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Abstract: Atmospheric-pressure particle atomic layer deposition technology is a technique for
precise modification of the surface of functional powder materials with nanoscale thickness under
atmospheric pressure or near-atmospheric pressure conditions, and has broad application prospects in
fields such as energy materials and catalyst materials. This technology does not require a vacuum
system, significantly reducing equipment costs and maintenance costs, thus showing obvious
advantages in industrial scale-up production. This paper introduces the principle of self-limiting
surface chemical reactions in powder atomic layer deposition, analyzes the technical difficulties to be
overcome, as well as its advantages and disadvantages, outlines the conformality characteristics of
atomic layer deposition, summarizes the design methods of temporal and spatial atomic layer
deposition reaction chambers under atmospheric pressure and their differences in high-throughput
powder processing, discusses the applications of atmospheric-pressure powder atomic layer
deposition in catalysis, drug delivery, lithium batteries and other fields, and looks forward to possible
future research directions.
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0 Introduction

Powder materials, especially nano-powder materials with particle sizes less than 100 nm, exhibit
special chemical, physical, and biological properties due to their small size and large specific surface
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area, and have important applications in fields such as lithium battery materials, energetic materials,
pollutant degradation, ultraviolet protection, drug delivery, and magnetic resonance imaging!'-*l. To
adapt nano-powder materials to special application scenarios, their surfaces usually need appropriate
modification. Traditional wet chemical deposition methods involve liquid phases, resulting in long
drying processes; chemical vapor deposition (CVD) methods are difficult to achieve nanoscale
thickness modification of film surfaces; physical methods (such as physical vapor deposition) also
cannot achieve ideal surface modification effects on nano-powder materials due to physical effects
during deposition!*. As a special vapor deposition technology, atomic layer deposition (ALD) has
good conformality when processing three-dimensional complex structures (such as powders) and can
achieve atomic-level thickness control. Therefore, in recent years, particle atomic layer deposition
(PALD) technology and its applications have become research hotspots.

Traditional ALD (including PALD) processes are usually carried out under low vacuum conditions,
which requires the use of a vacuum system to maintain the pressure environment required for ALD
operation. The use of a vacuum system not only increases equipment costs but also increases
maintenance costs due to the complexity of the equipment pipeline system. In view of this, an ALD
technology that can work at atmospheric or near-atmospheric pressure—atmospheric-pressure
particle atomic layer deposition (AP-PALD) technology—has received extensive attention. However,
atomic layer deposition on powder samples at atmospheric pressure faces many challenges. For
example, it is necessary to overcome the mutual attraction between particles to achieve effective
dispersion of powders; the high specific surface area of powders requires sufficient precursor dosage
and long enough cleaning time; and the problem of conformal deposition on three-dimensional
complex structure powders also needs to be solved. Therefore, this paper first outlines the basic
principle of atomic layer deposition, then introduces the difficulties and challenges faced by applying
atomic layer deposition technology on powder substrates, further discusses the advantages and
disadvantages of atmospheric-pressure powder atomic layer deposition, and summarizes its
conformal deposition. In addition, this paper also summarizes the research progress in AP-PALD
reaction chamber design and its applications, and finally looks forward to possible future research
directions of this technology.

1 Fundamentals of atomic layer deposition

ALD is a special CVD method, but there is a significant difference in the input mode of reaction
precursors between the two. In the CVD process, reaction precursors are input into the reaction
chamber simultaneously and undergo chemical reactions on the sample surface; while in the ALD
process, precursor pulses are input alternately, and the pulses are separated by cleaning steps. The
cleaning gas usually uses inert gases such as N2 and Ar.

A complete ALD process includes 4 steps, and a typical ALD process is shown in Fig. 151: (1)
Precursor A is pulsed and completely covers the sample surface. (2) Cleaning step: inert gas is used
to remove excess precursor A. (3) Precursor B is pulsed and undergoes a self-limiting chemical
reaction with precursor A on the sample surface. (4) Cleaning step: inert gas is used to remove
reaction by-products and excess precursor B. Steps (1)-(4) form a cycle, and the growth rate of the
ALD process is usually described by the film deposition thickness after one cycle (Growth Per Cycle,
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GPC). The growth rate of a single cycle is generally less than 1 monolayer (ML) thickness, usually
30%-50% of ML), which is related to factors such as the steric hindrance effect of precursor
groups and the density of active sites on the substrate surface. The total film deposition thickness can
be precisely controlled by the number of cycles, and the film control accuracy of ALD reactions can
reach the atomic level.
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Fig. 1 Schematic diagram of a typical ALD reaction processl’!

The entire ALD reaction can be regarded as consisting of 2 separate "half-reactions". Taking the
deposition process of Al.O; films (using trimethylaluminum (TMA) and water as precursors) as an
example, the 2 "half-reactions" can be expressed by the following reaction equations!™ 7J:

AlO H* + AI(CH:)s (g) — AIOAI(CH:)." + CHa (g) (1)
AICH:" + H:O (g) — AIO H* + CH (g) 2)

In the above reactions, * represents surface groups. In half-reaction (1), the hydroxyl group (—OH)
on the substrate surface is converted to a methyl group (—CHzs); in half-reaction B, the —CHs on the
substrate surface is converted back to —OH, and finally Al.Os solid is generated on the substrate

surface with the release of CH4 gas. For the deposition of Al-Os materials, hydroxylation of the
substrate surface is helpful for the initiation of ALD reactions.

Studies have shown that the influence of the surface chemical properties of the substrate on the ALD
reaction varies with the type of substrate, which is particularly obvious in the initial stage of the ALD
reaction, and the deposition rate of the film is also affected”!. For powder crystals, if different crystal
planes are exposed, area-selective atomic layer deposition (AS-ALD) may occur, that is, ALD
reactions easily occur on some crystal planes but not on others!®l.

2 Particle atomic layer deposition

PALD is a subdivision of ALD. On the one hand, the principle of PALD reactions is the same as that
of planar samples, so it has both the advantages and limitations of ALD; on the other hand, it also
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has its own characteristics. PALD usually deals with ultra-fine powders or nano-powders with small
particles and large specific surface areas, and coating the surface of such powders with ALD is full
of challenges.

