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ABSTRACT: The particulate properties of a material after primary manufacturing have a large impact on the secondary
manufacturing processes. Especially, powder characteristics leading to poor ﬂowability are critical and need to be controlled at
the late steps of primary operations. The surface properties of the primary particles are hereby one of the determining factors for
the behavior of particulate systems. Materials with diﬀerent particulate properties were coated using atomic layer deposition
(ALD) to apply an ultrathin ﬁlm of TiO2 on the primary particles. The presence of TiO2 coating was conﬁrmed using X-ray
photoelectron spectroscopy. Five TiO2 ALD layers on the particle surface were enough to quadruple the ﬂowability of a partially
crystalline material and to triple the ﬂowability of an amorphous material. The coating process did not change the solid form of
the materials and did not aﬀect other critical characteristics related to the functionality of the materials. Altogether, the ALD
coating of powders provides new possibilities as a scalable and potentially continuously operating process that can solve
problems related to powder ﬂowability during handling of bulk powders.
KEYWORDS: atomic layer deposition (ALD), materials science, surface chemistry, particle coating, powder properties
and cause a large ﬁnancial loss.9,10 With the development
toward end-to-end manufacturing,11−14 control strategies are
needed to ensure a more robust overall processing of
particulate systems.
Diﬀerent approaches for improving the powder ﬂowability
have been established. Increasing particle size by granulation is
one way to not only improve the ﬂowability but also decrease
the risk of creating airborne ﬁne particles during handling.
Another common approach to improve the ﬂowability of the
particulate material is the addition of small quantities of ﬂow
enhancing materials.15 Dry coating has shown promising
results for improving the powder ﬂowability. The key challenge
when mixing ﬂow improving materials to a powder is to
achieve a homogeneous mixture and to retain properties
required for downstream processing.16−19 Instead of adding a
ﬂow enhancing material by mixing, there has also been an
interest in coating the individual particles.20,21 Coating of the
particles should hereby ideally not aﬀect other critical material
attributes (e.g., solid form, water sorption potential) and as a
consequence functionality of the ﬁnal product. In order to
retain the size and shape of the particles and other critical
material attributes, an ultrathin coating would be desirable.

1. INTRODUCTION
Powders can be considered as a separate state of matter,
showing mechanical rigidity of a solid body, while also
exhibiting ﬂowability analogous to a liquid or a gas, depending
on the processing environment. Fundamental understanding of
the factors aﬀecting powder behavior is one of the unsolved
scientiﬁc challenges within the production of ﬁne chemicals.
This limited knowledge is dramatically aﬀecting the
commercial scale production of all ﬁne chemicals. Challenges
related to powder behavior are diverse and equally faced by
every industry handling large amounts of powders (e.g.,
agricultural, cement, food, and pharmaceutical). Forces
between the single particles of the material and between the
particles and the surrounding material play a major role for
understanding problems encountered during handling and
processing of powders.1−4 Both parameters are inﬂuenced by
multiple factors, including size and shape of the individual
particles,5,6 particle surface chemistry,7 and environmental
conditions.8 After primary manufacturing (synthesis and
puriﬁcation), large quantities of particulate materials are stored
and ﬁnally transported to secondary manufacturing processing
(e.g., pharmaceutical manufacturing of tablets). The ability of
these materials to ﬂow has a large impact on the processing. A
poorly ﬂowing powder can induce a forced stop in the
production line, compromise the quality of the ﬁnal product,
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Scheme 1. Chemical Structure of the Used Materials

behavior, and particle density was analyzed, and additionally,
bulk behavior critical for downstream processing of the
materials (powder ﬂowability, triboelectriﬁcation, and behavior
during compaction) was evaluated. Detailed descriptions of the
used methods can be found in the Supporting Information.

