diagram, the se-
lected nickel particles with the diameter of 150 μm belong to
the Geldart type A, exhibiting easy fluidization. Later, they im-
proved the design of FBR to adapt to coating cohesive boron ni-
tride (BN) particles, belonging to the Geldart type C, with the
wide size range from 7 to 60 μm.[69] In their design, the added
vibration motors were attached to the FBR for prompting the flu-
idization behavior of cohesive BN particles, and the inert gas was
used as both the fluidizing gas and purging gas through the dos-
ing line. Due to the dynamic aggregation of BN particles during
the fluidization, an ultrathin and conformal Al2O3 film had been
deposited on individual BN particles through ALD.[69]

To optimize the ALD process, King et al. designed a fluidized
bed ALD system using a mass spectroscopy for real-time mon-
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Figure 8. Schematic representation of the designs of fluidized bed reactors for ALD process. a) Experimental set-up for a fluidized bed reactor with
vibration and mechanical stirring. Reproduced with permission.[64] Copyright 2007, Elsevier. b) The fluidized bed reactor with a specific taper design.
The upper part of the reactor tube is expanded at an angle of 25° with respect to the axis of the tube, resulting in dramatic decrease of the gas velocity and
thereby preventing particle and agglomerate entrainment. Reproduced with permission.[93] Copyright 2014, AIP Publishing. c) Experimental setup of a
pulsed-bed ALD reactor. Reproduced with permission.[96] Copyright 2014, Elsevier. d) Schematic drawing of a fluidized bed reactor that can be operated
at the atmosphere pressure. Reproduced with permission.[97] Copyright 2009, Wiley-VCH.

itoring of film growth characteristics.[64] In Figure 8a, a mass
spectrometer was attached to the outlet of the FBR, which was
equipped with magnetically-coupled mechanical stirring and vi-
bration motors for promotion of fluidizing NPs and micro-sized
particles. The authors pointed out that the FBR can be employed
to deposit many types of films on the various particle substrates
including metals, ceramics and polymers. Moreover, with the
in situ monitoring of ALD reactions, near 100% utilization of

the specific precursor can be attained under optimized process
conditions.[64] Similarly, Duan et al. found that the utilization ef-
ficiency of TMA and H2O can reach 99% under the optimal flu-
idization process.[83] Grillo et al. presented a multiscale dynamic
model to understand and optimize the precursor utilization dur-
ing PALD and the results showed that hardly any loss of pre-
cursors could be obtained at the proper operating conditions.[65]

However, in the semiconductor industry, the use efficiency of
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precursors is usually reduced to ≈50%[91] due to the bypass of
costly precursor gases around the planar substrate surface, mak-
ing ALD amore expensive option.[92] Actually, FBRs are preferred
for high utilization efficiency of precursors since all feed gas
flows through the particle bed. Therefore, FBR-ALD is deemed as
a low-cost process for particle modification, as discussed in a re-
cent paper of Dr. Weimer.[92] In the typical FBR, a porous distrib-
utor plate beneath the reactor is usually needed to prevent the par-
ticles from falling into the pipelines, and the filters placed in the
top of the reactor are required as well to avoid the entrainment of
particles due to the particle elutriation. In a specific design of FBR
designed by Didden et al., the filters in the top of the reactor were
eliminated.[93] To prevent the particles from getting entrained by
the gas flow, the FBR was designed to have an expanded upper
tube with the expanded angle of 25°with respect to the axis of the
lower tube, as shown in Figure 8b. Because of the drastic decrease
of the gas flow velocity in the expanded upper tube, most of par-
ticles and particle agglomerates could be prevented from being
carried away to the exhaust. In addition, a pneumatic piston vi-
brator was installed on the bottom of the reactor to improve the
fluidization behaviors. With the designed ALD apparatus, they
successfully achieved TiO2-coated SiO2 core–shell NPs with ho-
mogeneous shells.[93]

In FBR-ALD, the purge time and dose of reactant gases should
be harmonized with the appropriate upward gas velocity to sus-
tain the fluidized state of particles.However, the initial conditions
of the particle bed, like bed mass, particle size, and agglomerate
kinetics, vary from one particle bed to another, resulting in differ-
ent processing parameters for specific particles to be coated.[64]

To address these problems, pulsed-bed fluidization was estab-
lished from experiment and modeling.[94,95] With combining the
pulsed-bed fluidization and ALD, Tiznado et al. designed and de-
veloped a pulsed-bed ALD system (Figure 8c).[96] The pulsed-bed
reactor was designed as a reaction chamber with a closely fitted
capsule, which was assembled by two opposite filters. Since that
the capsule nearly occupied the entire inner volume of the reac-
tion chamber, the reactant gases were forced to flow through the
capsule. In the set-up, two valves, namely, Vp and Vm, were in-
stalled before and after the reaction chamber. Through control-
ling the open and close of the two valves, the violent turbulent
flow was established in the reaction chamber and thereby caused
an expansion of the particle bed in the capsule. Plus the dosing
and purging steps, the ALD reaction was completed in the re-
action chamber. Using the pulsed-bed ALD reactor, the authors
achieved conformal Al2O3 films on the particles with different
morphological characteristics, such as carbon nanotubes, flower-
like ZnO micro-arrays, and YCrO3 particles, indicating that the
pulsed-bed was appropriate for a small quantity of particles and
served as a very convenient alternative for research purposes.[96]

For the conventional fluidized ALD, the operation pressure re-
quires at the reduced pressure due to the reactant vapor pressure
usually on the order of 1–10 Torr.[64,69] Consequently, the expen-
sive vacuum equipment is needed to maintain the reduced pres-
sure in the ALD system. However, working under atmospheric
pressure provides a cheaper and less complicated solution for the
fluidized bed ALD system. In 2009, Beetstra et al. developed a
FBR-ALD system which could work at atmospheric pressure.[97]

In their design (Figure 8d), the effluent gases from the reactor
were led through a double set of gas washers which was used to

deal with the excessive reactants and reaction byproducts. And
the pressure at the outlet of the ALD system was atmospheric. To
improve the fluidization quality, the vibromotors were installed
on the bottom of the reactor to provide vibration assistance. Us-
ing the designed ALD apparatus, a batch of 120 g LiMnO4 par-
ticles with the size of 200–500 nm had been successfully coated
with conformal Al2O3 films. Later, Goulas andOmmen employed
a similar ALD system to decorate TiO2 NPs (21 nm) with nanos-
tructured Pt clusters,[98] indicating that the FBR-ALD working at
atmospheric pressure was an attractive technique from the per-
spective of the scale-up potential. In order to obtain good flu-
idization of particle agglomerates, vibrationmotors were also em-
ployed in the atmospheric-pressure FBR-ALD system. Recently,
Soria-Hoyo et al. devised a non-assisted FBR-ALD that can oper-
ate at atmospheric pressure to modify the surfaces of nanosilica
particles with CaO films.[99] The absence of external assistance
methods, such as vibration, was because that nanosilica particles
could be uniformly fluidized at the optimum range of the flu-
idizing gas velocity, ensuring the effective gas-solid interactions
in the system.[99]

4.3. Rotating Bed Reactors

In the fluidization scheme, to float the individual particles, the
upward force induced by the fluidizing gas needs to be equal
to the gravitational force of the particle. To this end, the fluidiz-
ing gas needs to be continuously introduced into the reactor and
thereby applies drag forces on the particles. Due to the fast flow
rate in the FBR, the residence time of reactants may be too short
to reach high efficiency for some reactants with low reactive stick-
ing coefficients in the ALD surface reactions.[100] With sufficient
exposure times, the reactants even with the low reactive sticking
coefficient can react with the particle surfaces completely. More-
over, to avoid the agglomeration of particles caused by coating
films, it is necessary to disperse the particles during the ALD
process. To solve these issues, a rotary reactor enables both static
reactant exposure and necessary agitation for the PALD process.
In 2006, McCormick and George et al. developed a rotary re-

actor for thermal ALD growth on particles.[101,102] As shown in
Figure 9a, the rotary reactor mainly includes multiple-input dos-
ing flange, cylindrical drum with porous stainless steel wall and
magnetically coupled rotary manipulator. The cylindrical drum
was used to support the particle substrates and could rotate with
the magnetically coupled rotary manipulator. And the mean di-
ameter of the pores was 10 μm in the porous walls of the cylin-
drical drum. As the reactant gas being dosed from the multiple-
input dosing flange into the chamber, the gas could flow through
the porous walls of the cylindrical drum to react with the parti-
cle surfaces. As illustrated in Figure 9b, the particle in a porous
vessel experiences inward viscous drag force for gases entering
the porous wall, outward centrifugal force for rotating motion
and gravity. At a low-speed rotary reactor in which the centrifugal
force is less than the gravity force, the particles in the reactor are
lifted up first and then fall off from the wall. In this way, the par-
ticles are dispersed during the ALD process. On the other hand,
within a reactant pulse period, the valve on the outlet is closed
to provide sufficient residence time of reactants for the comple-
tion of ALD reactions on the particle surfaces. With the novel ro-
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Figure 9. Designs of rotating bed reactors. a) Design of a rotary reactor with multiple-input dosing flange (i), rotated cylindrical drum with porous
stainless-steel wall (ii), capacitance manometers (iii), and magnetically coupled rotary manipulator (iv). Reproduced with permission.[101] Copyright
2007, American Vacuum Society. b) Schematic representation of a rotating bed reactor under the rotation of the reactor in which the powder suffers
the inward viscous drag force, outward centrifugal force, and gravity. Reproduced with permission.[101] Copyright 2007, American Vacuum Society. c)
Schematic diagram of a radical-enhanced rotary reactor consisting of multiple-input flange (1), RF coil (2), tube furnace (3), mechanical rotation system
(4), outer quartz tube chamber (5), and inner glass tube for supporting the particles. Reproduced with permission.[103] Copyright 2012, Elsevier.