2.1 Challenges faced by particle atomic layer deposition

Ultra-fine powders or nano-powders have mutual attraction caused by van der Waals forces,
electrostatic forces, and liquid bridge forces, and are prone to soft agglomeration or even hard
agglomeration to form clusters!* 1%, The existence of clusters hinders the interaction between gas
molecules and the surface of internal powder particles, thereby affecting the ALD process on the
powder surface. Based on the powder particle packing model, Longrie et al.'!l studied the integrity
of powder coating under fixed bed conditions. As shown in Fig. 2(a), when there are few powder
particles, precursor gas molecules can easily undergo ALD reactions with the surfaces of all particles;
while when the powder packing is thick (as shown in Fig. 2(b)), due to the long time required for
precursor gas molecules to be transported to the bottom particles, only the surface of the particles in
the upper part of the powder bed can form a coating layer, while the coating of the bottom particles is
incomplete. By establishing a powder particle packing model, Longrie et al.l'!l estimated that when
the pressure drop of the fixed bed is 100 Pa, the time required for precursor gas molecules to
completely reach the bottom of the powder bed from the top of the reaction chamber is 270 h. To
ensure sufficient interaction between the powder particle surface and precursor gas molecules,
effective dispersion of powder particles has become a key problem that must be solved in PALD
technology. For this reason, scholars have developed various PALD reaction chambers, such as
rotating beds!!? and fluidized beds!!?!.

Fig. 2 Schematic diagrams of ALD coating on fixed bed particles in the cases with (a) a few particles
and (b) a large amount of particles in the cruciblef!!]

The working pressure of traditional viscous flow reaction chambers is generally in the range of 133-
1330 Pal'Y. To maintain this low-pressure environment, a vacuum system is required, and the
introduction of a vacuum system not only increases equipment costs but also increases maintenance
costs, which poses challenges to the large-scale production of PALD. In addition, the production
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efficiency of ALD is very low, mainly because its cleaning steps are time-consuming, accounting for
more than 50% of the entire standard ALD process time!'”). The demand for high efficiency in
industrial production has prompted the optimization of ALD technology to a higher level. It is also
worth noting that unlike planar substrates, 3D complex structure powders have high aspect ratios,
and the transport of gas molecules will have a significant impact on film deposition effects.
Therefore, conformal deposition of powder particles is a key issue that needs to be focused on in
PALD technology.

2.2 Advantages and disadvantages of atmospheric-pressure particle atomic layer deposition

To address the challenges faced by PALD, the concept of atmospheric-pressure powder atomic layer
deposition has emerged. As the name suggests, AP-PALD completes film deposition through ALD
surface chemical reactions under atmospheric pressure or near-atmospheric pressure (100 kPa). The
application of AP-PALD technology does not require vacuum equipment and pipelines, significantly
reducing equipment and maintenance costs, and providing an economically feasible solution for
large-scale production.

It can be seen from the 4 steps of the ALD process (precursor A pulse—cleaning—precursor B
pulse—cleaning) that each precursor gas pulse is separated by a cleaning step, so that the 2 "half-
reactions" of the ALD reaction act alternately on the sample substrate. This ALD process is called
temporal atomic layer deposition (t-ALD), as shown in Fig. 3(a)l'®l. Studies!”) have shown that the
growth rate of Al:Os films deposited on planar substrates is 0.11-0.12 nm-cycle™!; while the growth
rate can reach 0.14-0.20 nm-cycle™! when depositing Al.Os on powder substrates, which may be
related to the curvature of the particles!!> 17181 Generally speaking, the film deposition rate of
traditional planar t-ALD is 0.01-0.1 nm-s~![!), If the 2 "half-reactions" of the ALD process act on the
sample substrate simultaneously and are separated by physical isolation (such as inert gas), it
constitutes spatial atomic layer deposition (s-ALD), as shown in Fig. 3(b)!!Sl. In s-ALD, the entire
ALD reaction can be completed by moving the substrate position. Poodt et al.?”) found through the
establishment of a kinetic model that the film deposition rate of s-ALD is closely related to v/ (¢ is
time). Under appropriate temperature and saturated deposition conditions, the film deposition rate
can be significantly increased to 1-10 nm-s™'. Therefore, s-ALD that can work at atmospheric
pressure has become a research hotspot!!? 21-22],
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Fig. 3 Schematic diagrams of t-ALD and s-ALD processes!!®l. (a) t-ALD process; (b) s-ALD process
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Although AP-PALD has advantages such as low equipment cost, low maintenance cost, and fast
deposition rate, it still has some shortcomings. (1) In an atmospheric pressure environment, the mean
free path of gas molecules is significantly smaller than that under low pressure conditions. Although
the gas pulse time can be reduced by increasing the gas molecule flux, for micro-nano slender pores
formed by powders, the transport time of gas molecules in the slender pores will be prolonged due to
Knudsen diffusion!. (2) The working pressure of AP-PALD is high, and high vapor pressure
precursors such as TMA and diethylzinc (DEZ) can be smoothly transported to the reaction chamber;
but for precursors with low volatility, conventional input methods face difficulties, which limits the
types of precursors. (3) For atmospheric pressure s-ALD reaction chambers, especially proximity s-
ALD reaction chambers, the distance between the precursor nozzle and the moving substrate is very
small (only 100-200 um)!'®l which is prone to problems such as precursor nozzle blockage. (4)
When the ALD reaction is operated at atmospheric pressure, oxygen and water vapor in the air will
affect the reaction!'”), especially for air-sensitive powders, their performance may change due to
contact with air. (5) Since atmospheric pressure PALD usually operates in an open environment, the
exhaust gas generated by the reaction may leak, polluting the indoor or outdoor environment.

3 Research progress on atmospheric-pressure particle atomic layer deposition

In recent years, a series of important progress has been made in the research on AP-PALD, mainly
reflected in the conformality, reaction chamber design, and applications of AP-PALD.

3.1 Conformality of atmospheric-pressure atomic layer deposition

One of the advantages of ALD is its ability to form uniform films on the surfaces of high-aspect-ratio
structures (including sharp corner regions), thus showing excellent conformality. For conformal
deposition of high-aspect-ratio structures, Cremers et al.?*! systematically summarized model
analysis and modeling. The theory of conformal deposition of high-aspect-ratio structures is of great
significance for understanding the conformal deposition of powder materials.

