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The conformal coating of ultra-thin aluminum alkoxide (alucone) polymer films on
primary silica and titania nanoparticles using molecular layer deposition (MLD) in a
fluidized bed reactor from 100 to 160 8C is described. In situ mass spectrometry
revealed that the growth of alucone MLD films was self-limiting as a function of the
individual trimethylaluminum and ethylene glycol exposures. The composition and
highly conformal alucone films throughout the surface of both silica and titania nano-
particles were confirmed. The highest growth rate was observed at the lowest sample
temperature. Primary nanoparticles were coated individually despite their strong tend-
ency to aggregate during fluidization. Based on the results of chemical and thermogra-
vimetric analysis, the value of x in the formula of Al(OCH2CH2O)x was estimated to be
1.9. The calculated film density slightly increased from 2.0 6 0.1 to 2.2 6 0.1 g/cm3

with the increasing of temperature from 100 to 160 8C. � 2009 American Institute of

Chemical Engineers AIChE J, 55: 1030–1039, 2009
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Introduction

Nanoparticles have gained increased interest in a variety
of fields for different applications.1–3 The performance of
several nanoparticle applications could be improved when
such particles are coated with ultra-thin inorganic or organic
films, which can alter the surface characteristics without

degrading the bulk properties of the substrate materials.
Many applications are dependent on the molecular properties
of the materials. For example, molecule-based semiconductor
devices, nonlinear optical devices and sensors are dependent
on the molecular properties of the materials, such as the
position of molecular energy levels, as well as the macro-
scopic behavior of the thin film layers;4–7 nanocoatings of
fine capsules can modify the drug release characteristics and
provide the physical and chemical protection for the drugs;7,8

functionalized poly(ethylene glycol) (PEG) layers formed on
nanoparticle surfaces can provide for receptor mediated drug
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and gene delivery. This is obtained through PEG-conjugated
ligands having a minimal nonspecific interaction with other
protein surfactant coatings of polymeric nanoparticles for the
controlled delivery of anticancer drugs.9

Many techniques, such as the chemical vapor deposition
(CVD) method10 and the Langmuir-Blodgett method11 have
been developed for fabricating polymeric thin films. How-
ever, these methods cannot control the order and location of
molecular compounds on substrate surfaces, which may in-
hibit the desired functionality of the coatings. Atomic layer
deposition (ALD) methods have been employed to grow
films with precise atomic layer control, and many inorganic
materials have been grown via ALD including binary com-
pounds.12–17 The molecular layer deposition (MLD)
method,18,19 which is similar to ALD and is also based on
sequential, self-limiting surface reactions, can be utilized to
deposit polymer films. In this process, molecules are stacked
on substrates one by one in order of preference. The MLD
technique offers the same advantages for polymer film depo-
sition as ALD does for ceramic films. In addition, MLD can
deposit hybrid polymer films using suitable precursors, such
as trimethylaluminum (TMA) and ethylene glycol (EG) for
aluminum alkoxide (alucone) hybrid polymer.20 This vapor-
phase method, which operates in vacuo, and does not require
solvents or catalysts, is a useful and promising technique for
the fabrication of functional ultra-thin polymeric layers.

The growth of different polymer MLD films on different
substrates has been demonstrated before.18–28 However,
large-scale MLD coating on particles has not been investi-
gated. Many challenges are encountered during MLD on
large quantities of nanoparticles. First, the native cohesive
properties of the nanoparticles will form agglomerates that
are several times larger than the primary particles.29,30 There-
fore, the particles need to be fluidized or agitated to perform
the MLD surface reactions in reasonable times, and to
prevent the particles from being aggregated by the MLD
polymer film. Second, it is difficult to deliver the low-vapor
pressure, bulky organic monomer precursor to the reaction
chamber and to, subsequently, remove the relatively sticky
bifunctional monomers from the primary nanoparticle surfa-
ces. This low-vapor pressure requires the heating of the pre-
cursors to obtain sufficient reactant flux. Sufficient reactant
flux can be obtained by preheating the organic precursors;
however, they tend to decompose at lower temperatures than
typical ALD precursors. Third, polymer films fabricated by
MLD have more of a tendency to stick than those ceramic
films fabricated by ALD, which may increase particle aggre-
gation during the MLD coating process.