tary reactor of ALD, they obtained conformal Al2O3 film on ZrO2
particles.[101,102] Compared to the fluidization scheme, the rotary
reactor scheme utilizes a static stream of reactant gases and ag-
itates the particles by the rotating motion of the substrate bed.
Hence, the efficiency of source reactants is supposed to be higher
than the fluidization scheme.
A second type of rotary reactor for performing ALD was de-

signed by Longrie et al. in 2012.[103] Compared to the rotary reac-
tor developed by McCormick and George et al., they applied an
open glass tube which was placed inside the quartz tube cham-
ber to support the particle substrates, instead of the metal-made
cylindrical reactor and chamber. This design rendered ALD us-
ing the inductively coupled RF plasma possible, which extended
the use of thermal ALD process. Specifically, the designed rotary
reactor consisted ofmultiple-input flange, RF generator, tube fur-
nace, outer quartz chamber, inner glass tube, mechanical rota-
tion system, and tube furnace (Figure 9c). The inner glass tube
coupled to the outer quartz tube was open and used to support
the particles to be coated. The mechanical rotation system pro-
vided the agitation of the particles. The RF generator which gen-
erated remote plasmawas composed of RF coil, power supply and
matching unit. The RF coil was placed around the outer quartz
tube, and arranged between the gas inlet and the tube furnace, in
order that the radicals generated by the RF coil could be delivered

to the particle area. Due to the high vacuum condition (base pres-
sure <1 × 10−5 mbar) ensured by the vacuum system composed
of a backing pump and a turbo molecular pump, the purging
steps with the inert gas in the ALD process were eliminated. Us-
ing the thermal and plasma-enhanced ALD system, the authors
demonstrated the effectiveness of the ALD process to deposit
Al2O3, TiO2, and AlN films on various particles, such as ZnO
NPs,micron sized stainless 316L particles, titaniumgranules and
mm-scale spherical glass beads.[103] Due to the use of plasma-
enhanced ALD, this rotating bed reactor can be used to coat
particles at lower temperatures. On the other hand, because of
the reduced conformality as compared to thermal ALD, plasma-
enhanced ALD can be used as selectively coating on porous par-
ticle surfaces without coating the interior surface of the pores.
Also, it can be applied in the catalysis field to modify the particle
surfaces with reactive sites selectively, showing extensive poten-
tials in the modification of particle surfaces.[103]

4.4. Rotating Fluidized Bed Reactors

In rotating bed reactors, the centrifugal force induced by the ro-
tating motion is usually less than the gravity force of the parti-
cles, thus the particles can be lifted up and then fall off from
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Figure 10. Designs of rotating fluidized bed reactors. a) Schematic diagram of a rotating fluidized bed reactor with a radial gas injection and an axial
gas exhaust, and b) different forces acted on the particles. Reproduced with permission.[105] Copyright 2008, Elsevier. c) Design of a rotating fluidized
bed reactor with double cartridges, and d) directions of gas injection and exhaust in the designed reactor. Reproduced with permission.[106] Copyright
2015, AIP Publishing.

the wall of rotating bed reactors. As the rotation speed increases
appropriately and a pressure drop can be established under the
gas flow, the particles inside the rotating bed can be fluidized.
Based on this consideration, Watano et al. proposed a novel ro-
tating fluidized bed system in 2003.[104] As illustrated in Figure
10a, the rotating fluidized bed consisted of a plenum chamber
and a horizontal cylinder which was made of a porous cylindri-
cal air distributor. The horizontal cylinder, which was used to
support particles, could rotate around its axis of symmetry in-
side the plenum chamber. With the centrifugal force, the parti-
cles formed the annular bed near to the rotating vessel. The in-
let gas was introduced from the nozzle on the plenum chamber,
flowed inwards through the air distributor and was pumped out

from the center of the rotating cylinder. The inlet gas acted on
the particles and gave rise to the drag force and buoyancy. In
the rotating fluidized bed (Figure 10b), the gravity is balanced
by the centrifugal force and the forces induced by the air flow
(drag force and buoyancy).[104,105] However, in the conventional
fluidized bed, particles are lifted up by a vertical airflow, result-
ing that the drag force and buoyancy are balanced by the gravity
force. Watano et al. pointed out that the rotating fluidized bed
system could reduce the size of NP agglomerates and led to well
dispersion of NPs.[105]

Based on the fundamentals of rotating fluidized bed, Chen
et al. designed a fluidized bed coupled rotary reactor for ALD
on NPs in 2015.[106] In Figure 10c, the rotating FBR was com-
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Figure 11. Schematic diagram of a vibration bed reactor, including (i)
porous stainless-steel particle-loading cylinder, (ii) accommodation cylin-
der fitted by ConFlat flanges, (iii) pneumatic linear vibrator, and (iv) pres-
sure gauge. Reproduced with permission.[89] Copyright 2014, American
Vacuum Society.

posed of a cylindrical cartridge which used an outer and an inner
mesh of 40 mm in length, while the diameters of the outer and
inner mesh were 62 and 32 mm, respectively. The meshes were
braided by a stainless steel with pores about 2–3 μm and thick-
ness about 80 μm, and supported by the homocentric frames of
which one end was attached to the shaft of the rotary manipula-
tor. Thus, the particles were held between the doublemeshes and
the outer mesh acted as an air distributor while the inner mesh
as a filter. As displayed in Figure 10d, the fluidized gas flowed
into the cartridge radially, and the drag force acted on the particle
bed was opposite to the centrifugal force. With a proper rotat-
ing speed and an inlet gas speed, the particle bed exhibited sta-
ble fluidization when the centrifugal force was balanced by the
gas drag force. With the experimental setup, the authors demon-
strated successfully ALD Al2O3 coating on SiO2 NPs and CeO2
nanopolyhedras.[106]

4.5. Vibrating Bed Reactors

Besides the FBR and rotary bed reactor, Park et al. proposed an-
other scheme for the ALD reactor by employing an external vi-
brator attached outside the reactor.[89] In the vibrating scheme,
the intense vibration during the deposition cycles induced the
effective separation of particles, which overcomes the interparti-
cle forces in the particle agglomerates and thereby enables gas-
solid interactions for the ALD reaction. As shown in Figure 11, a
porous stainless steel cylinder used as loading substrate particles
was placed inside a ConFlat flange-type accommodation cylindri-
cal chamber, and a pneumatic linear vibrator was attached onto
the outside cylinder to generate the vibration force. In order to
absorb the chamber vibration, the chamber was connected to the
reactant and pump lines via flexible bellows. Using the setup ap-
paratus, they successfully conducted the ALDdeposition of Al2O3
with the thickness of 10–15 nm on acetylene black particles with
diameters of 200–250 nm and the vibration forces or frequencies
were evaluated to optimize the process conditions. The higher vi-
bration frequency or stronger vibration force facilitates the ALD
reaction, as it promotes good separation during the deposition,
thereby overcoming the interparticle forces and enabling effec-
tive delivery and diffusion of reactant gases into the particle bed.

It is worthy to note that vibration is usually used as one assistant
method for separation of particles in FBR-ALD system.[64,69]

4.6. s-ALD Reactors

The above-mentioned ALD reactors are deemed as t-ALD reac-
tors, in which the reactants are sequentially dosed into the same
reactor and followed by intermittent purging steps. In contrast
to t-ALD reactors, s-ALD reactors allow simultaneous dosing of
reactants into different locations. To achieve the s-ALD process,
three main schemes can be adopted, which are physically sepa-
rated half-reaction zones, movement of the substrate or gas injec-
tor head, and a barrier between the half-reaction zones.[30,107,108]

Until now, several typical s-ALD apparatus have been developed
for flexible substrates, such as roll-to-roll s-ALD, rotating cen-
tral drum s-ALD, and close proximity s-ALD, where the inert
gas was used as the curtain barrier between different reactant
regions.[30,108]