The conformal deposition process of PALD involves the transport of gas molecules at the reaction
chamber scale and powder cluster scale, as well as chemical reactions at the molecular scale. The
Knudsen number (Kn) is a key parameter describing the transport of gas molecules in pores?4l, and
its expression is:

Kn=1/d, 3)

In the formula, K» is dimensionless, 4 is the mean free path of gas molecules, and d, is the pore
diameter. When the mean free path of gas molecules is much larger than the pore diameter (Kn > 1),
the transport of gas molecules belongs to molecular flow, and the interaction between gas molecules
and the pore wall plays a dominant role, while the collision between gas molecules can be ignored.
When the mean free path of gas molecules is much smaller than the pore diameter (Kn K1), the
transport of gas molecules belongs to viscous flow. In this state, the collision between gas molecules
plays a dominant role, and the interaction between gas molecules and the pore wall can be ignored.
In viscous flow, particles in the gas phase collide frequently, so in PALD, the viscous flow state is
conducive to the interaction between precursor molecules and powder particles. There is a transition
state between molecular flow and viscous flow (Kn = 1), which is called Knudsen flow.
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In formula (3), the mean free path of gas molecules can be expressed as:

=5 4)

In the formula, kg is the Boltzmann constant, 7T is the temperature, d is the molecular diameter, and P
is the pressure. It can be seen from formula (4) that pressure, gas molecular diameter, and
temperature all affect the mean free path to a certain extent. According to this formula, the
relationship between the mean free path and gas pressure for different gas molecular diameters is
calculated as shown in Fig. 4. According to the working pressure, fluids can be divided into three
types: vacuum type (1073-10° Pa), flow type (about 100 Pa), and atmospheric pressure type (about
10° Pa)?¥l. At sufficiently low pressure, the pore characteristic size can reach the molecular flow
state at the mm-cm level; while at near-atmospheric pressure (such as 100 kPa), only nano-scale
pores can reach the molecular flow state.
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Fig. 4 Mean free path as a function of reactor pressure for three molecules with different diameters of
0.5 nm, 0.7 nm, and 0.9 nm at 100 °C, along with the flow types determined by mean free path and
characteristic feature sizel?’]

For clusters formed by ultra-fine powders or nano-powders, their inner surfaces can be regarded as
pores with high-aspect-ratio structures. The precursor exposure required for precursor gas molecules
to completely cover the substrate surface is called the saturation dose, which is the product of the
precursor gas partial pressure P and its exposure time t, with the unit of Pa-s. When describing
adsorption, its unit can be expressed in Langmuir (L), 1 L = 1.33x10* Pa-s. Gordon et al.[?*]
estimated that the saturation dose for depositing HfO2 on planar substrates using Hf(NMe:)s as the
precursor at 200 °C is 3-43 L. For high-aspect-ratio materials and large specific surface area powder
materials, a sufficiently large saturation dose is a necessary condition for achieving PALD conformal
deposition. Based on the assumption that the adsorption coefficient of precursor gas molecules on the
substrate is 1 (adsorption can cause surface reactions), Gordon et al.?’! gave the saturation dose
calculation formula for the cylindrical pore wall:
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= V2 g4 +(3/2) 7 )

In the formula, S, m, and a are the saturated adsorption surface density of precursor gas molecules,
the molar mass of precursor molecules, and the aspect ratio of cylindrical pores, respectively.

V2 is the saturation dose of precursor molecules required for planar substrates. It can be
seen from formula (5) that the saturation dose is closely related to the aspect ratio. Ylilammi et al.!?¢]
studied the expansion of ALD films in lateral high-aspect-ratio pores based on the gas diffusion
equation. Yazdani et al.’’l and Cremers et al.?®! studied the conformal deposition of carbon
nanotubes and microcolumn arrays, respectively.

The PALD process involves both macro flow of fluids at the reaction chamber scale (such as
molecular flow, Knudsen flow, and viscous flow) and gas diffusion and mass transfer processes at
the cluster scale. Based on different reaction chamber pressures, precursor molecules have two
diffusion modes: molecular diffusion and Knudsen diffusion. Knudsen diffusion corresponds to the
case where the mean free path of gas molecules is much larger than the pores, and molecular
diffusion refers to the mass transfer process formed by the irregular thermal motion of gas molecules.

Poodt et al.[*! used the effective diffusion coefficient Defr to represent the contribution of molecular

diffusion Dm and Knudsen diffusion Dk, to the gas molecular diffusion process, and its expression!?-
301 is:

it = (—+—) (©)

Based on this, the effective diffusion coefficient curve of TMA precursor molecules was calculated.
As shown in Fig. 5(a), under near-atmospheric pressure conditions, the diffusion of TMA is
controlled by Knudsen diffusion when the pore diameter is less than 0.5 pm, and by molecular
diffusion when the pore diameter is greater than 0.5 um. When the pore is fixed at 1 um, it can be
seen from the relationship between the diffusion curve of TMA and the reaction chamber pressure
(Fig. 5(b)) that when the reaction chamber pressure is less than 10 kPa, the diffusion of TMA is
controlled by Knudsen diffusion, and the Knudsen diffusion coefficient is independent of the
reaction chamber pressure. On the basis of analyzing the effective diffusion coefficient, Poodt et
al.[? derived a saturation dose expression similar to the Gordon model based on Fick's law.
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Fig. 5 (a) Diffusion coefficient of TMA as a function of pore diameter for a reactor pressure of 10°
Pa. (b) Diffusion coefficient of TMA as a function of reactor pressure for a pore diameter of 1 pm!%°!
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In addition to the aspect ratio, the reaction probability between precursor gas molecules and the
substrate and the diffusion coefficient also affect the saturation dose!?®!. In the Gordon model*], the
adsorption coefficient is assumed to be 1. However, in the actual film deposition process, the
adsorption coefficient will change with the deposition process. Inspired by the Gordon model®),
Dendooven et al.’! further studied the influence of adsorption coefficient on film thickness based on
the conductance formula. Elam et al.l*?] used Monte Carlo simulation to reveal the influence of
reaction probability on film deposition in high-aspect-ratio structures. Yanguas-Gil et al.*3] used the
coefficient o to represent the relative ratio between the reaction rate and the diffusion rate, and
obtained the relationship between the saturation dose and a, as shown in Fig. 6. For systems with low
aspect ratio, low reaction probability, and high diffusion coefficient (a < 1), the saturation dose is
controlled by the reaction; while for systems with high aspect ratio, high reaction probability, and
low diffusion coefficient (o > 1), the saturation dose is controlled by diffusion.
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Fig. 6 Saturation dose as a function of af*3. The reaction limited regime and diffusion limited regime
can be distinguished by the a values