However, this can be extremely diﬃcult to achieve with most
techniques. An ideal solution would be to integrate this coating
step into primary manufacturing processes in a continuous
processing mode and by this means improve the logistics
between primary and secondary processes.
Atomic layer deposition (ALD) is a surface-controlled, selflimiting, layer-by-layer coating technique, which deposits very
thin ﬁlms onto solid surfaces from the gaseous phase of the
precursors.22 The two most important advantages of ALD are
excellent conformity and ﬁlm thickness control at the atomic
level. Traditionally, this method has been used on smooth
surfaces such as electronics parts; however, there is a growing
interest to coat porous substrates, such as catalyst particles.22−25 Typical processing settings for the ALD coating
of powder materials are a rotary reactor26,27 and a ﬂuidized bed
reactor.28 ALD has been further developed to handle powders
on a commercial scale (tons/day) by implementation into a
continuous setup.29 Diﬀerent coating materials are available for
ALD,23 for example, Al2O3, SiO2, or TiO2. This work used
TiO2 as a coating material because it has already been safely
used in pharmaceutical products, for example, in tablet
coating,30,31 and is widely used in food and personal care
products.32 The main advantage of ALD is the chemical
attachment of the coating material to the surface of each
individual particle, which eliminates the risk for an
inhomogeneous blend or demixing during downstream
processing faced by a physical mixture.
The aim of this work was to investigate the eﬀect of ALD on
the particulate properties of diverse materials.

3. RESULTS AND DISCUSSION
3.1. Coating of the Materials. Three crystalline powder
materials, dibasic calcium phosphate dihydrate (DCPD),
SORB, and LAC, one partially crystalline material (processed
cellulose, “MCC”), and one amorphous material (chemically
modiﬁed cellulose, sodium croscarmellose “Na-CC”) were
selected (Figure S1). All materials were coated with ﬁve TiO2
ALD cycles. Additionally, Na-CC and SORB were coated with
20 TiO2 ALD cycles. Each ALD coating cycle resulting in one
ALD layer involved four main steps (summarized in Scheme
2): in the ﬁrst step, the powder sample was exposed to TiCl4
Scheme 2. Simpliﬁed Representation of the ALD Process at
a Particle Surface

2. EXPERIMENTAL SECTION
Croscarmellose-sodium (Na-CC/Primellose, DFE-Pharma,
Goch Germany), microcrystalline cellulose (MCC/Vivapur
102, JRS Pharma, Rosenberg, Germany), α-lactose monohydrate (LAC/FlowLac 100SD, Meggle, Wasserburg, Germany), Sorbitol (SORB/Sigma-Aldrich, Steinheim, Germany),
and dibasic calcium phosphate dihydrate (DCPD/Emcompress, JRS Pharma, Rosenberg, Germany) were used as model
materials in this study (Scheme 1). All materials were coated
with ﬁve TiO2 ALD layers, and additionally SORB and Na-CC
were coated with 20 TiO2 ALD layers.
The visual appearance of the materials before and after the
coating process was evaluated using a scanning electron
microscope. Ti on the particle surface was detected using X-ray
photoelectron spectroscopy (XPS). The eﬀect of the coating
on material properties such as solid form, vapor sorption

vapor. TiCl4 reacts with the surface presenting hydroxyl
groups, and hydrochloric acid (HCl) is formed. This process
stops once all presented hydroxyl groups have reacted. In the
second step, the reactor is purged with nitrogen to remove
excess TiCl4 and the reaction product HCl. In the third step,
the powder sample was exposed to water vapor. The bound
−O-TiCl3 further reacts with the water to form TiO2 and again
HCl is formed.33,34 In the fourth step, the reactor is purged
with nitrogen to remove the excess of water and HCl. A more
detailed description of this ALD cycle can be found in the
literature.20 The deposited layer thickness decreases with
increasing temperature during coating. At an operational
temperature of 100 °C, each deposited layer was expected to
have a thickness of 2−3 Å, resulting in estimated coating
thicknesses of 1.5 and 6 nm after 5 and 20 TiO2 ALD cycles,
respectively.35
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Figure 1. Scanning electron microscopy (SEM) images of the materials after ALD coating; the percentage shows the quantity of detected Ti (XPS
measurements, mean, n = 3).