In the laboratory experiment, the volume of particles to be
dealt with ALD is usually small. Therefore, the laboratory-scale
ALD reactors are sufficient to modify the particles. However, in
industrial-scale mass production, the particles to be processed
are usually hundreds or thousands of tons, necessitating scale-
up production solutions for PALD. The continuous s-ALD reac-
tor designs facilitate the mass production. In these reactors, the
particles can be continuously added into these types of reactors,
meanwhile themodified particles can be drawn from the reactors
in time without shutting down the whole ALD apparatus.
Until now, several prototypes based on continuous s-ALD have

been developed for processing high-throughput particles. One
US patent filed a design of gravity-induced semi-continuous s-
ALD reactor (Figure 12a,b).[109] The s-ALD reactor consisted of
several particle reservoirs which were placed vertically, and there-
fore the particles could pass through from the upper reservoir
to the lower one driven by the gravity. The ALD half-reactions
were completed sequentially in different reservoirs with differ-
ent reactants, while the purging steps were carried out between
the half-reactions during the falling of particles. Since that the
particles experienced half-reactions and purging steps succes-
sively, this type of reactor could be deemed as gravity-induced
progressive ALD reactor which can be used in semi-continuous
processing of the particles. The drawbacks of this kind of ALD
reactors might be in that more ALD cycles require more reser-
voirs and greater height of the whole ALD reactor as well. An-
other s-ALD was proposed to apply inert gas (such as N2, etc.)
to transport the particles for continuous yield of coated particles,
in which the reactants A and B were dosed into the conveying
path of the particles alternately.[26] Based on this concept, in 2015,
van Ommen et al. developed a 27 m long and 4 mm inner di-
ameter tube as a pneumatic transport line reactor that could be
operated at atmospheric pressure.[110] The reactor consisted of
three major parts (preheating zone, reactant reaction zone and
co-reactant reaction zone), with N2 gas transporting the substrate
particles through the system (Figure 12c). Via the designed s-
ALD reactor, the researchers successfully deposited Pt nanoclus-
ters with ≈1 nm diameter onto TiO2 NPs. Due to the elimina-
tion of purging steps, the processing rate of TiO2 NPs can reach
about 60 g · h−1.[110] For making the particles move between dif-
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Figure 12. Designs of s-ALD reactors. a,b) Schematic diagram of a gravity-induced progressive ALD reactor with vertically placed powder reservoirs.
Reproduced from the patent.[109] c) A pneumatic transport line reactor consisting preheating zone (i), reactant reaction zone (ii), and co-reactant reaction
zone (iii). Reproduced with permission.[110] Copyright 2015, American Vacuum Society. d) Schematic diagram of a s-ALD reactor with the conveying belt
to transport particles. Reproduced from the patent.[111] e) Setup of a continuously vibrating spatial PALD. Reproduced with permission.[113] Copyright
2021, Elsevier. f) Effect drawing of a vibration s-ALD system named as CIRCE by Forge Nano. Reproduced with permission.[92] Copyright 2023, Elsevier.

ferent zones, Chen et al. proposed to use a mechanical conveying
belt to transport the particles which were located between two
porous belts (Figure 12d).[111] In their design, the dispersion of
particles and gas-particle interactions relied on the gas flow from
the porous belts. With the particles moving to different reactant
zones, the ALD reactions on the particle surfaces will be com-
pleted. It is noted that the operating pressure of the substrate is
under atmospheric pressure. Similarly, A US patent also filed to
apply the mechanical conveying belt to drive the particles to pass
through different reactant and purging zones under atmospheric
pressure.[112] In another design, the continuous s-ALD reactor
could be developed based on the vibration.[113] As illustrated in
Figure 12e, a pneumatic vibrator was employed to disperse the
particles, thereby enhancing gas–particle and particle–particle in-
teractions. Simultaneously, the vibration force drove the particles
flow through alternating zones connected to the feeding vessel
and collecting vessel. In the vibration continuous s-ALD reactor,
the layering phenomenon of particles with a wide range of size
distribution should be taken into account. According to the con-
cept of Figure 12e, Forge Nano announced a continuous s-ALD
system, named as CIRCE (Figure 12f), which can be operated at
atmospheric pressure with a particle processing ability of maxi-
mum 4000 kg · h−1.[114]

4.7. Comparison of t-ALD and s-ALD Reactors

Based on the above review of reactor designs,Table 2 summarizes
the characteristics of different ALD reactors. Fixed-bed reactors
are used to clarify the possibility in coating micro-sized particles
using the conventional and flat ALD system. These reactors suit
for a small volume of particles, require long processing times
and have low reactant utilization efficiency because of the poor
gas–solid interactions. To overcome the drawbacks of fixed-bed
reactors, some reactors, such as FBRs, rotating bed reactors and

vibrating bed reactors, have been developed accordingly. By com-
bining fluidization and ALD techniques, the FBR-ALD shows the
ability in modifying the fine/ultra-fine particles and even NPs.
Meanwhile, the FBRs have the potentials of scale-up for batch
processing of particles. In FBRs, individual particles are not the
fluidized entities but the particle agglomerates. The surfaces of
individual particles can be modified in FBR-ALD due to the dy-
namic aggregation of particle agglomerates. The dynamic aggre-
gation results from the shear forces exerted by the fluidizing gas
and the collisions between the recirculating agglomerates. Usu-
ally, to improve the fluidization quality of particles, external me-
chanical forces, such as vibration, stirring and rotating, can be
applied appropriately in the PALD system.However, in FBRs, the
continuous fluidizing gas is needed to sustain the fluidized states
of particles whichmay increase the consumption of the inert gas.
Moreover, the fluidization parameters vary from different parti-
cle beds, and thereby switching between different particle beds is
not straightforward. Although the pulsed-bed ALD reactor allows
easy switching between different particle beds, it is convenient
for processing very small quantity of particles.
Regarding the ALD surface reactions with low sticking coeffi-

cients, the residence time of reactant gases in the FBR may be
too short to obtain high utilization efficiency of reactants. In this
respect, the rotating bed reactor provides mechanical agitation
along with the static exposure to ensure the sufficient interaction
time between reactant gases and particle surfaces. In the rotating
bed reactor, the particles are first lifted by the low speed of the ro-
tating motion and then fall down from the reactor walls because
that the centrifugal force induced by rotating motion of the re-
actor is lower than the gravitational force. Consequently, the soft
agglomerates of fine/ultrafine particles will be disintegrated un-
der the mechanical agitation. Rotating bed rectors can be applied
to process particles with the wide size range from nanometers to
millimeters. However, the scheme of breaking the soft agglom-
erates in rotating bed reactors may lead to the poor dispersion
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Table 2. Comparison of t-ALD reactors.

Reactor type Characteristics Pros Cons

Fixed-bed reactors Static stacking of particles
Reactants diffuse from the top layer to

the bottom layer of the particle bed

Simple design
Compatible to flat ALD reactors

Fitting for only small quantity of particles
(several grams)

Very long process time
Low reactant utilization efficiency

Fluidized bed reactors Particles keep at fluidized state due to
balanced forces

Fluidizing entities are particle
agglomerates not individual particles
Dynamic aggregation behavior of

particles
Intense solid recirculation of soft
agglomerates and constant gas–solid

contacts

Ability in coating films on individual
particles

Having the scale-up potential
Usually being assisted by external
mechanical methods (i.e., vibration,
stirring, rotating, pulsation, etc.) to
improve the fluidization quality

Large consumption of the fluidizing gas
Appropriate for the particles that can be

fluidized
Fluidizing parameters vary from different

particle beds, including bed mass,
particle size, agglomerate kinetics, etc.

Rotating bed reactors Applying rotation motion to mechanically
break the soft agglomerates

Compatible to the particles with the wide
size range from nanometers to

millimeters
Having the scale-up potential

Static exposure to ensure sufficient
interactions between reactants and

surfaces

Poor dispersion of particles
Long process time

Vibrating bed reactors Introducing the vibration force to
disperse the particles

Compatible to the particles with the wide
size range from nanometers to

millimeters

Layering phenomenon occurred in the
particles with the wide range of size

distribution
Dispersion affected by the thickness of

the particle bed
Vibration adsorption to be needed for

pipe joints

of particles and thereby the exposure times of reactants need to
be prolonged in the PALD process. Furthermore, reactant gases
flowing axially along the reactor’s longitudinal direction could by-
pass the particle bed and thereby gases flowing radially along the
reactor is expected to enhance the gas-solid interactions between
particles and reactants.
In the vibrating bed reactor, the vibration force is introduced to

disperse the particles and thereby enables the gas–solid interac-
tions during the PALD process. The vibration forces and frequen-
cies depend on the properties of substrate particles. Normally, the
vibrating bed reactors are deemed to be compatible to the parti-
cles with wide size range from nanometers to millimeters. How-
ever, the layering phenomenon may occur in the particle beds,
resulting in poor gas–solid interactions. Also, the thickness of
particle bed affects the dispersion quality. Usually, the particles
with thinner thickness is easier to be dispersed in the vibration
bed. In the practical use, the vibration adsorption for pipe joints
should be considered seriously in the vibrating bed ALD system.
Otherwise the tightness of pipelines could be deteriorated as well
as the ALD surface reactions.
The aforementioned PALD reactors belong to t-ALD reactors.

Since that the quantity of particles to be processed is usually small
at the lab-scale experiments, the fixed-bed reactors and pulse-
bed reactors suit for the research purposes. When it comes to
the mass production, the reactors are needed to be improved to
process high-throughput particles. Some t-ALD reactors, such as
FBRs and rotating bed reactors, have the scale-up potential. Via
increasing the reactor volume, it was reported that the FBR with

the particle capacity of kg-scale and rotating bed reactor with the
ability in processing 100–1000 kg/batch particles have been suc-
cessfully designed andmanufactured for batch processing of par-
ticles. In the batch processing of particles, the reactor needs to be
frequently disassembled and assembled. In this respect, s-ALD,
designed for the continuous processing of particles, can drasti-
cally reduce the frequency of reactor disassembly and assembly.
The main characteristics of continuous s-ALD, such as gravity-
induced progressive ALD, vibration bed-based s-ALD, and pneu-
matic transport ALD, are summarized in Table 3.
In the gravity-induced s-ALD reactor, particles are forced to

progressively flow through different reactant zones under the
gravitational force to complete the half-reactions and purging
steps in the ALD process. To make the particles flow through dif-
ferent reactant zones, the reactor should be installed vertically
to take the most advantage of the gravity. It indicates that more
ALD cycles mean more reactant zones as well as greater height
of s-ALD reactors. Hence, this type of semi-continuous s-ALD re-
actors is considered to be suitable for low-cycle ALD processes,
typically fewer than 10 cycles. Moreover, the dispersion of parti-
cles should be improved when large batch of particles is needed
to be processed. In the vibration bed-based s-ALD reactors, the
vibration forces are provided to disperse the particles and the par-
ticles flow through different reactant zones via mechanical con-
veying belts while the inert gas curtains can be applied to sep-
arate the different reactant zones. In this design, the influence
of the vibration force on the pipe joints needs to be considered
carefully. In the design of Chen et al., the particle dispersion and
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Table 3. Comparison of s-ALD reactors.