The reaction probabilities of Al2Os and ZnO films during ALD deposition are 1073 (177 °C) and
7x1072 (177 °C), respectively, and the reaction probability of SiO. is as low as 10°® (427 °C)B2,
Studies!*?! have shown that in high-aspect-ratio structures, the ALD deposition of SiO. shows
reaction-controlled characteristics, while ZnO and Al.Os show diffusion-controlled characteristics. It
can be seen that different precursor types will affect the saturation dose of ALD deposition, thereby
further affecting the conformality of film deposition. In addition, precursor types, substrates and their
surface properties, and process conditions (such as temperature, pressure, etc.) may cause nucleation
delay, thereby affecting the uniformity of film deposition, especially in the initial stage of film
deposition (from several to dozens or even hundreds of cycles)!> 734,

In addition, temperature provides appropriate activation energy for chemical adsorption and ALD
reactions, so there is a "temperature window" in ALD reactions®. When the temperature is higher
than this "temperature window", the chemical desorption rate increases, and may lead to the
decomposition of precursor gases and substrate surface species, thereby causing other additional
reactions and affecting film deposition; while when the temperature is lower than this "temperature
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window", it is easy to cause condensation of precursor gas molecules and incomplete surface
chemical reactions, thereby affecting film deposition.

For powder ALD, different powder dispersion methods also affect the film deposition process. In
fluidized bed ALD!"?], the interaction between gas and powder is frequent, the mass and heat transfer
efficiency is high, and the efficiency of single batch film deposition is high. For rotating bed ALD!2],
there is insufficient powder dispersion, which affects the interaction between precursor gas and
powder. Generally speaking, the residence time of the precursor can be increased to ensure sufficient
interaction between precursor gas molecules and powder, but this method reduces the film deposition
efficiency. However, the easy scale-up characteristic of rotating bed ALD makes it have unique
advantages in high-throughput powder processing. It is worth noting that there are no reports on
atmospheric pressure/normal pressure ALD reaction chambers based on rotating beds, which may be
related to their precursor inlet methods.

3.2 Reaction chamber design

AP-PALD reaction chambers can be divided into two categories: t-ALD reaction chambers and s-
ALD reaction chambers. This section introduces the design of these two types of reaction chambers
respectively.

(1) t-ALD reaction chamber

In 2009, Beetstra et al.**! designed an atmospheric pressure fluidized bed reaction chamber based on
fluidized bed technology, as shown in Fig. 7(a). The reaction chamber consists of a quartz glass tube
with an inner diameter of 26 mm, a height of 500 mm, and a top expansion section. The entire
reaction chamber is placed on a vibrator to assist the fluidization of powder particles. To prevent the
exhaust gas of different precursors from reacting in the gas washing device, two gas washing devices
filled with mineral oil are connected to the gas outlet of the reaction chamber to treat the exhaust gas
of different precursors. The pressure at the gas outlet is equal to atmospheric pressure.

In 2015, Soria-Hoyo et al.B®l designed an atmospheric pressure fluidized bed PALD reaction
chamber without a vibrator at the bottom of the reaction chamber, as shown in Fig. 7(b). The reaction
chamber consists of a quartz tube with an inner diameter of 20 mm and a height of 300 mm. Os is
generated by an ozone generator (9), enters a gas homogenizing device (5), is uniformly mixed with
Nz, and is finally carried by N: as a fluidizing gas to disperse nano-particles in the reaction chamber
(1). The solid precursor feeding port (7) at the top of the reaction chamber is used to add glass balls
attached with precursor powder into the reaction chamber. The pressure at the exhaust port (11) of
the reaction chamber is atmospheric pressure.

Usually, the fluidized bed reaction chamber has a single-chamber structure. In 2021, Ugur et al.[37]
designed a fluidized reaction chamber with a double-layer structure, as shown in Fig. 7(c). The first-
stage fluidization chamber (9) is placed on a gas homogenizing plate with a pore diameter of 2 mm
to homogenize the fluidizing gas; the second-stage fluidization chamber (11) contains the powder
particles to be coated, and the powder particles are supported by a wire mesh (10) with a pore size of
212 pum. Heating wires are wound around the reaction chamber to provide the required temperature
conditions for the ALD reaction. The top of the reaction chamber is connected to an exhaust gas
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cleaning system (12) through a flange (8), and the pressure at the exhaust gas outlet is atmospheric
pressure. The illustration at the bottom right of Fig. 7(c) is a physical diagram of the double-layer
fluidized reaction chamber.
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Fig. 7 (a) Schematic representation of the fluidized bed PALD reactor mounted on a vibration shaker
operated at atmospheric pressurel®l. (b) Configuration of the atmospheric pressure fluidized bed
ALD reactor without a vibration shaker®’l. (¢) Schematic illustration of the atmospheric pressure
fluidized bed reactor with double chambers’!

The above three reaction chambers are all atmospheric pressure powder ALD reaction chambers
based on fluidized bed technology, and the introduction of different precursors is time-interval, so
they belong to the category of t-ALD. Fluidized reaction chambers can increase the powder loading
by appropriately expanding the volume of the reaction chamber, thereby processing high-throughput
powders in a batch manner. According to Forge Nano, they have expanded the volume of the
fluidized bed reaction chamber to 10-20 L, but there are no reports on such large-volume reaction
chambers working at atmospheric pressure.

(2) s-ALD reaction chamber

In industrial production, it is usually necessary to process hundreds to thousands of kilograms or
more of powder. According to reports*®], Forge Nano has developed a rotating bed ALD equipment
named "LITHOS" with a batch processing capacity of 100-1000 kg. However, from the product
introduction, this equipment cannot work at atmospheric pressure. In addition to batch processing of
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high-throughput powders, another high-throughput powder processing method is continuous powder
processing. Continuous PALD reaction chambers that can work at atmospheric pressure are more in
line with the production scale-up needs of the industrial field.