3.2. Coating Results. On the basis of a visual evaluation,
the appearance of the surface of the individual particles did not
change after ALD coating (Figures S2−S6). However, the
presence of titanium (Ti) at the surface of the particles could
be conﬁrmed using XPS (Figure 1, Table S1). The X-ray
photoelectron beam typically extracts electrons from the ﬁrst
10 nm of the particle surface. XPS can be expected to detect
elements from the particle under the TiO2 coating, as the
coating thickness is thinner than 10 nm even after 20 cycles.
Furthermore, achieving a successful ALD coating requires
TiCl4 to react with the hydroxyl groups on the surface of the
particles. Depending on the surface chemistry and the presence
of hydroxyl groups on the particle surface, a noncontinuous
coating can be formed with the ALD approach.35,36 The XPS
analysis indicated that the highest amounts of Ti could be
detected on the surface of the partially crystalline MCC (8.4%
Ti after 5 ALD layers) and amorphous NaCC (16.4 and 17.6%
after 5 and 20 ALD layers, respectively) (Figure 1 and Table
S1), followed by DCPD (7.2% Ti after 5 ALD layers), LAC
(5.6% Ti after 5 ALD layers), and with the lowest detected Ti
concentration SORB (1.6% and 1.7% Ti after 5 and 20 ALD
layers, respectively). This suggests a more abundant TiO2
coating or a higher presence of the surface presenting OH
groups because of the random structure of amorphous
materials. XPS binding energies for Ti (2P1/2 and 2P3/2) are
463 and 457 eV, respectively, on all coated surfaces, indicating
that Ti is strongly bound to the surface in the Ti(IV) or Ti(III)
state. The similar results for Ti concentration on the surface of
the particles coated with 5 and 20 ALD cycles could be
explained by the dynamics of the coating process involving
both thermal and mechanical stress to particles. This results in
a potential inhomogeneous surface structure. Additional
methods can be used to analyze the surface after coating in
more detail. Atomic force microscopy (AFM) and AFM
coupled with an infrared source37 or inverse gas chromatography can be used for this purpose.38 The covalent binding of
TiCl4 to the host materials can be a concern, especially when
thinking about pharmaceutical active compounds. In previous
work, it has been shown that with 50 Al2O3 or 50 TiO2 ALD
layers the dissolution behavior of acetaminophen was similar to
the uncoated sample.21 In a preclinical study with indomethacin coated with 115 Al2O3 ALD layers, it was shown that the
dissolution could be delayed, allowing for an injectable depot
formulation.39 This potential change in dissolution can have a
large impact and needs to be considered and investigated for
ALD-coated materials. It should be noted that our goal was to
aﬀect the powder behavior but not the dissolution behavior. In
general, the stability of the ALD-coated material needs to be

considered, and both the safety and functionality after ALD
processing need to be ensured.
3.3. Powder Flowability. The powder ﬂowability of the
coated and uncoated materials was measured and compared to
the physical mixtures containing small quantities of particulate
TiO2. The particulate TiO2 could enhance the ﬂow of these
materials by reducing the number of direct contact points
between particles. This was observed for all materials (Figures
2 and S7). However, the improvement of ﬂowability of the

Figure 2. Powder ﬂowability (n = 4; mean ± SD) of the raw materials
(gray open bars), the physical mixtures containing 0.1% TiO2 (light
gray diagonally striped bars), and the samples coated with 5 (blue
horizontally striped bars) and 20 (green checked bars) TiO2 ALD
cycles. * indicates signiﬁcant diﬀerence between the sample and the
raw material (α = 0.05). The dashed line shows particulate TiO2.

ALD-coated samples was remarkably higher compared to that
of the physical mixtures, especially in the case of noncrystalline
samples (MCC and Na-CC). Compared to the raw material, a
4 times higher ﬂowability could be achieved for the ALDcoated MCC. For the amorphous Na-CC and the crystalline
SORB, a 3 times higher ﬂowability could be achieved after
coating with ﬁve ALD layers of TiO2. For the free ﬂowing LAC
and DCPD, the improvement in ﬂowability after coating with
ﬁve ALD cycles was relatively small but still statistically
signiﬁcant.
A reduction in the electrostatic charge generated by friction
between the particles and the surrounding material can explain
the improved powder ﬂowability.40 As TiO2 itself generates
only a relatively low charge against both steel and glass surfaces
(Figure S8),41 a reduction in the speciﬁc charge was expected
for the ALD-coated materials. Against a steel surface (Figures
3A and S9), a signiﬁcant reduction in generated charge could
be observed for the SORB and Na-CC samples after coating
with ﬁve TiO2 ALD cycles. Uncoated DCPD generated
minimal charge, and after ALD coating with TiO2, the
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Figure 3. Electrostatic charging (n = 5; mean ± SD) against (A) steel and (B) of the raw materials (gray open bars), the physical mixtures
containing 0.1% TiO2 (light gray diagonally striped bars), and the samples coated with 5 (blue horizontally striped bars) and 20 (green checked
bars) TiO2 ALD cycles are shown. * indicates signiﬁcant diﬀerence between the sample and the raw material (α = 0.05). The dashed line shows
pure TiO2.