Reactor type Characteristics Pros Cons

Gravity-induced s-ALD
reactors

Particles progressively flow through
different reactant zones assisted by the

gravity

Semi-continuous processing of particles
Having full ALD reaction steps

Dispersion of particles needs to be
improved

More ALD cycles indicate taller height of
reactors

Vibration bed-based
s-ALD reactors

Particles disperse assisted by the
vibration force, and flow through

different reactant zones assisted by the
vibration force

Continuous processing of particles
Having full ALD reaction steps

Operating at atmospheric pressure

Layering phenomenon of particles
Limited thickness of particle bed for

good dispersion
Inert gas curtains required to separate

different reactant zones

Mechanical conveying
belt-based s-ALD
reactors

Particles disperse by gas impact from the
upper and lower porous belts, and flow
through different reactant zones via a

mechanical conveying belt

Continuous processing of particles
Operating at atmospheric pressure

Dispersion of particles can be improved
Thickness of particle bed may be small

Pneumatic transport
s-ALD reactors

Particles spatially flow through different
reactant zones via pneumatic

transporting

Continuous processing of particles
Good dispersion of particles

Operating at atmospheric pressure

Breaking the integrity of ALD reaction
steps, inducing granular films on

particle surfaces
Long length of reactors

Large consumption of transporting gas

gas-particle interactions rely on the gas flow through the pores of
mechanical conveyor belts. The s-ALD reactor processes particles
continuously at atmospheric pressure, while the thickness of the
particle bed may be small to ensure enough particle dispersion.
Regarding the pneumatic transport s-ALD reactors at atmo-
spheric pressure, the particles carried by the inert gas flow
through the open tube comprised of different reactant zones via
a pneumatic transportation. The pneumatic transportation can
induce good dispersion of particles while large consumption of
carrier gas is needed to maintain the transporting state of parti-
cles. Because that the purging steps are eliminated in the pneu-
matic transporting reactors, granular films on particle surfaces
may take place. Another drawback of the pneumatic transport-
ing s-ALD reactors lies in the length of reactors.
Overall, in order to process high-throughput particles, the de-

signs of t-ALD reactors, such as rotating bed reactors, FBRs, etc.,
are expected to suit for batch processing of particles. As com-
pared, the s-ALD reactors benefit continuous processing of par-
ticles. On the other hand, the continuous s-ALD reactors can be
operated under atmospheric pressure, which results in drastic
decrease of costs of the equipment and maintenance due to the
free of the vacuum system and pipes in substrates. As a result, the
atmospheric-pressure s-ALD reactors exhibit great advantages in
themass production. Therefore, to enable continuous processing
of particles, spatially controlled ALD is preferred for mass pro-
duction, although substantial efforts are needed to enhance the
s-ALD apparatus through robust designs and cost-effectiveness.

5. Applications of ALD-Modified Particles

While efforts to design efficient reactors remain ongoing, ad-
vancements in PALD have significantly expanded the applica-
bility of ALD-modified NPs. Normally, the ALD-coated films
on particles can act as surface passivation layers, moisture dif-
fusion barrier layers, and the like. Also, ALD technology can
be used to decorate the particle surfaces with clusters for spe-
cific functions. Over the past decades, the researchers have at-

tempted to apply PALD to explore the applications of ALD-
modified NPs in various fields, such as energy, catalysis, lumi-
nescent, biomedicine, etc. In this section, the applications of
modified functional (nano)particles using ALD will be concisely
reviewed.

5.1. Energy

In the applications of batteries, active particulate materials in
cathodes and anodes are easily destroyed by the side reactions
of electrolytes. In this respect, ALD can deposit barrier layers to
protect the activematerials, effectively preventing the parasitic re-
actions between active cathode/anode materials and electrolytes.
Cathode materials, such as high-nickel LiNi0.8Co0.1Mn0.1O4
(NCM811), were coated with ≈5 nm Al2O3 to alleviate the effects
of side reactions between cathode materials and electrolytes in
order to improve the cyclic performance.[115–117] Liang’s group
used Al2O3 ALD films to recover the degraded NCM811 parti-
cles. Their research results showed that Al2O3 ALD could re-
move the contaminant components (such as Li2CO3 and LiOH)
of the particle surfaces exposed to moisture, inhibit side reac-
tions during the charge and discharge process and enhance the
cycling stability.[118] Further, Liang et al. employedZr surface dop-
ing and Al coating as a synergetic method to modify NCM811
particles.[119] The results showed that Al2O3 ALD coating pro-
moted the cyclic stability due to the improvement of surface
chemistry of NCM811 particles, while Zr surface doping im-
proved Li+ transport properties and structural stability because
that Zr doping expanded and supported the lattice structure of
NCM811 particles.[119] As a result, the combination of Zr doping
and Al coating improved the capacity retention after 200 cycles of
charge/discharge (Figure 13a,b). In addition, this group coated
ultrathin films of AlF3 and Al2O3 on Li1.2Mn0.54Co0.13Ni0.13O2 par-
ticles through FBR-ALD.[120] This AlF3-Al2O3 coating could in-
hibit the decomposition of the electrolyte during the cyclic pro-
cess to form the protective layers and thereby improved the Li ion
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Figure 13. a) Unit cell volume of different particles (NCM811, Al-NCM811, and Zr-NCM811) after being charged to different volts. b) Discharge capacity
curves after cyclic test for NCM811 particles with different treatments. Reproduced with permission.[119] Copyright 2020, American Chemical Society.
c) TEM image of Si@Li2O@TiO2, and d) coulombic efficiency of different silicon anodes for the initial ten cycles. Reproduced with permission.[131]

Copyright 2024, Wiley-VCH. e) Image of Al NPs modified with Al2O3 and ZrO2 bilayers via ALD, and f) hydrogen conversion yield in water at 80 °C for
Al NPs@Al2O3 and Al NPs@Al2O3@ZrO2 as a function of ALD ZrO2 cycles. Reproduced with permission.[136] Copyright 2018, American Chemical
Society.
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transport and cycling stability. Moreover, the repeatable electro-
chemical performance after storing over one year, indicated that
the AlF3-Al2O3 coating could provide protection for a long-term
shelf life.[120] In the lithium-ion battery, it is commonly assumed
that an optimally thin enough and uniform layer can protect the
active materials while it do not hinder the mobility of ions be-
tween the cathode and anode materials. Compared to this suppo-
sition, Weimer’s group first found that nonuniform and nonuni-
formly thick Al2O3 films appeared to improve the cycling stabil-
ity of lithium-ion batteries.[121] In their study, less than 10 ALD
cycles of Al2O3 were applied on NCM111 particles. It should be
noted that the films deposited two to four cycles were not cover-
ing the substrate particles due to nucleation retardation in ALD.
The results showed that initial deposition of Al2O3 preferentially
covered the surface sites of transition metal oxides, remaining
lithium-bound surface sites uncoated. This nonuniform surface
coverage induced the exposure of some Li sites and thereby fa-
cilitated the movement of Li ions. Consequently, the stability of
lithium-ion batteries had been improved by applying few-cycle
Al2O3 ALD on NCM111 cathode materials.[121] The findings of
preferential deposition are significantly important for the ad-
vanced engineering of cathode particle surfaces in the future.
Spinel LiNi0.5Mn1.5O4 (LNMO) is also an attractive cathodema-

terial with the absence of cobalt elements due to its high operat-
ing voltages and energy density. With the ALD-coated ultrathin
Al2O3 coating (<1 nm) on LNMO particles as a protective layer,
the Al2O3-modified LNMO particles demonstrated suppressive
dissolution of transition metals. Further investigations showed
that the ALD-modified particulate material exhibited improve-
ment of coulombic efficiency, cycle retention, rate capability, and
suppression of self-discharge of transition metals.[122] It is noted
that the above-mentioned cathode material particles coated at re-
duced pressures in PALD. Beetstra et al. demonstrated that the
LiMn2O4 particles could be coated with Al2O3 conformal film un-
der atmospheric pressure.[97] Although ALD has been explored
as a reliable method to improve the performance of lithium-ion
batteries, a trade-off between the species transport and protec-
tion induced by the insulating properties of ALD films is the key
challenge. To address the problem, Patel et al. reported a break-
through to overcome this trade-off by modifying the LiMn2O4
particle surfaces with conformal CeO2 film as thin as about
3 nm.[123] With the ALD-coated CeO2 nanoscale film, the parti-
cles demonstrated significant improvement of capacity and cy-
cling performance due to the suppression of the impedance rise
and the good electric conductivity of the CeO2 film.[123]