In 2015, Van Ommen et al.**! combined powder fluidization technology with the s-ALD concept to
design an s-ALD reaction chamber that can work under atmospheric pressure and process powders
continuously. The reaction chamber design is shown in Fig. 8(a), mainly consisting of a feeding tank
(v), a pneumatic conveying pipeline, and a powder collection tank (iv). The feeding tank transports
the powder to the pneumatic conveying pipeline through gas fluidization for ALD reaction. The
pneumatic conveying pipeline has a diameter of 4 mm and a length of 27 m, divided into 3 parts:
preheating zone (i), precursor A conveying zone (ii), and precursor B conveying zone (iii). The
powder after ALD reaction in the pneumatic conveying pipeline is finally collected in the powder
collection tank (iv). This reaction chamber can realize continuous production. Due to the omission of
the cleaning step in the traditional ALD process, the powder processing capacity of this s-ALD
reaction chamber can reach 60 g-h™'[**], The powder processing capacity can be further improved by
appropriately expanding the pipeline volume of the pneumatic conveying s-ALD reaction chamber.
Roderik Colen and others are committed to the industrialization of continuous powder processing s-
ALD reaction chambers through their start-up company Powall4"],

|||||||

{

(d)

Fig. 8 (a) Schematic diagram of the pneumatic transport s-ALD reactor®®], comprising (i) pre-heating
zone, (ii) reactant A reaction zone, (iii) reactant B reaction zone, (iv) collection vessel, and (v)
fluidized feeding vessel. (b) Schematic diagram of the s-ALD reactor with a conveying belt*!l. (c)
Schematic diagram of the vibration s-ALD reactor®}]. (d) Illustrative depiction of the vibration s-
ALD system named as CIRCE*4]

Combined with the s-ALD concept, Chen Rong et al.*!l designed an s-ALD reaction chamber with a
conveyor belt for powder transportation, as shown in Fig. 8(b). In this reaction chamber, the powder
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to be coated is fed by a vibration motor from the feeding tank, falls on the lower carrier net with
certain pores, and is transported to the reaction chamber area by a conveying device. At the end of
the movement direction, a collecting tank is set to collect the coated powder particles. The powder
particles to be coated are fixed by the upper and lower carrier nets in the reaction chamber area, and
the contact between the powder and gas is realized by the impact of gas entering the mesh. Spencer
et al.l*?l designed a similar continuous s-ALD reaction chamber that relies on a conveyor belt to
transport powder samples.

In addition to the above two s-ALD reaction chambers, Hartig et al.[**} from Forge Nano designed a
vibration continuous s-ALD reaction chamber, as shown in Fig. 8(c). The reaction chamber relies on
the vibration force provided by the vibration motor to disperse powder particles, and transports the
powder particles to different precursor areas through a conveying device to complete the ALD
reaction. This equipment is named "CIRCE", and its effect diagram is shown in Fig. 8(d). According
to reports*¥, this equipment can work at atmospheric pressure, with a powder processing capacity of
up to 4000 kg-h™' and a powder yield of 99%.

A brief comparison of the above t-ALD reaction chambers and continuous s-ALD reaction chambers
working at atmospheric pressure is shown in Table 1. From the comparison results, fluidized t-ALD
reaction chambers are mostly used in scientific research and small-batch experiments because of
their small powder processing capacity and flexible equipment placement. Since fluidized t-ALD
reaction chambers adopt batch processing of powders, it is necessary to shut down the equipment
after the process is completed and frequently unload and install the reaction chamber. In contrast,
continuous atmospheric pressure s-ALD does not require frequent unloading and installation of the
reaction chamber, and can realize powder loading/unloading without stopping the equipment, so it
has more advantages in industrial scale-up production. According to reports!*® 441, foreign companies
such as Forge Nano and Powall are working hard to bring such equipment to the market.

Table 1 Comparison of different AP-PALD reactors

Reactor ALD type Powder dispersion Processing method  Processing capacity  Literature
Fluidized t-ALD Fluidized dispersion  Batch (experiment) <200 g-time™! [35-37]
Pneumatic conveying s-ALD Gas blowing Continuous 60 g-h! [39]

C belt
onveyof € s-ALD Gas impact Continuous — [41]
conveying

Vibration s-ALD Vibration dispersion Continuous 100-4000 kg-h™! [43-44]

3.3 Deposition structures
(1) Nano-cluster structure

Using the AP-PALD reaction chamber, Goulas et al.l*3 successfully deposited Pt nano-clusters on
P25 TiO: nano-particles at 250 °C and atmospheric pressure with MeCpPtMes and ozone as
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precursors. As shown in Fig. 9(a), when the number of ALD cycles is 5, the average particle size of
Pt nano-clusters is 2.3 nm. Bui et al.**} deposited Pt nano-clusters on P25 TiO. nano-particles at
room temperature (25 °C) and atmospheric pressure with MeCpPtMes and O: as precursors. As
shown in Fig. 9(b), after 5 ALD cycles, the average particle size of Pt nano-clusters is 0.5 nm. It can
be seen that by adjusting the number of ALD cycles, the size of Pt nano-clusters can be precisely
controlled under atmospheric pressure or even room temperature and atmospheric pressure
conditions. This technology provides a precise preparation method for medium and low load noble
metal catalysts and shows potential for large-scale production®”). In addition, Van Ommen et al.*]
deposited Pt nano-clusters of about 1 nm on TiO: nano-particles at 100 °C and 250 °C using a
continuous s-ALD reaction chamber with MeCpPtMes and O: as precursors.