The MLD particle coating process can be carried out in a
fluidized bed reactor (FBR), which can be used to efficiently
deliver gas-phase reactive precursors to bulk quantities of
particles. Fluidized bed reactors (FBRs) have been success-
fully applied for ALD particle coating.31–37 This type of unit
operation is commonly used for various steps throughout
powder manufacturing processes. For example, pharmaceuti-
cal particles can be manufactured in a fine powder form and
dried in an FBR. Integration of the particle MLD process
into an existing unit operation would allow for precision
polymer coatings on surfaces without significant capital
equipment costs. In situ mass spectrometry can be used to
effectively monitor gaseous product evolution and subsequent

unreacted precursor breakthrough.37 This makes the com-
bined system unique as it enables in situ growth of a number
of controllable and uncontaminated polymer films without
risk of cross-contamination between the two systems.

Alucone is a typical inorganic/organic hybrid polymer,
which has been fabricated by sol-gel (solution-gelation) reac-
tion of alkylaluminum molecules with an organic alcohol,
and can also be used to produce c-Al2O3 by thermolysis.38

Dameron et al.20 first investigated the chemistry of alucone
MLD using TMA and EG, and demonstrated alucone MLD on
ZrO2 particles (;30 nm), and BaTiO3 particles (;200 nm)
at a small (\0.1 g) scale in a viscous flow reactor. In this
study, large-scale alucone MLD coating on fine particles
using the reaction of TMA with EG in a scalable FBR was
demonstrated.

Experimental Details

Alucone MLD on nanoparticles

The MLD process was carried out in a vibrating FBR, as
shown in Figure 1. The reactants are TMA and EG. The pro-
posed MLD half-reactions between TMA and EG are listed
as follows20

A : �OH� þ AlðCH3Þ3 ! �OAlðCH3Þ2� þ CH4 (1)

B : �AlCH3
� þOHCH2CH2OH!�AlOCH2CH2OH

� þCH4

(2)

Here the asterisks designate the surface species. The fluid-
ized bed was 3.5 cm in diameter. There was a 10 lm pore-
size porous metal disc in the middle of the reactor as the gas
distributor. The reactor was encased by a clamshell-type fur-
nace and bolted to a platform that rested on four large
springs. The reactor was maintained at low pressure by a

Figure 1. Schematic diagram of the molecular layer
deposition-fluidized bed reactor.

AIChE Journal April 2009 Vol. 55, No. 4 Published on behalf of the AIChE DOI 10.1002/aic 1031



vacuum pump, and the dosing header could also be pumped
down directly using a smaller separate pump. A vibration
system was utilized to overcome some of the interparticle
forces and improve the quality of fluidization. High-purity
N2 gas was used as the purge gas to remove the unreacted
precursor and any byproducts formed during the reaction. Its
flow rate was controlled by a mass-flow controller. Bara-
tron1 capacitance manometers (MKS Instruments) were
located below the distributor plate and at the outlet of the
reactor column to measure the pressure drop across the bed
of particles. All valves used to provide the transient dosing
were automatically controlled through LabView1 (National
Instruments). Pressure measurements were recorded to moni-
tor the progress of each dosing cycle.

MLD of ultra-thin alucone films was carried out on 250 nm
spherical silica particles (Sigma Aldrich) and 160 nm anatase
titania particles (Millennium Chemicals). For a typical run,
10 g of particles were loaded into the reactor. The reaction
temperature ranged from 100 to 1608C. The feeding lines
were kept at ;808C to avoid excessive adsorption of EG on
the internal walls of the system that could promote CVD
side-reactions. The minimum pressure inside the reactor was
;10 Pa, and the minimum fluidization superficial gas veloc-
ity was determined by measuring the pressure drop across
the bed vs. the N2 superficial gas velocity. One example of
titania particle fluidization at 1008C is shown in Figure 2.
During the MLD reaction, TMA (97%, Sigma Aldrich) was
fed through the distributor of the reactor, based on the driv-
ing force of its room-temperature vapor pressure. The flow
rate of TMA was limited using a needle valve, while ensur-
ing that the TMA pressure at the base of the reactor was
high enough to promote particle fluidization.