In the solid oxide fuel cell (SOFC) area, highly active but un-
stable cathode materials, such as La0.6Sr0.4CoO3−𝛿 (LSCo) nanos-
tructured electrodes, suffer from thermal instability and deteri-
orated catalytic activity in the intermediate temperature range
(600–800 °C). Being coated with an ultrathin and conformal ZrO2
layer, nanostructured LSCo particles could maintain long-term
stability at 700 °C as well as retaining high oxygen reduction reac-
tion (ORR) activity. The nanoscale ZrO2 layer enabled the conduc-
tion of both electrons and oxide ions, suppression of the thermal
growth of LSCo NPs and segregation of the surface strontium,
resulting in the unique multifunctionality.[124] Similarly, Liang’s
group employed home-made PALD with a fluidized bed reactor
to deposit ZrO2 film as a stable interfacial layer to suppress the
side reactions between electrodes and electrolytes, resulting in

enhancement of the cycling stability of Na0.7MnO2 particles for
sodium-ion batteries.[125] To suppress the side reactions in the
all-solid-state electrolytes (ASSEs), Liang et al. deposited two ALD
cycles of ZrO2 on LiFePO4 (LFP) particles to achieve the best elec-
trochemical performance of LFP/ASSE/Li cell, because that ZrO2
could stabilize the interface between cathodes and ASSEs.[126]

Due to the extremely high theoretical capacity of 4200
mAh g−1, silicon has been considered one of the most promis-
ing anode materials for lithium-ion batteries despite that it faces
challenges such as large volume expansion, etc.[127–129] Inter-
face modification has been demonstrated as an effective method
to suppress the silicon volume expansion. Fang et al. utilized
molecular layer deposition (MLD) and ALD to deposit zincone
and TiO2 (≈5 nm) onto silicon NPs, respectively, thereby sup-
pressing the silicon volume expansion.[130] They attributed the
volume-expansion suppression to the buffer layer of the flexible
nanoporous zincone.[130] Recently, Wang et al. utilized FBR-ALD
to deposit Li2O (≈1 nm) and TiO2 (≈4 nm) onto photovoltaic sil-
icon waste-based anode particles to form Si@Li2O@TiO2 struc-
tures (Figure 13c).[131] The layer of Li2O served to compensate
the loss of Li sources. And the amorphous TiO2 layer could tol-
erate the large volume expansion of Si particles due to the elas-
ticity and superior cushioning properties, and isolate the side re-
actions between Si and the electrolyte. Therefore, the prepared
Si@Li2O@TiO2 demonstrated ultrahigh initial coulombic effi-
ciency (90.9%), as shown in Figure 13d.
In lithium-ion batteries, the formation of lithium dendrites

can deteriorate the electrochemical performance and induce
safety issues. Although the lithium metal anode material have
a theoretical capacity of 3860 mAh g−1, the problem of dendrite
formation hinders their commercialization. To suppress lithium
dendrites, various strategies have been developed, such as elec-
trolyte engineering, anode modification, etc.[132,133] ALD tech-
nique has proven to be effective in surface modification of elec-
trolytes and anode materials. Kozen et al. demonstrated as a
proof-of-concept that ALD of about 14 nm Al2O3 could protect
the Li anode surface from the corrosion of atmosphere, sulfur,
and electrolyte exposure.[134] In their study, the Li surface an-
ode after 100 cycles showed that the density of the sulfur, car-
bon, and oxygen was significantly lower than that of the unpro-
tected anode, suggesting that the protection of Al2O3 hindered
the lithium dendrite formation upon cycling.[134] On the other
hand, the low resistance of solid-state electrolytes (SSEs) hinders
their applications in all-solid-state batteries, as the lithium-rich
surfaces readily react with moisture and carbon dioxide in the
atmospheric air to form lithium hydroxide (LiOH) and lithium
carbonate (Li2CO3) on the surface. In addition, the relatively
high electronic conductivity of the garnet-type SSE could cause
lithium dendrite propagation due to formation of tunneling of
electrons across the SSE. To modify the SSEs, Rajendran et al.
utilized ALD to deposit ≈3-nm-thick h-BN with high chemical
inertness onto the cleaned SSEs.[135] They attributed the effective
suppression of lithium dendrites to the prevention of tunneling
of electrons across the SSE and creation of a uniform lithium-
ion flux caused by the inert ultrathin h-BN deposition. The pre-
pared all-solid-state battery demonstrated long, stable cycling per-
formance for over 100 cycles.[135]

Although aluminum (Al) NPs are attractive energetic mate-
rials in solid fuels, green propellants and fuel cells, the poor
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stability of Al NPs hinders their applications. To enhance the
stability of Al NPs, a common method is to coat a passivation
layer, such as Al2O3, on the particles. However, Al2O3 film as a
surface passivation layer cannot stabilize the Al NPs under hot
water conditions, which is needed in preparing the slurry during
the Al-based green propellant fabrication. Chen et al. developed
a passivation method by utilizing ALD to coat an ultrathin ZrO2
film on Al NPs (Figure 13e). After coating dual shells of Al2O3
and ZrO2, the Al NPs@Al2O3@ZrO2 nanoscale particles with 8
ALD cycles of ZrO2 demonstrated nearly no hydrogen conversion
yield (Figure 13f), indicating the good resistance in the water at
80 °C.[136] The authors attributed the performance enhancement
of Al NPs to the structural stability and enhanced hydrophobicity
toward water induced by the ZrO2 film.
As discussed above, t-ALD reactors show wide applications

in the energy field. S-ALD, including its atmospheric-pressure
variant, has also demonstrated significant applications in en-
ergy storage systems.[137–139] For instance, Nguyen et al. applied
atmospheric-pressure s-ALD to deposit phase pure 10 nm thick
Cu2O films as a hole-transporting layer in silicon solar cells
with an area of 9 cm2, obtaining a power conversion efficiency
of 13.7%.[140] Li and co-workers utilized a rotary s-ALD reac-
tor to prepare high-quality Al2O3 thin films for the edge pas-
sivation of tunnel-oxide passivated contact (TOPCon) half solar
cells and they found that the combination of ALD Al2O3 for the
edge passivation and annealing provided a great gain in the so-
lar cell performance.[141] Recently, Anh et al. utilized s-ALD to
deposit ZnO coatings onto Li-ion batteries. In their study, the
slurry, consisting of NCM811 powders, conductive additives, and
binders, was applied to an aluminum foil current collector us-
ing a doctor blade method. They demonstrated that depositing a
15-nm-thick amorphous ZnO coating on planar Ni-rich cathodes
markedly improved the electrochemical performance and struc-
tural stability.[142] Although the substrates to be deposited in the
s-ALD reactors were planar substrates not particles, this kind of
s-ALD process offers a promising approach in the fields of bat-
teries and photovoltaics.

5.2. Catalysis

ALD has also emerged as an interesting tool for the design and
synthesis of catalytic materials.[4] Regarding the catalysts, there
are four major aspects to evaluate their performance, includ-
ing activity, selectivity, thermal stability, and durability. ALD has
been utilized to improve the above-mentioned characteristics of
catalysts.
To improve the durability and activity of Pt/C catalysts, McN-

eary et al. Deposited tungsten nitride (WN) andPt nanostructures
onto the functionalized carbon substrates to fabricate Pt/f-C cata-
lysts via FBR-ALD.[143] First, Pt nanostructures were deposited on
functionalized carbon black substrates to produce catalyst Pt/f-C.
Then, 10 ALD cycles were used to deposit WN nanostructures on
Pt/f-C substrates to form catalyst 10WN, and the catalyst 10WN
was subjected to air oxidation followed by 725 °C reduction to
produce 725 °C-10WN catalyst. As shown in Figure 14a, the WN
nanostructures were homogeneously dispersed on the catalyst
surface. Comparing the mass activity of the prepared catalysts,
it was shown that the 725 °C-10WN catalyst had the best mass

activity surpassing the benchmark Pt/C, ALD Pt/f-C, and 10WN
catalysts.[143] Moreover, after 5000-cycle voltage cycling durability
test, the mass activity also outperformed the other three catalysts
(Figure 14b). The authors attributed the improvement of activity
to the synergistic metal-support effects induced byW/WNnanos-
tructures’ proximity to Pt NPs and the enhancement of durability
to the stabilizing effects of the W/WN structures.[143] To improve
the activity of noble metal-based catalysts, Liu et al. deposited Pt
NPs onCo3O4 nanotraps using ALDwith a home-made FBR. The
resulting Co3O4/Pt/Al2O3 catalyst exhibited outstanding room-
temperature CO oxidation activity and thermal durability, retain-
ing high catalytic activity even after calcination at 600 °C.[144] Hu
et al. deposited Pt NPs on the surfaces of CeO2 nanorods through
ALD with a rotating FBR. The structure of the prepared cata-
lyst with highly dispersed Pt NPs on CeO2 nanorods decreased
CO poisoning effect on Pt and activated oxygen around the in-
terfaces, thereby improving the conversion of NO at a relatively
low temperature of about 200 °C.[145] It was also reported that
plasma-assisted fluidized bed ALD was utilized to deposit Pd-
Cu bimetallic NPs on porous powders (a mixture of alumina,
amorphous aluminum silicate, and molecular sieve), showing
excellent catalytic performance for CO2 hydrogenation.