Fig. 9 (a) TEM images of 5 ALD Pt nanoclusters on P25 TiO: particles at 250 °C and atmospheric
pressure, with the black dots in the TEM image representing the deposited Pt nanoclusters*. (b)
HAADF image of Pt nanoclusters after 5 ALD cycles deposited at 25 °C and atmospheric pressure,
with the white dots in the HAADF image representing the deposited Pt nanoclusters!*¢l. (¢) TEM
image of AlOs island film deposited on h-BN particles using an AP-PALD reactor with double
chambers*”), (d) TEM image of TiO. nanoparticles after 7 ALD cycles with a continuous alumina
oxide film coating[*®]

(2) Island structure

In addition to nano-cluster structures, island coating structures can also be deposited using AP-PALD
technology. Beetstra et al.[33 carried out research on depositing Al.Os on submicron (200-500 nm)
lithium battery LiMn2O4 particles at 160 °C with TMA and H-O as precursors. The results show that
the deposited alumina film has discontinuous island structure characteristics. Ugur et al.’”) deposited
AlLOs on the surface of h-BN powder particles at 180-300 °C using a double-layer fluidized bed
reaction chamber with TMA and H2O as precursors. The results show that after 10 ALD cycles, the
AlL:Os layer presents island coating characteristics, as shown in Fig. 9(c).
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(3) Continuous film structure

Continuous film structures can also be obtained using AP-PALD technology. Valdesueiro et al.[®]
deposited AlzOs films on TiO: nano-particles at room temperature (about 27 °C) with TMA and H-O
as precursors. Transmission electron microscopy (TEM) analysis results show that after 7 ALD
cycles, the deposited Al>O; film is a continuous film, as shown in Fig. 9(d), with a film growth rate
of 0.14-0.15 nm-cycle '8, Soria-Hoyo et al.*®) mixed glass balls with a diameter of 2 mm with solid
precursor Ca(thd). to make the solid precursor powder evenly adhere to the surface of the glass balls,
then added them to the fluidized reaction chamber, and filled with Os as a precursor to successfully
realize CaO coating on the surface of nano-SiO: particles.

3.4 Applications

AP-PALD technology has broad application prospects in catalysis, biomedicine, energy and other
fields, which are discussed in the following aspects.

(1) Catalysis field

TiO: has important applications in air purification, water treatment, and hydrogen production due to
its excellent photocatalytic performance, high structural and chemical stability!*34°l. However, TiO2
has some shortcomings in practical applications. On the one hand, TiO: has a large band gap width
(about 3.2 eV) and can only absorb high-energy ultraviolet rays (200-400 nm), but cannot effectively
absorb visible light and infrared rays with the highest photon flux®%. On the other hand, photo-
generated carriers are prone to recombination, which affects their photocatalytic performancel®!l. To
improve light absorption rate and reduce carrier recombination, Guo et al.l’? coated a nano-thick
SiO: film on TiO: nano-particles using a fluidized bed PALD reaction chamber at atmospheric
pressure and 100 °C with SiCls and H2O as precursors, forming a TiO2@SiO: core@shell structure. It
can be seen from the TEM image in Fig. 10(a) that after 8 ALD cycles, an approximately 0.7 nm
thick SiO: film uniformly coats the TiO2 nano-particles.

(a) (b) T
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Fig. 10 (a) TEM image of the SiO: film deposited on TiO: nanoparticles after 8 ALD cycles at
atmospheric pressure. (b) Degradation of RhB as a function of irradiation time for TiO2 and ALD-

coated TiO: nanoparticles!>?!
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In addition, Guo et al.’?! studied the effect of nano-TiO: particles coated with different ALD cycles
on the photocatalytic degradation performance of rhodamine B (RhB) solution. It can be seen from
Fig. 10(b) that compared with uncoated TiO: nano-particles and TiO: nano-particles coated with
other ALD cycles, the TiO2 nano-particles coated with 8 ALD cycles show the fastest degradation
rate of RhB. Studies have shown that when the thickness of the SiO: coating is less than 1.4 nm, the
photocatalytic performance of the TiO@SiO: system is enhanced, which is mainly due to the Ti—
O—Si bonds formed at the interface between TiO: and SiO-, which helps charge separation; while
when the thickness of the SiO: coating is greater than 1.4 nm, the photocatalytic performance of the
TiO:@Si0: system is inhibited, mainly because the thick SiO: layer hinders the charge transport
from TiO: to the SiO: layer.

Similarly, Benz et al.53! loaded 1.3-2.0 nm thick Cu2O nano-clusters on P25 TiO: nano-particles
using a fluidized bed PALD reaction chamber at atmospheric pressure and 250 °C with Cu(I)(hfac)
and H2O as precursors to form Cu.O/TiO: photocatalysts, thereby regulating the photochemical
activity of TiO2. Studies®* found that after loading 0.4% Cu.0, the photochemical activity of TiO: is
the strongest, which is mainly due to the effective charge transfer between Cu.O and TiO-, which
reduces charge recombination.

In addition, Goulas et al.[*] deposited Pt nano-clusters with a particle size range of 1.5-2.3 nm on the
photocatalytic powder substrate P25 TiO- nano-particles using a t-ALD reaction chamber at 250 °C
and atmospheric pressure with MeCpPtMes and ozone as precursors. Subsequently, Van Ommen et
al.*1 deposited Pt nano-clusters of about 1 nm on P25 TiO: nano-particles at 100 °C and 250 °C
using a continuous s-ALD reaction chamber with MeCpPtMes and O: as precursors. To effectively
control the diffusion and aggregation during the growth of Pt nano-clusters, Bui et al.[*! deposited
high-quality Pt sub-nano-clusters on P25 TiO: nano-particles at room temperature (25 °C) and
atmospheric pressure with MeCpPtMes and O: as precursors.

In the field of carbon neutrality, using noble metal catalysts to electrochemically reduce CO: to
intermediate products such as formic acid/formate is an effective method®*>%, The synthesis of
traditional noble metal catalysts usually requires the use of a large amount of solvents©®), and it is
difficult to achieve nano-scale control of the morphology of noble metal catalystsi®’). Based on this,
Li et al.’% constructed nanostructures of Pt and Pd noble metal catalysts on carbon black substrates
using atmospheric pressure fluidized bed PALD technology. Among them, Pt was deposited with
MeCpPtMes and Os as precursors, and Pd was deposited with Pd(hfac). and formalin as precursors,
with a deposition temperature of 200 °C. As shown in Fig. 11(a)-(e), they prepared catalysts with
Pt@Pd and Pd@Pt core@shell nanostructures and Pt-Pd bimetallic catalyst materials using AP-
PALD technology. The test results of the three noble metal catalysts show that the Faraday efficiency
of Pt-Pd bimetallic catalysts for formate reaches 46% (Fig. 11(f)), which is much higher than 22% of
Pt@Pd (Fig. 11(b)) and 11% of Pd@Pt (Fig. 11(d)). This is mainly because the bimetallic
nanostructures show higher stability in the electrochemical reduction of COs.
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Fig. 11 (a) EDX images of Pt@Pd catalytic particle. (b) The faradaic efficiency of Pt@Pd catalyst. (c)
EDX images of Pd@Pt catalytic particle. (d) The faradaic efficiency of Pd@Pt catalyst. (¢) EDX
images of Pt-Pd bi-metal catalytic particle. (f) The faradaic efficiency of Pt-Pd bi-metal catalyst>®!