One of the critical material attributes of MCC and Na-CC is
the ability to absorb water, resulting in a swelling of the
particles, which can be utilized to facilitate the disintegration of
pharmaceutical products (e.g., tablets).44,45 Because of their
amorphous (in the case of MCC, partially crystalline) nature,
relatively large amounts of water can be absorbed by these
materials. It was therefore important that the ALD process did
not aﬀect this material property. During the vapor sorption
analysis, it was observed that the extent of water sorption of
the material did not show a diﬀerence between the uncoated
and the coated samples (Figure S11). Additionally, the kinetics
of water sorption are an important property. A slower water
sorption means that the swelling property of MCC and NaCC
would be delayed, which could potentially change the
functionality of the ﬁnal product. Isothermal microcalorimetry
showed that the kinetics of water sorption did not change after
the samples were ALD-coated (Figure S12). Crystalline
materials usually have a lower potential to absorb water.
Characteristic water−solid interactions for crystalline materials
are water sorption to the particle surface and deliquescence, a
phenomenon where the material starts forming an aqueous
solution when exposed to surrounding air with adequate
humidity.46 The TiO2 ALD coating did not show an eﬀect on
the water−solid interactions for SORB, LAC, and DCPD, and
the deliquescence point of SORB was not aﬀected by the
coating with 5 and 20 TiO2 ALD cycles (Figure S11). This is
of importance because lowering of the deliquescence point
would increase the risk of powder caking during storage. The
water−solid interactions were not aﬀected after ALD coating
with low number of layers. In a previous work, coating of
amorphous lactose with a higher number of ALD layers using
Al2O3 as a coating material formed a protective shell around
the particles that prevented water sorption and protected the
material against recrystallization.47 In several previously
published papers, a higher number of ALD cycles has been
used with a goal of either aﬀecting the drug release from
particles or protecting the material from environmental
conditions.39,47 An alternative strategy would be to utilize
already generally accepted materials such as modiﬁed polymers
for achieving the desired functionality (e.g., controlled drug
release or moisture protection) and use only few ALD coating
layers on top of the polymer coating layer for achieving the
improved particulate behavior.
3.5. Tableting. As in many other industrial sectors, the
pharmaceutical industry relies on the handling of powders on a
daily basis. The most common dosage form of medicines on

generated charge approached that of the pure TiO2. For MCC,
the speciﬁc charge turned positive for the ALD-coated samples,
but the absolute value of the speciﬁc charge decreased. Hence,
less charge was generated because of the surface modiﬁcation.
This resulted in lower interparticle forces and an improved
ﬂowability. Similar behavior could be observed for the
electrostatic charging against glass (Figures 3B and S10).
Thus, the observed results for electrostatic charging supported
the powder ﬂowability results for these single component
systems. LAC was excluded from the electrostatic charge
measurement, as the LAC powder sample did not ﬂow
smoothly through the measurement tube and thereby could
not build up a reproducible charge. Increasing the number of
TiO2 ALD cycles from 5 to 20 deteriorated powder ﬂowability
of NaCC and SORB, instead of further enhancing it. However,
both still exhibited better ﬂowability than the raw material
(Figure 2). This indicates that ﬁve ALD coating cycles were
suﬃcient to improve the powder behavior, which has also been
reported for an active compound (acetaminophen) using the
ALD technique.21 In addition, the diﬀerence in speciﬁc charge
generated by the materials coated with 5 and 20 TiO2 ALD
cycles was found to be relatively small, again indicating that a
low number of ALD cycles was suﬃcient to improve the
powder behavior.
3.4. Particulate Properties. Changing the solid-state
properties (e.g., crystallinity and polymorphic form) of a
material can have a large impact on the functionality of a ﬁne
chemical product. It was therefore important to ensure that the
coating process did not change the solid-state properties of the
materials (Figure S1). The two crystalline hydrates (LAC and
DCPD) did retain the water of crystallization, and no
dehydration or indication of reduced crystallinity could be
detected. Furthermore, no increase in crystallinity of the
amorphous (Na-CC) or the partially crystalline (MCC)
material was observed. Another concern when coating particles
is that a particle coating can potentially alter the pore structure
of the particle. The particle density was therefore analyzed
using helium pycnometry, and no eﬀect of the ALD on the
particle density of the materials could be detected (Table S2).
It should be noted that helium pycnometry has limitations
when measuring the density of water-containing samples.42,43
The lack of diﬀerence in measured particles density indicated
that ALD coating did not aﬀect the solid form and dehydration
behavior of the tested samples, which all contained water to
some degree.
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reducing the number of components and mixing step in
production, ALD coating has the potential to facilitate safer
and more cost-eﬃcient processing of particulate materials.