The room-temperature vapor pressure of EG (anhydrous,
99.8%, Sigma Aldrich) is very low, and is much lower than
that required for the fluidization of reasonable bed masses.
Heating the EG liquid raises its vapor pressure in accordance
with the Antoine equation. The required operating pressures
were achieved using this strategy, however, the flow rate
control offered by the needle valve was then insufficient to

prevent the pure-component EG vapor stream from flooding
into the system. Since EG is a sticky molecule, it can be
very difficult to remove any overdosed vapor from the parti-
cle surfaces or the reactor walls. A bubbler was employed to
dilute the heated EG vapor stream, and allowed for vapor
delivery to the reactor in a controllable fashion, and pre-
vented the overdose of the precursor. The bubbler inlet was
controlled using a mass-flow controller (MKS Instruments) to
allow a calibrated amount of N2 to be bubbled through the
precursor reservoir. In this case, a flow rate of 4 sccm of N2

was sufficient to deliver EG, which was preheated to 808C,
to the reactor. The utilization of a bubbler is very important
for MLD process operation, as it can easily maintain and
control stable supply rates of preheated gaseous molecular
precursors. This procedure may also be required for dosing
precursors into industrial scale FBRs, which would operate at
much higher flow rates to achieve pressure drops associated
with large-bed masses.

For good operational growth control, an internal quadru-
pole mass spectrometer (Stanford Research Systems) was
connected to the outlet side of the reactor, as shown in Fig-
ure 1. The m/z peaks of interest (i.e., primary and fragmenta-
tion peaks) for the precursors were 42, 57, 72 for TMA, 31,
33, 62 for EG, and 16 for CH4. This real-time monitoring
strategy can effectively monitor gaseous product evolution
and subsequent unreacted precursor breakthrough, and allow
for optimizing the dose time of precursors to prevent process
overruns and excess precursor waste. The process is commer-
cially significant since it can operate in a simple process for
practical large scale applications.

Before the reaction, the particles were dried at 1208C
under continuous N2 flow for 3 h. A typical coating cycle
consisted of the following sequence: TMA dose, N2 purge,
evacuation; EG dose, N2 purge, evacuation. In this manner,
there was no overlap between the two reactants, such that no
undesirable CVD side-reactions could occur.

Analysis

The composition of MLD films was analyzed by energy
dispersive spectroscopy (EDS) using a JEOL JSM-7401F field
emission scanning electron microscope (FESEM) coupled
with an EDAXS detector unit for elemental analysis. The
coated particles were visualized with a JEOL 2010F 200 kV
Schottky field emission transmission electron microscope
equipped with an Oxford detector unit for elemental analysis
while imaging. Inductively coupled plasma atomic emission
spectroscopy (ICP-AES) was performed using an Applied
Research Laboratories ICP-AES 34101. ICP-AES is a con-
venient technique that can be used to measure the mass con-
tent of metals (in parts per million) in a sample dissolved in
a strong acidic or basic solution. Here the metal of interest
was Al, and a strong base solution (NaOH) was used to dis-
solve the alucone film from the substrate particles. The sub-
strate particle (TiO2 or SiO2) itself will not dissolve at nor-
mal laboratory conditions. The specific surface area of the
particles was obtained using a Quantachrome Autosorb-1. A
Theta Gravitronic II thermogravimetric analyzer (TGA) was
used to measure the mass change of the coated nanoparticles
during oxidation. The powder sample was loaded into an alu-
mina crucible, suspended from a microbalance by a Pt wire,

Figure 2. Pressure drop across the fluidized bed vs.
superficial gas velocity for titania nanopar-
ticles at 1008C and reduced pressure.
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and heated in a tube furnace from 25 to 1,0008C at the rate
of 108C min21. An 85:15 ratio N2:O2 stream was allowed to
flow downward across the crucible at 200 sccm to promote
the oxidation of the hybrid polymer films.