(2) Drug delivery and sustained release

Drug particles, such as budesonide and lactose particles, are widely used in drug delivery and
treatment. On the one hand, these drug powder particles need to have controlled release
characteristics; on the other hand, because they are highly adhesive and easily affected by humidity
and temperature, making them difficult to disperse, it is necessary to properly coat their surfaces
under low temperature conditions. Zhang et al.l®! coated Al:Os nano-films on the surfaces of
budesonide drug particles and lactose particles using a vibration-assisted fluidized bed reaction
chamber at room temperature and 100 kPa with TMA and water as precursors, as shown in Fig.
12(a)-(b). Due to the alumina film hindering the interaction between drug particles and the external
environment, the solubility of the coated drug particles is reduced, as shown in Fig. 12(c)-(d).
Subsequently, Zhang et al.[®"l deposited Al.Os on lactose particles with average particle sizes of 3.5
um and 21 um at 30 °C and 100 kPa using TMA, water, and Os as precursors. The results show that

the nanonization of the lactose surface enhances its sustained release effect, which is beneficial to
drug delivery.
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Fig. 12 TEM images of Al2:Os nanofilms deposited on the surfaces of (a) budesonide and (b) lactose
particles by AP-PALD technology. Dissolution curves of (c¢) budesonide and (d) lactose after
different ALD coating cyclesl>”!

La Zara et al.ll compared the effects of inorganic films (Al.Os, TiO2, and SiO2) grown by AP-
PALD, organic films (PET) grown by molecular layer deposition (MLD), and organic-inorganic
hybrid titanicone films grown by ALD/MLD composite method on the surface wettability of
budesonide drug particles (particle size 0.1-10 pm). AL:Os, TiO2, and SiO: films were grown with
TMA and Os, TiCls and water, SiCls and water as precursors, respectively, and the reaction chamber
temperature was 40 °C. The research results show that the inorganic films grown by ALD can
convert the hydrophobic surface of budesonide particles to hydrophilic, while the titanicone films
grown by ALD/MLD composite method have mild hydrophilicity, and the PET films grown by
MLD show superhydrophobicity. This indicates that the ALD method can be used to regulate the
surface hydrophilicity and hydrophobicity of drug particles, which is beneficial to improve the
dispersibility of drug particles in aqueous solutions.

In addition, La Zara et al.l®’] used atmospheric pressure FBR-ALD technology to deposit nano-scale
ceramic films (Al.Os, TiO2, SiO:) to simultaneously regulate the release characteristics and
atomization characteristics of inhaled budesonide particles without using lactose carriers, thereby
realizing controlled pulmonary delivery of the drug. To improve the flow characteristics of inhaled
budesonide particles, Zhang et al.[®¥] used atmospheric pressure fluidized bed reactor-atomic layer
deposition (FBR-ALD) technology to deposit ceramic films such as SiO2, TiO2, and Al:Os on the
surface of drug particles to regulate their flow performance. The results show that modifying the
surface of budesonide particles with inorganic nano-films can effectively reduce the interaction force
between drug particles, thereby significantly improving the delivery amount of drug particles during
pneumatic transportation. Recently, Cao et al.[®* deposited SiO. nano-films on the surface of
metformin hydrochloride particles, a drug for blood sugar control, at room temperature using
atmospheric pressure FBR-ALD technology with SiCls and H20O as precursors. The results show that
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without affecting the physical and chemical properties of metformin hydrochloride particles, SiO-
coating reduces its dissolution rate to 1/8 of that of the uncoated sample, which plays a role in
prolonging drug sustained release.

(3) Energy materials and other emerging fields

In lithium battery materials, LiMn2Oa is a cheaper cathode material than LiCoO- with high capacity
and high output voltage. However, Mn ions are easily dissolved in organic electrolytes, leading to
capacity loss. Coating the surface of cathode materials with Al-Os can reduce their capacity loss!* 1.
Based on this, Beetstra et al.*> successfully coated Al.Os nano-films on LiMn.O. powder particles
(particle size 200-500 nm) using AP-PALD technology with TMA and water as precursors. In
addition, AP-PALD technology can also be used for CO: capture. Soria-Hoyo et al.B*®! coated a CaO
layer on the surface of SiO: nano-particles using their designed AP-PALD reaction chamber with
Ca(thd)2 and Os as precursors. Multi-cycle thermogravimetric analysis shows that the SiO. substrate
can stabilize the CO: capture capacity of CaO.

In recent years, AP-ALD technology has also shown broad application potential in some emerging
fields. In these fields, although the substrate morphology is not powder, similar to powder, they also
have high aspect ratio characteristics, so they are briefly summarized here.

The core of gas chromatography lies in the capillary column. When traditional ALD technology is
used to modify the inner surface of capillary columns, there are problems such as long vacuum
pumping time, limited diffusion of flushing gas in the capillary, and difficulty in flushing. Patel et
al.l%] designed a flow-through atmospheric pressure t-ALD reactor, in which flushing gases such as
nitrogen are introduced from one end of the capillary and discharged from the exhaust port. Using
this device, with TMA and H-O as precursors, an approximately 10 nm thick Al.Os nano-film was
successfully coated on the inner wall of a capillary column with a length of 5-12 m and an inner
diameter of 0.53 mm!®l. AP-ALD technology is also used to regulate the inner diameter of
separation membrane pores and surface modification to improve the selectivity and anti-fouling
ability of membrane separation. Shang et al.[% deposited TiO. nano-films on the inner wall of
ceramic nano-filtration membranes using a designed flow-through atmospheric pressure t-ALD
reaction chamber with TiCls and H2O as precursors, reducing the pore diameter of the filtration
membrane from 0.7 nm to 0.5 nm while maintaining high water permeability of the nano-filtration
membrane. Toldra-Reig et al.l®”l successfully deposited ZnO nano-coatings on the outer surface of
porous alumina membranes using 3D printed s-ALD manifolds with DEZ and H:O as precursors.
Recently, Santoso et al.l®l modified the inner surface of polydimethylsiloxane (PDMS) microfluidic
chips using flow-through AP-ALD technology with SiCls and Os, TDMAT and Os as precursors at
reaction temperatures of 50 °C and 100 °C, respectively. Studies have shown that PDMS
microfluidic chips modified with nano-thick coatings show stronger resistance to organic solvent
swelling and higher hydrophilicity.