the market is the tablet. During tablet production, powder has
to ﬂow into a tablet machine, where pressure is applied and the
powder is compacted to form a solid body. The success of the
production is mainly dependent on two parameters: the
powder ﬂowability, which has to be high enough to ﬁll the
tablet machine with the same volume of powder for each
tablet, and the ability of the material to form a compact with
suﬃcient strength to withstand further handling (i.e., coating
and packaging) (Figures S13 and S14). Modifying the surface
of the individual particles with TiO2 ALD coating did decrease
the tensile strength of the compacts made from MCC and
LAC, but these compacts were still strong enough for
downstream processing. This decrease in the tensile strength
could be associated with a decrease of solid fraction of the
coated samples. Na-CC showed an increase in tensile strength
after being coated with ﬁve TiO2 ALD cycles. The solid
fraction did not diﬀer between the ALD-coated and uncoated
samples. However, an increase in the weight could be observed
with the Na-CC coated with ﬁve layers (data not shown)
because an improved ﬂowability led to better initial packing of
the powder in the tablet die and, hence, a larger mass within a
constant ﬁll volume. No diﬀerence was observed in the
strength of the compacts made from SORB and DCPD. As an
overall conclusion, the beneﬁts from improved ﬂowability of
materials outweigh the slight decrease in tabletability, an eﬀect
that can be oﬀset by slightly increasing the compaction
pressure.
For tablet production, the basic unit operations have
remained unchanged for over a century; however, there has
been an increasing interest to modernize pharmaceutical
production systems via implementation of continuous
manufacturing principles and merging primary (synthesis)
and secondary (powder handling) processes.11,48,49 This endto-end manufacturing approach would decrease the manufacturing time, increase the throughput, and allow reduction of
the footprint of production equipment.11 Another direction in
the pharmaceutical manufacturing is the increasing use of
smaller ﬂow geometries for synthesis and particle production.
Parallel use of micro reactors for the manufacturing of
nanoparticles has been shown to be an eﬃcient and promising
production approach.50,51 Interfacing the ALD coating process
into continuously operating52 and potentially microﬂuidic
production geometry would provide an innovative way of
combining primary and secondary manufacturing of pharmaceuticals. Coating particles to improve the ﬂowability right
after synthesis circumvents the common problems in storage
and transportation, ensuring a smoother downstream processing (e.g., mixing and tablet production).
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4. CONCLUSIONS
This study showed that ALD coating of materials with varying
solid form composition was successful and could improve the
processability of commonly used pharmaceutical materials. It
was observed that the coating of both crystalline and
amorphous materials with only ﬁve ALD layers improved the
powder ﬂowability by reducing the electrostatic charge
generated at particle−particle and particle−container contacts,
without noticeably compromising the critical material attributes, such as density, water−solid interactions, solid-state
composition, and the compaction behavior. It is important to
note that the performance of ALD-coated materials was
improved without the need to mix additional additives. As a
surface modiﬁcation method for porous materials capable of

■

REFERENCES

(1) Crouter, A.; Briens, L. The effect of moisture on the flowability
of pharmaceutical excipients. AAPS PharmSciTech 2014, 15, 65−74.
(2) Sun, C. C. Quantifying Effects of Moisture Content on Flow
Properties of Microcrystalline Cellulose Using a Ring Shear Tester.
Powder Technol. 2016, 289, 104−108.
(3) Amidon, G. E.; Houghton, M. E. The Effect of Moisture on the
Mechanical and Powder Flow Properties of Microcrystalline
Cellulose. Pharm. Res. 1995, 12, 923−929.
(4) Lumay, G.; Traina, K.; Boschini, F.; Delaval, V.; Rescaglio, A.;
Cloots, R.; Vandewalle, N. Effect of Relative Air Humidity on the
Flowability of Lactose Powders. J. Drug Delivery Sci. Technol. 2016, 35,
207−212.