[146] Re-
cently, Li et al. used atmospheric-pressure FBR-ALD to prepared
Pt and Pd nanostructuring on carbon black supports to form Pt-
Pd bimetallic electrocatalysts for CO2 reduction to formic acid,
and the results showed that the Pt-Pd alloy catalyst displayed a
Faradaic efficiency of 46% toward formic acid, higher than those
of Pt@Pd (22%) and Pd@Pt (11%) catalysts.[147]

As a widely used photocatalytic material, TiO2 does not ef-
ficiently harvest the sunlight in the visible and infrared light
regions. Moreover, the rapid recombination of photogenerated
electrons and holes limits the high photocatalytic efficiency.[148]

With the plasma-enhanced ALD, Co3O4-coated P25 TiO2 NPs ex-
hibited enhanced UV photocatalytic efficiency,[149] while TiOxNy-
modified TiO2 NPs showed highly visible light photocatalysis.

[150]

Using the atmospheric-pressure ALD, Benz et al. controlled
the growth of ultrasmall Cu2O clusters on P25 TiO2 NPs,
and the Cu2O/TiO2 catalysts exhibited enhanced photocatalytic
activity.[151] To enhance the activity of oxygen evolution reac-
tion (OER) of Cu-based electrocatalysts, Battiato et al. utilized
atmospheric-pressure s-ALD to deposit Cu2O thin film on sil-
ver nanowire (AgNW) networks at a deposition temperature of
200 °C using Cu(I)(hfac)(tmvs) and water as reactants.[152] The
prepared AgNW@Cu2O nanocomposites supported on cooper
electrodes exhibited superior OER activity as compared to the
bare copper substrate and bare AgNWs. They attributed the en-
hanced activity to the significantly large surface area and the ac-
tive, accessible catalytic sites, both induced by Cu2O coatings on
AgNW with a three-dimensional network.[152] Besides enhanc-
ing the catalytic activity, the ALD modification can degrade the
activity by blocking the reactive surfaces of catalytic NPs. The ul-
trathin Al2O3

[153] and SiO2
[154] films had been conformally de-

posited on the TiO2 NPs via vibration-assisted FBR or FBR, and
the Al2O3-coated and SiO2-coated TiO2 NPs exhibited a degrada-
tion in photocatalytic performance. The Al2O3-coated TiO2 with
suppressed photocatalytic activity could be also prepared at room
temperature and atmospheric pressure in the FBR-ALD.[155] Re-
cently, Guo et al. tuned the photocatalytic activity of P25 TiO2 NPs
by depositing ultrathin SiO2 films at the low temperature (100 °C)
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Figure 14. a) TEM image for ALDWN coated Pt/f-C catalysts after 725 °C treatment, and b) mass activities of the four catalysts initially and after a 5000-
cycle voltage durability test. Reproduced with permission.[143] Copyright 2019, Elsevier. c) TEM image of TiO2 NPs coated with SiO2 films for 8 ALD cycles
at the atmospheric pressure, and d) degradation of RhB as a function of irradiation time. Reproduced with permission.[156] Copyright 2020, Elsevier. e,f)
TEM images of Pt/CNTs-ALD and PtNi/CNTs catalysts, and g) selective hydrogenation of HMF over the Pt-based catalysts prepared by different methods
(Pt/CNTs-IM: simple impregnation method; Pt/CNTs-ALD and PtNi/CNTs-ALD: ALD method). Reproduced with permission.[157] Copyright 2021, The
Royal Society of Chemistry. h) TEM image of the aged Rh/10ZrO2-Al2O3 catalyst and the corresponding EDS mapping, and properties of NO conversion
as a function of temperature i) before and j) after being aged at 1050 °C. Reproduced with permission.[164] Copyright 2022, American Chemical Society.

via the atmospheric-pressure ALD.[156] As shown in Figure 14c,
after 8 ALD cycles, a conformal SiO2 film with about 0.7 nm
was coated on TiO2 surfaces. The degradation properties of
rhodamine B (RhB) under irradiation showed that the thickness
of SiO2 below 1.4 nm promoted the photocatalytic activity due
to the improvement of charge separation induced by the Ti-O-Si
bonds at the interface between TiO2 and SiO2, while the thick-
ness of above 1.4 nm suppressed the photocatalytic activity due
to the inhibition of the charge transport from TiO2 to the outer
surface (Figure 14d).
Selectivity is another important characteristic of Pt-based cat-

alysts. Wang and co-workers compared the conversion and se-
lectivity of carbon supported Pt catalysts prepared by impreg-
nation and ALD methods.[157] In the 5-hydroxymethylfurfural
(HMF) hydrogenation reaction, the main product was 2,5-
bishydroxymethylfuran (DHMF) for the catalysts prepared by im-
pregnation method, while the main product converted to 2,5-
dimethylfuran (DMF) for the catalysts prepared by ALDmethods,
suggesting that the Pt-carbon interaction determined the reaction

pathway. As shown in Figure 14e,f, Pt nanoclusters (Figure 14e)
and PtNi nanoclusters (Figure 14f) were deposited on the mul-
tiwalled carbon nanotubes (CNTs) through ALD. Thanks to the
synergistic effects between Pt and Ni NPs, the PtNi/CNTs-ALD
bimetallic catalyst showed superior yield of DMF with com-
plete HMF conversion (Figure 14g). It was noted that Pt ALD
is commonly conducted at a temperature in the range of 200–
300 °C.[157,158] However, a high temperature could induce the dif-
fusion and coalescence of deposited Pt NPs, affecting the cat-
alytic efficiency of Pt-based catalysts. To reduce the deposition
temperature, some studies demonstrated that Pt NPs could be de-
posited on graphene nanoplatelets at 100 °C.[159,160] Recently, Van
Bui and co-workers demonstrated that the deposition tempera-
ture of Pt NPs could be further lowered.[161] In their study, they
utilized a home-built FBR-ALD, capable of operating at atmo-
spheric pressure, to deposit Pt NPs at room temperature using
MeCpPtMe3 and O2 as reactants. The results showed that highly
dispersed Pt sub-nanometer clusters with an average cluster size
of 0.6 nm were deposited on the surfaces of TiO2 supports.

[161]
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Figure 15. a) TEM image of BaSi2O2N2:Eu
2+ (BSON) phosphor particle coated by Al2O3 nanofilm after 20 ALD cycles. b) Luminous flux properties of

the uncoated and Al2O3-coated BSON phosphor particles as a function of aging time. Reproduced with permission.[165] Copyright 2024, Elsevier. c) TEM
image of Al2O3-modified Sr2Si5N8: Eu

2+ (SSN) particle at ALD temperature of 150 °C. d) Temperature-dependent PL in air of SSN and SSN@Al2O3 at
the different deposition temperatures. Reproduced with permission.[166] Copyright 2019, Royal Society of Chemistry. e) TEM image of CdZnSeS gradient
alloyed QDs@SiO2@Al2O3. f) Lifetime aging test of bare QDs, QDs@SiO2, QDs@Al2O3, and QDs@SiO2@Al2O3. Reproduced with permission.[170]

Copyright 2020, Wiley-VCH. g) TEM image of RLSO:Eu2+@Al2O3@ODTMS particle. h) Normalized PL intensities of RLSO:Eu2+, RLSO:Eu2+@Al2O3,
RLSO:Eu2+@ODTMS, and RLSO:Eu2+@Al2O3@ODTMS immersed in water. Reproduced with permission.[171] Copyright 2020, Wiley-VCH.

To enhance the selectivity and durability of noble metal-
based catalysts, MnOx-decorated Pd/Al2O3 catalysts, fabricated
via ALD with a rotating fluidized reactor, demonstrated high
selectivity for benzyl alcohol oxidation along with remarkable
catalytic yield.[162] Ni/Al2O3 catalysts, modified by ultrathin Co
films using FBR-ALD, exhibited improved durability in the dry
reforming of methane due to the highly active and coking
resistance.[163]

In the field of exhaust gas treatments, Rh-based catalysts are
considered appropriate catalysts for the reduction of NOx due
to their high activity. However, the Rh-based catalysts suffer ag-
gregation of Rh NPs at high temperatures, leading to signifi-
cant deactivation of the catalysts. To enhance the thermal stabil-
ity, Guo et al. proposed to modulate the Rh active sites on the
surfaces of Al2O3 nanorods via ALD method with a static bed
reactor.[164] In their study, an ultralow number of ZrO2 particles
was initially deposited on Al2O3 supports using ALD technique
to form ZrO2-Al2O3 nanorods, and then Rh

3+ was loaded on the
nanorods through the wet impregnation method followed by cal-
cination. Finally, the as-received fresh catalysts were treated at
1050 °C in air to obtain the aged catalysts.[164] Figure 14h shows
the TEM image and corresponding EDS mapping of the aged
Rh/ZrO2-Al2O3 catalyst with 10 ALD cycles. The results display
that the Rh remains highly dispersed on the Al2O3 nanorods
support and ZrO2 exists in the form of a granular film without
an overcoating layer. With the fresh and aged catalysts, the cat-
alytic performance of NO-CO reaction was investigated, as the re-
sults illustrated in Figure 14i,j. In Figure 14i, the T50 value of the
fresh Rh/ZrO2-Al2O3 catalyst with 5 ALD ZrO2 cycles is lowered
by about 76 °C compared to that of Rh/Al2O3. After heat treat-
ment at 1050 °C, the T50 value of the ZrO2 ALD-modified catalyst
with 10 ALD cycles increases to about 220 °C, and that of aged

Rh/Al2O3 climbs to about 360 °C, as illustrated in Figure 14j.
It implies that the ZrO2 ALD modification enhances the ther-
mal stability of Rh-based catalysts under aging treatment at
1050 °C.