The applications of AP-PALD technology (including AP-ALD technology in some non-powder
substrate cases) in catalysis, biomedicine, energy materials, and other emerging fields are
summarized in Table 2.
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Table 2 Summary of the applications of AP-ALD technique in different areas
Material ~ Precursor I  Precursor 11 Substrate Deposition Application field  Literature
morphology temperature/°C
Si0O: SiCls H-0 Powder 100 Photocatalysis [52]
Cu0 Cu(I)(hfac) H-0 Powder 250 Photocatalysis [53]
Pt MeCpPtMes O Powder 200 Catalysis [58]
Pt MeCpPtMes O Powder 250 Photocatalysis [45]
Pt MeCpPtMes 0O: Powder 100/250 Photocatalysis [39]
Pt MeCpPtMes 0O: Powder 25 Photocatalysis [46]
Pd Pd(hfac): Formalin Powder 200 Catalysis [58]
ALO:s TMA H-0 Powder 40/30 Drug delivery [59]
ALO:s TMA 0O Powder 30 Drug delivery [60]
ALO:s TMA H-0 Powder 30 Drug delivery [60]
ALO:s TMA 0O Powder 40 Drug delivery [61-63]
TiO2 TiCla H-0 Powder 40 Drug delivery [61-63]
Si0O- SiCla H-0 Powder 40 Drug delivery [61-63]
SiO: SiCla H-0 Powder Room temperature Druijg:::ned [64]
Al20s TMA H-0 Powder 160 Lithium battery [35]
CaO Ca(thd)2 0 Powder 250 CO: capture [36]
ALOs T™MA H.0 Capillary 300 Gas [65]
column chromatography
TiO TiCls H:0 Porous 180 Water treatment [66]
membrane
ZnO DEZ H-0 Porous Room temperature Separation [67]
membrane
SiO: SiCls Ozone PDMS chip 50 Microfluidics [68]
TiO: TDMAT Ozone PDMS chip 100 Microfluidics [68]
4 Outlook

AP-PALD technology omits the vacuum system necessary in traditional low-pressure ALD

technology and has significant advantages in industrial scale-up. However, there are still some

aspects of this technology that need improvement and are worthy of further research in the future.

(1) Conformal growth of powder particles. Unlike planar substrates, achieving conformal coating on

the surface of 3D complex structure powders involves complex gas transport processes, which

requires cross-scale gas molecular transport analysis at the reaction chamber scale and powder

particle scalel®-7%1. Under atmospheric pressure conditions, due to the small mean free path of gas

molecules, their diffusion in slender pores formed by soft agglomeration is slow. On the one hand, it
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is necessary to extend the residence time of precursor gas molecules; on the other hand, it is
necessary to use auxiliary means such as vibration, stirring, and jetting to effectively disperse large-
capacity powders.

(2) Precursor feeding. Under atmospheric pressure conditions, the transport of precursors (especially
low vapor pressure precursors) to the reaction chamber may require external force assistance such as
gas pressurization.

(3) Reaction chamber design. For high-throughput powders, batch processing or continuous
processing can be used. Fluidized bed AP-ALD can realize batch processing of powders. Foreign
companies already have commercial 10 kg-level FBR-ALD equipment, but their working pressure is
low. Therefore, the development of large-capacity fluidized bed AP-ALD equipment still faces
certain technical difficulties. Compared with the batch processing method of fluidized bed t-ALD,
the s-ALD system with continuous production capacity has more advantages in industrial scale-up.
Therefore, the design of AP-PALD reaction chambers based on the s-ALD concept is an important
development direction for future practical production. At the same time, due to the small distance
between the s-ALD reaction chamber and the powder substrate, it is necessary to isolate the
precursor nozzle from the powder substrate, such as using filter sheets.

(4) Environmental isolation of powder materials. For powder materials that are susceptible to oxygen
or water vapor in the air, it is particularly necessary to isolate the powder materials from the above
environment, such as using dry inert gases such as nitrogen to isolate the entire reaction chamber
from the outside.

(5) Precursor utilization efficiency and exhaust gas treatment. In the application of AP-PALD
technology, how to improve the utilization efficiency of precursors and safely and harmlessly treat
the exhaust gas generated during the reaction are key issues that need to be focused on in the
production field.

(6) Expansion of application fields. In the field of powder metallurgy of rare earth metal materials,
the use of AP-PALD technology to uniformly coat low melting point metals on the surface of metal
powders can replace the traditional method of adding low melting point metal materials through
mechanical mixing!”!"7*, This method is expected to improve the rheological properties of metal
powders during heat treatment, thereby optimizing the microstructure of rare earth metal materials
and improving their performance.

5 Summary

AP-PALD technology can precisely modify functional powder materials with nanoscale thickness
under atmospheric pressure or near-atmospheric pressure, and has broad application prospects in
catalysis, biomedicine, energy and other fields. This technology omits the vacuum system, saves
equipment and maintenance costs, and has advantages in industrial scale-up production of functional
powders. This paper first introduces the basic principles of PALD, the challenges faced by PALD
technology, and the advantages and disadvantages of AP-PALD. Then, from the perspective of gas
molecular transport and powder dispersion, it summarizes the conformal deposition process of
PALD, summarizes the design of t-ALD and s-ALD reaction chambers suitable for atmospheric
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pressure conditions, and introduces the applications of AP-PALD in catalysis, drug delivery and
sustained release, batteries, and emerging fields. Finally, the possible future research directions in the
field of AP-PALD are prospected. At present, AP-PALD technology and its applications have
attracted great attention from researchers and engineers. With the continuous research of researchers
and engineers, AP-PALD technology will play an important role in scientific research and industrial
production, providing strong support for the development of related fields.
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