Results and Discussion

Self-limiting surface reactions

The in situ mass spectrometry results of alucone MLD on
silica particles at 1008C, shown in Figure 3, indicate that the
chemistry of TMA and EG MLD was self-limiting, which is
similar to ALD chemistry.12–16 When TMA was dosed into
the reactor, there was an instantaneous increase of the CH4

byproduct. Since the pressure of the reaction product
remained relatively constant, the methane generation rate

was stable. It is clear that all TMA entering the reactor was
completely utilized until the time at which the TMA signal
increased, which is called the ‘‘breakthrough’’ time. Beyond
this time, the probability of reactive precursor molecules
locating unreacted surface sites decreased. The extent of sur-
face reaction at the point of breakthrough is dominated by
the reactivity of the precursor. TMA is an extremely reactive
precursor and as such, very high surface conversions, in
some instances greater than 98%, have been observed at the
point of breakthrough.37 Evidence that supports complete sur-
face conversion is that CH4 signal decreased significantly
with the increasing of TMA signal, and the negligible change
in methane evolution rate after the TMA dose was stopped.
Just after the TMA breakthrough time, the TMA dose was
stopped, and N2 was fed into the reactor at a flow rate of 5
sccm to purge any residual reaction product or unreacted
TMA from the system. After the 600 s N2 purge, EG was
dosed and the CH4 signal increased again. As the EG dose
proceeded, the reaction product began to decrease, and the
signal of EG (m/z 5 31) appeared. Since CH4 signal did not
drop significantly with the increasing of EG signal, full sur-
face conversion may be not obtained. This underdosing was
intentional, in order to minimize the amount of unreacted EG
that flowed through the system due to the sticky nature of
the precursor and the removal difficulties explained previ-
ously. During both precursor doses, it is apparent that the
reactions were self-limiting and self-terminating, because the
reaction products increased and then decreased while the
reactants were still being dosed. If these reactions had not
been self-limiting, the products would continue to be gener-
ated as long as the reactants were dosed.

Test for composition and conformality
of alucone films

Alucone MLD films have been coated on silica and titania
nanoparticles. In order to determine the composition of MLD
films, the uncoated and coated silica particles were analyzed
by EDS. The results are shown in Figure 4. For the uncoated
silica particles, only O and Si signals were present, as shown
in Figure 4a, and the trace presence of carbon was from the

Figure 3. In situ mass spectrometry results during one
complete MLD cycle: (a) TMA dose, (b) N2

purge, (c) EG dose, and (d) N2 purge.

There was 10 s of evacuation between N2 purge and precur-
sor dose. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

Figure 4. EDS spectra of (a) uncoated, and (b) 50 cycles MLD coated silica nanoparticles.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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background. In contrast, for the 50 cycles MLD coated silica
particles (Figure 4b), there was a strong peak of Al, and the
presence of both carbon and oxygen was much more pro-
nounced. This is a direct confirmation of the presence of
alucone MLD films, which have a backbone structure of the
��Al��O��CH2��CH2��O�� species.

Scanning transmission electron microscopy (STEM) images
of the silica particles coated with 50 MLD cycles at a reac-
tion temperature of 1008C showed the presence of extremely
conformal alucone films, as displayed in Figure 5. The mea-
sured thickness of the film was 25 6 0.5 nm, which repre-
sents a growth rate of ;0.50 nm/cycle at 1008C. The compo-
sition of the MLD films was determined by EDS elemental
nanoanalysis, as shown in Figures 5c and d. Similarly, TEM
images (Figures 6a and b) of the titania particles coated with
20 MLD cycles at 1608C also exhibited extremely conformal
alucone film growth. The thickness of the film grown at
1608C was 7 6 0.3 nm, which represents a slightly lower
growth rate of ;0.35 nm/cycle at that temperature. The com-
position of MLD films was also determined by elemental
nanoanalysis, as shown in Figures 6c and d. The thickness of
alucone films on TiO2 particles after 20 cycles at 1008C was
10 6 0.4 nm observed by TEM, which represents a growth
of ;0.50 nm/cycle at 1008C.