5.3. Luminescence

As a promising luminescent material used in white light-
emitting diodes (wLEDs), cyan-emitting BaSi2O2N2:Eu

2+

(BSON) phosphor particles suffer serious degradation un-
der thermal attacks. To improve the thermal stability, Zhao et al.
proposed to deposit nanosized Al2O3 films on the phosphor par-
ticles through FBR-ALD.[165] After 20 ALD cycles, the phosphor
particles with the thickness of about 11 nm Al2O3 (Figure 15a)
showed an increase in the oxidation temperature. Moreover, the
wLEDs fabricated by Al2O3-coated phosphor particles remained
73% luminous flux of the initial value compared to the one of
pristine particles which only remained 22% after aging for 300 h
(Figure 15b). To reduce the thermal degradation of red-emitting
Sr2Si5N8:Eu

2+ (SSN:Eu2+) phosphors, Zhao et al. proposed to
modify the surface of phosphor particles with ultrathin Al2O3
films using vibration-assisted FBR which was operated at at-
mospheric pressure.[166] After 15 ALD cycles, the thickness of
Al2O3 film at a deposition temperature of 150 °C was about 6 nm
(Figure 15c). As the ALD deposition temperature increased,
the thermal degradation of the coated samples decreased and
it totally disappeared for the ALD-modified samples at 150 and
200 °C (Figure 15d). Further investigations of the thermalgravi-
metric analysis demonstrated that the Al2O3 coating increased
the oxidation temperature of SSN phosphor from 700 to 850 °C,
showing improved anti-oxidation behaviors.[166]
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Due to the poor stability in humid and heat environments,
the photoluminescence (PL) intensity of bare CsPbBr3 quantum
dots (QDs) can vanish in a very short time under the moisture
condition. Although the scheme of embedding the QDs in silica
sphere to formCsPbBr3 QDs-silica luminescent sphere (CsPbBr3
QDs-SLS) can avoid the contact with external environments and
thereby improve the moisture resistance to some extent, the lig-
ands of QDs may also get destroyed due to the embedding pro-
cess which is based on hydrolysis or swelling process.[167,168] Xi-
ang et al. utilized rotating fluidized ALD reactor to further mod-
ify the surfaces of CsPbBr3 QDs-SLS with ultrathin Al2O3 films
using TMA and H2O as reactants.[169] Since that the surface of
silica sphere was hydroxylated, TMA could easily react with the
hydroxyl groups on silica surfaces and the surfaces ofQDs, result-
ing in selective passivation of the unprotected sites of CsPbBr3
QDs-SLS. As the alumina ALD cycles increase to 50, the coating
film could effectively isolate the QDs-SLS from the external en-
vironment, showing almost unchanged PL intensity during ≈2 h
under the water condition. The authors ascribed the enhance-
ment of stability and retained PL quantum yield of the ALD-
modified CsPbBr3 QDs-SLS to the effective reduction of ion mi-
gration and crystal deformation induced by the nanosized Al2O3
coating.
The long term stability of QDs is a critical factor for the po-

tential applications. To improve the stability, Fang et al. reported
a novel encapsulation method by combining sol-gel method and
ALD technique to form double shell configuration of QDs.[170]

In their design, the employed QDs were CdZnSeS gradient al-
loyed QDs. The intermediate shell of SiO2 was obtained by the
hydrolysis of methoxysilane reactants in the QD solution. Then,
they utilized ALDwith a rotating FBR to obtain Al2O3 outer shell.
After that, the ALD Al2O3 layer was coated on the QDs@SiO2
particles (Figure 15e), subsequently formingQDs@SiO2@Al2O3
luminescent microspheres (QLuMiS). The QDs@SiO2 surface
provided abundant hydroxyl species for the onset of ALD surface
reactions during the deposition of Al2O3. And the water-oxygen
channels in SiO2 layer were blocked by the Al2O3 layer to improve
the moisture resistance. In Figure 15f, the QDs@SiO2@Al2O3
exhibits excellent stability with 86% of the initial light conversion
efficiency after 1000 h of blue light aging, indicating improved
long-term stability compared to QDs@SiO2 and QDs@Al2O3
phosphors.[170]

Although RbLi(Li3SiO4)2:Eu
2+ (RLSO:Eu2+) phosphors pos-

sess excellent stability against thermal quenching, the poor
chemical stability of phosphors hinder their further commer-
cialization. To address the issue, Zhao et al. proposed a dual-
shelled strategy to improve the moisture-resistant property of
the humidity-sensitive phosphors. The dual-shelled protective
RLSO:Eu2+ phosphor particles were deposited with amorphous
Al2O3 films via ALD and then the surface modification was car-
ried out by using octadecyltrimethoxysilane (ODTMS) to form
hydrophobic surfaces (Figure 15g).[171] In Figure 15h, it is seen
that the pristine RLSO:Eu2+ shows serious degradation trend
than that of RLSO:Eu2+@Al2O3 under the moisture condition.
Moreover, the RLSO:Eu2+ phosphor particles with dual protec-
tive shells of Al2O3 and ODTMS exhibited excellent moisture re-
sistance performance compared to pristine and Al2O3-protected
particles.[171]

5.4. Pharmaceutics and Biomedicine

Pharmaceutical particles, such as budesonide and lactose parti-
cles, are widely used in drug delivery and therapeutic applica-
tions. On the one hand, the therapeutics need to delivery pharma-
ceutical particles to the targeted sites in the body at a therapeutic
concentration and for the required amount of time. It requires
pharmaceutical particles to work at a controlled release manner.
The surface modification of these particles can facilitate the con-
trolled release system. On the other hand, these fine and organic
particles are not only cohesive but also sensitive to humidity and
temperature, leading to difficulty in dispersion and the need for
specific conditions to modify their surfaces. Zhang et al. system-
atically investigated dispersionmethods for fine inhalation-grade
lactose powders (size range: 0.1–20 μm), which were designed
specifically for dry powder inhalation (DPI).[44] The results of
their study showed that the external force assisted fluidization
method could fluidize the cohesive lactose particles, enabling the
possibility of surface modification via ALD.[44] To obtain a con-
trolled release system of drug particles, PALD technology was
used to modify the surfaces of budesonide (d50 ≈ 1.76 μm) and
lactose particles (d50 ≈ 3.53 μm). Zhang et al. utilized a vibration-
assisted FBR to coat Al2O3 ultrathin films on the particles un-
der near ambient conditions with 1 bar pressure and deposi-
tion temperature at no more than 40 °C.[6] The experimental re-
sults clearly demonstrated that the alumina layers were success-
fully coated on the lactose and budesonide particles, as shown
in Figure 16a,b. With appropriate ALD cycles, the coated phar-
maceutical particles can dissolute more slowly than the pristine
particles (Figure 16c,d), leading to a controlled release manner.
Moreover, Zhang et al. found that the surface of budesonide parti-
cles with Al2O3 nanosized films via atmospheric-pressure PALD
enhanced the dissolution and extended release, which could ben-
efit drug delivery applications.[172] In another study, La Zara et al.
compared the wettability of budesonide particles coated by differ-
ent ceramic coatings and methods. In their study, ceramic films
(Al2O3, TiO2, SiO2) were prepared using atmospheric-pressure
PALD, organic PET films using MLD and titanicone films using
hybrid ALD/MLDmethod.[7] The results showed that the ceramic
film-modified pharmaceutical particle surfaces exhibited high
hydrophilicity (Figure 16e), while the titanicone film and PET
film converted the budesonide particles into mild hydrophilicity
and superhydrophobicity, respectively.[7] Furthermore, La Zara
et al. used atmospheric-pressure FBR-ALD to coat nanoscale ce-
ramic films to simultaneously tailor the release and aerosoliza-
tion properties of inhaled budesonide particles without a lactose
carrier, achieving controlled pulmonary delivery.[173] Recently, to
improve the flow characteristics of inhaled budesonide powders,
Zhang et al. deposited ceramic films on pharmaceutical particles
by PALD to tailor the flow properties.[174] The results showed
that the surface modification of budesonide particles enhanced
the pulmonary delivery efficiency by significantly increasing the
number of drug particles delivered, attributed to reduced in-
terparticle forces between drug particles coated with inorganic
nanofilms.[174]

Fe3O4 NPs have attracted great attention in biomedical appli-
cations, including magnetic resonance imaging, hyperthermia
treatment, and targeted drug delivery. However, the Fe3O4 NPs
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Figure 16. a) TEM image of Al2O3-modified lactose particles. b) TEM image of Al2O3-modified budesonide particles. c) Dissolution profiles of Al2O3-
modified lactose particles and pristine particles. d) Dissolution profiles of Al2O3-modified budesonide particles and pristine particles. Reproduced with
permission.[6] Copyright 2017, Royal Society of Chemistry. e) Wetting properties of ALD-modified budesonide particles. Reproduced with permission.[7]

Copyright 2021, Elsevier.

suffer oxidation and magnetic loss under ambient conditions.
Hence, the passivation of these NPs is usually required for practi-
cal applications. Duan et al. employed a home-built PALD system
with a rotating FBR to deposit Al2O3 films on Fe3O4 NPs.

[175] Af-
ter 50 ALD cycles, an ultrathin and conformal Al2O3 film (≈5 nm)
was successfully deposited on the Fe3O4 NPs. Moreover, the
results of magnetic hysteresis loops of the pristine and Al2O3-
coated Fe3O4 NPs showed that there existed little changes of satu-
ration magnetization between the uncoated and coated particles,
and the thermalgravimetric analysis demonstrated that the pas-
sivation of ultrathin Al2O3 could exhibit superior oxidation resis-
tance, which is assumed to benefit the magnetic-based biomedi-
cal applications.