2366

DOI: 10.1021/acs.oprd.9b00247
Org. Process Res. Dev. 2019, 23, 2362−2368

Organic Process Research & Development

Article

(5) Podczeck, F.; Mia, Y. The Influence of Particle Size and Shape
on the Angle of Internal Friction and the Flow Factor of Unlubricated
and Lubricated Powders. Int. J. Pharm. 1996, 144, 187−194.
(6) Takehiko, H.; Yasuda, M.; Matsusaka, S.; Horio, T.; Yasuda, M.;
Matsusaka, S. Effect of Particel Shape on Powder Flowability of
Microcrystalline Cellulose as Determined Using the Vibration Shear
Tube Method. Int. J. Pharm. 2014, 473, 572−578.
(7) Sun, C. Improving Powder Flow Properties of Citric Acid by
Crystal Hydration. J. Pharm. Sci. 2009, 98, 1744−1749.
(8) Dawoodbhai, S.; Rhodes, C. T. The Effect of Moisture on
Powder Flow and on Compaction and Physical Stability of Tablets.
Drug Dev. Ind. Pharm. 1989, 15, 1577−1600.
(9) Enstad, G. On the Theory of Arching in Mass Flow Hoppers.
Chem. Eng. Sci. 1975, 30, 1273−1283.
(10) Jenike, A. W. Quantitative Design of Mass-Flow Bins. Powder
Technol. 1967, 1, 237−244.
(11) Mascia, S.; Heider, P. L.; Zhang, H.; Lakerveld, R.; Benyahia,
B.; Barton, P. I.; Braatz, R. D.; Cooney, C. L.; Evans, J. M. B.;
Jamison, T. F.; et al. End-to-End Continuous Manufacturing of
Pharmaceuticals: Integrated Synthesis, Purification, and Final Dosage
Formation. Angew. Chem., Int. Ed. 2013, 52, 12359−12363.
(12) Wood, B.; Girard, K. P.; Polster, C. S.; Croker, D. M. Progress
to Date in the Design and Operation of Continuous Crystallization
Processes for Pharmaceutical Applications. Org. Process Res. Dev.
2019, 23, 122−144.
(13) Poechlauer, P.; Manley, J.; Broxterman, R.; Gregertsen, B.;
Ridemark, M. Continuous Processing in the Manufacture of Active
Pharmaceutical Ingredients and Finished Dosage Forms: An Industry
Perspective. Org. Process Res. Dev. 2012, 16, 1586−1590.
(14) Anderson, N. G. Using Continuous Processes to Increase
Production. Org. Process Res. Dev. 2012, 16, 852−869.
(15) Morin, G.; Briens, L. The Effect of Lubricants on Powder
Flowability for Pharmaceutical Application. AAPS PharmSciTech
2013, 14, 1158−1168.
(16) Koskela, J.; Morton, D. A. V.; Stewart, P. J.; Juppo, A. M.;
Lakio, S. The Effect of Mechanical Dry Coating with Magnesium
Stearate on Flowability and Compactibility of Plastically Deforming
Microcrystalline Cellulose Powders. Int. J. Pharm. 2018, 537, 64−72.
(17) Yang, J.; Sliva, A.; Banerjee, A.; Dave, R. N.; Pfeffer, R. Dry
Particle Coating for Improving the Flowability of Cohesive Powders.
Powder Technol. 2005, 158, 21−33.
(18) Shi, L.; Chattoraj, S.; Sun, C. C. Reproducibility of Flow
Properties of Microcrystalline CelluloseAvicel PH102. Powder
Technol. 2011, 212, 253−257.
(19) Karde, V.; Panda, S.; Ghoroi, C. Surface Modification to
Improve Powder Bulk Behavior under Humid Conditions. Powder
Technol. 2015, 278, 181−188.
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(21) Käar̈ iäinen, T. O.; Kemell, M.; Vehkamäki, M.; Käar̈ iäinen, M.L.; Correia, A.; Santos, H. A.; Bimbo, L. M.; Hirvonen, J.; Hoppu, P.;
George, S. M.; et al. Surface Modification of Acetaminophen Particles
by Atomic Layer Deposition. Int. J. Pharm. 2017, 525, 160−174.
(22) George, S. M. Atomic Layer Deposition: An Overview. Chem.
Rev. 2010, 110, 111−131.
(23) Sobel, N.; Hess, C. Nanoscale Structuring of Surfaces by Using
Atomic Layer Deposition. Angew. Chem., Int. Ed. 2015, 54, 15014−
15021.
(24) Puurunen, R. L. Surface Chemistry of Atomic Layer
Deposition: A Case Study for the Trimethylaluminum/Water Process.
J. Appl. Phys. 2005, 97, 121301.
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(34) Ritala, M.; Leskelä, M.; Nykänen, E.; Soininen, P.; Niinistö, L.
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