5.5. Cosmetics, Ceramics, and Others

PALD technology can be used as the surface modification of cos-
metic particles. In cosmetic fields, ZnO and TiO2 NPs have been
frequently used for sunscreen products because of their excel-
lent optical properties that allow absorption and scattering of ul-
traviolet (UV) lights. Normally, TiO2 shows better protection of
UVB (𝜆 = 280–320 nm) lights, while ZnO has a broad absorp-
tion behaviors from UVA light (𝜆 = 320–400 nm) to UVB light.
When exposed to UV irradiation, the photoexcitation of TiO2 NPs
could induce the damage of human skin instead of protection.
The commercial TiO2-based sunscreen products, coated with or-
ganic materials to suppress the reaction with skin, suffer from
the dissociation of organic materials due to the photocatalytic
characteristic of TiO2. To eliminate the phototoxicity of TiO2 for

the UV-protection application, Jang et al. proposed to coat ultra-
thin and conformal Al2O3 film on the surfaces of TiO2 NPs us-
ing ALD technique.[176] With the introduction of ultrathin Al2O3
film (2–5 nm) on the surfaces of the particles, the absorption of
UVA light by TiO2@Al2O3 particles increased with Al2O3 film
thickness. This improvement was attributed to the suppression
of the photocatalytic activity of TiO2 NPs. To utilize the char-
acteristic of ZnO NPs in UVA absorption, King et al. demon-
strated a drastic increase in the absorption for UVA light after
depositing 10-nm ZnO film on the TiO2 NPs using PALD with a
FBR.[177]

Except for the abovementioned applications, PALD also shows
promising potential uses in other fields. In the field of ceram-
ics, Weimer’s group deposited Al2O3 as a sintering aid on yttria-
stabilized zirconia (YSZ) particles by PALD.[178–180] The results
showed that the sintering temperature of YSZ was reduced by
≈75 °C after several PALD cycles of Al2O3 and that only one
PALD cycle could drastically enhance the ion conductivity of
YSZ ceramics, indicating promising scale-up potential.[178] As
a promising material for electronic substrate and heat sinks,
AlN particles suffer an adverse effect induced by the reaction
between AlN particles and water. To mitigate the side effect,
Weimer’s group used PALD to coat Y2O3 conformal films on
AlN particles before the densification and powder processing, re-
vealing that the amorphous Y2O3 nanofilm with the thickness
of about 6 nm could act as a barrier to suppress the hydroly-
sis reaction between AlN particles and aqueous solution, and
thereby improved the relative density of AlN particles.[181] As for
metallic particles, Cremers et al. applied ALD to deposit Al2O3
films (8–25 nm thickness) on Cu and Fe particles to enhance
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the anti-oxidation properties.[182] And Liang’s group used FBR-
ALD to coat ceramic films (Al2O3, ZrO2, HfO2, and TiO2) with
less than 10 nm thickness in order to improve the corrosion re-
sistance of Ag NPs.[183] Additionally, PALD can be used to coat
ZrN films on low enriched uranium alloy particles as a diffusion
barrier.[184]

6. Conclusion and Perspectives

PALD technology, which shows excellent ability in coating ultra-
thin and conformal films and decorating specific nanoclusters
on almost any functional particles, has found wide applications
in energy, catalysis, luminescence, human health, etc. With re-
spect to the developments of PALD technology, the fundamen-
tals of ALD, process conditions and challenges in particle dis-
persion have been discussed initially in the review. To hold and
disperse NP substrates, t-ALD reactors with focusing on fixed-
bed reactors, FBRs, rotating bed reactors and vibrating bed re-
actors have been reviewed. Some of these reactor designs, such
as fixed-bed reactors and pulsed-bed reactors, are considered to
be suitable for a small quantity of NPs, benefiting the research
purposes. Some of the t-ALD reactors, such as FBRs and rotat-
ing bed reactors, can be utilized to process batch of NPs while
they face the problems associated with the frequent disassembly
and assembly of reactors. To this end, continuous processing of
NPs is developed and the s-ALD reactors with focusing on gravity-
induced s-ALD reactors, vibration bed-based s-ALD reactors and
pneumatic transport s-ALD reactors have been introduced and
discussed. Although great advancements on PALD reactors have
been achieved over decades, there still exists some room for
improvements.
In FBR, the individual particles are not the fluidized entities

but the particle agglomerates, and dynamic aggregation of par-
ticles enables the ability in modifying the surface of individual
particles. Since the size and geometry of particle agglomerates
affect the fluidization behaviors, in-situ monitoring and charac-
terization, such as in situ CCD camera systems and residual gas
analyzers, are expected to be integrated into the FBR-ALD sys-
tem for better reactant efficiency and film growth. In addition,
compared to a single external force field, multiple external forces,
such asmechanical stirring and vibration, might improve the flu-
idization quality and coating process in the FBR-ALD. Although
most of the current FBR-ALD work under the reduced pressures,
operation under atmospheric pressure is considered to be con-
ductive to the mass production. In this case, the vapor pressures
and introduction methods of reactant gases should be taken into
account carefully. Regarding the design of rotating bed reactors, it
can be used in batch production by simply manufacturing a large
reaction chamber to hold a large number of particles, such as the
equipment named LITHOS by Forge Nano. The major drawback
may lie in the prolonged exposure time and purging time.Hence,
the trade-off should be made between the particle batch and cost
of process time in the rotating bed reactors. In addition, to avoid
the reactant gases bypassing the particle bed, reactant gases are
expected to flow radially through the reactors for enhancing bet-
ter gas-solid interactions between gases and particles.
Continuous s-ALD reactors not only show great advantages in

continuously processing a large quantity of particles but also can
operate under atmospheric pressure or near atmospheric pres-

sure which could lead to a reduction of the costs of equipment
and maintenance. These s-ALD reactors are believed to be con-
ducive to the industrial processing of particles. Besides the poten-
tial reduction of the cost, the cost of time, especially the purging
time of the conventional ALD process, is required to be reduced
in the scale-up solutions. In this respect, the s-ALD, which simul-
taneously doses reactants into the reactor and purges the exhaust
gas, seems as a feasible strategy to decrease the cost of purging
time, resulting enhancement of film deposition rate. Therefore,
to design the s-ALD system operated at atmospheric pressure or
near atmospheric pressure could be a tendency in the industrial
sectors.
In ALD, there may exist initial nucleation difficulties that lead

to non-continuous films in the initial coating. To obtain ultra-
thin and continuous films, one strategy is to combine ALD and
thermal atomic layer etching (ALE). Recently, George’s group uti-
lized ALD (TDMAZ and H2O as reactants) and ALE (HF and
TiCl4 as reactants) to control ZrO2 thickness on TiO2@ZrO2
core@shell NPs in a rotary reactor, achieving ZrO2 deposition
rate of 0.09±0.01 nmper ALD cycle and etch rate of 0.65±0.02 nm
per ALE cycle.[185] This work could open up a newfield of research
in particle ALD and ALE. On the other hand, designing of a FBR
with superior gas–solid interactions compared to a rotary bed re-
actor could enable ALD andALE in a single system.However, this
approach requires careful considerations of anti-corrosion inner
walls and integration of residual gas analyzers for precise control
over particle deposition and etch processes.
With the surface modification to particles, PALD technology

could show potentials in the field of rare earth magnets. In Nd-
Fe-B magnet, to reduce the usage of heavy rare earth elements
and noble elements, and enhance the coercivity of the magnets,
one feasible strategy is to modify the grain boundary of the mag-
nets. To this end, the eutectic alloys or powders with a low melt-
ing point, such as Cu- and Al-based compounds, have been re-
ported to be added into the matrix phase to improve the wettabil-
ity of grain boundary phase and demagnetization coupling effect,
thereby improving the coercivity.[186,187] Similarly, Cu-based pow-
ders have been also employed in Sm-Co magnets to modify the
microstructure of grain boundary areas, resulting in the improve-
ment of magnetic properties.[188,189] Since that the Nd-Fe-B and
Sm-Co magnets are fabricated from their precursor powders, it
gives us a hint on decorating the surfaces of these magnetic pre-
cursor particles via ALD technique. Using ALD technique, the
materials with the low melting point, such as Cu, Al and their
compounds, can be deposited on the surfaces of magnetic pre-
cursor powders as ultrathin films or nanoclusters. Subsequently,
in the heat treatment or hot pressing/deforming process, the
deposited materials will be melted, transport uniformly around
the precursor particles and modify the microstructure of grain
boundary areas, which may improve the magnetic properties of
the rare earth magnets. It should be noted that the content of
oxygen, carbon and other non-friendly elements to the rare earth
magnets are needed to be controlled strictly during the ALD pro-
cess. Besides that, PALD will continue to expand into other ar-
eas, such as additive manufacturing. Via PALD, the materials
with the low melting point can be deposited on the surfaces of
metallurgical particles with a proper thickness before manufac-
turing process. Because that the deposited materials could form
an ultrathin liquid layer around the metallurgical particles, the
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rheological behaviors of particles could be enhanced during the
manufacturing process, leading to improvement of some phys-
ical properties for the printed metallic parts. Overall, in the un-
found or found application fields, PALD is a promising technol-
ogy and can bring disruptive innovations in the future, although
the further development of PALD reactors and economic process
are needed to be improved.
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