Theoretically, the growth rate per cycle is based on the
nucleation site density. For these self-limiting reactions, the
theoretical maximum coverage is one monolayer. Submono-
layer coverage would happen when the surface reaction may
be somewhat incomplete leaving the chemisorption layer
short from saturation, which could be caused by relative low
reaction speed, or incomplete surface saturation due to the
steric hindrance of bulky reactant molecules. In another case,
slight thermal decomposition of precursors or localized CVD
would result in higher film growth rate. In this case, it is
hypothesized that the variation in growth rate was predomi-
nantly due to temperature, rather than the substrate particle
size or substrate material. These growth rates were much
higher than the growth rate of 0.13 nm/cycle obtained by
alucone MLD on BaTiO3 particles (;200 nm) at 1358C, at a
small (\0.1 g) scale in a viscous flow reactor.20 The reason
for the difference will be discussed later.

Linear growth of MLD films

The aluminum concentrations on the titania and silica par-
ticles were analyzed by ICP-AES, as shown in Figures 7a
and b, respectively. Figure 7a shows that the concentration
of aluminum on the titania particle surface is almost directly

Figure 5. (a and b) STEM images of 50 cycles MLD coated silica nanoparticles at 1008C, and EDS spectra of (c) the
particle surface, and (d) the particle substrate.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.].
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proportional to the number of coating cycles. Since the coat-
ing thickness is very small compared to the nanoparticle
radius, it indicates a constant growth rate of alucone hybrid
films and a linear dependence between the film thickness and
the number of growth cycles. In other words, the film thick-
ness and the molecular weight of the polymer can be con-
trolled by the number of reaction cycles. Similar results are
observed for MLD coated silica particles, as shown in Figure
7b. Therefore, no nucleation period was needed for alucone
MLD growth on silica and titania particles, and deposition
began during the first cycle. This is because native hydroxyl
groups are present on silica and titania particle surfaces, and
can react with TMA to initiate the MLD film growth during
the first coating cycle. It is clearly indicated from these
results that the increase in the thickness of the film is due to
a chain-extending process from the substrate surface and
molecule-by-molecule growth of conjugated hybrid polymer
films can be achieved on substrates by MLD.

Temperature dependence of film growth

Separate runs of 20 cycles of MLD coating at the tempera-
tures of 100, 120, 140, 160 8C were performed on equivalent
substrate batch sizes. The TMA and EG reactant exposures

were nearly identical for all of these sample temperatures.
The resulting aluminum concentrations of the MLD coated
titania particles at different temperatures are listed in Figure
8. With increasing reaction temperature, the Al concentration
of the samples decreased, which means alucone film growth
rates were higher at lower temperatures, and varied in
approximate linear-fashion, but this temperature dependence
of alucone MLD growth rate was relatively weak. This result
corroborates the inverse temperature dependence on alucone
growth rate observed from TEM imaging. This temperature-
dependent film growth rate suggests that the residence time
of the reactants on the surface is important in determining
the film growth rate.27 The reaction rate decreases with
decreasing residence time of the precursor on particle surfa-
ces at higher temperatures. This behavior can be explained
by precursor-mediated adsorption effects, which are generally
used to explain reactions that decrease with increasing tem-
perature.27,39 Precursor-mediated adsorption kinetics have
been observed previously for the initial sticking coefficients
of adsorbates on semiconductor surfaces.40,41

Dameron et al.20 reported that the growth rate varied from
0.4 nm/cycle at 858C to 0.04 nm/cycle at 1758C, which is
much more severe than the temperature dependence of alu-
cone MLD growth rate obtained in this study. The difference

Figure 6. (a and b) TEM images of 20 cycles MLD coated titania nanoparticles at 1608C, and EDS spectra of (c) the
particle surface, and (d) the particle substrate.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.].
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of temperature dependence and alucone MLD film growth
rate can be explained by the different reaction environment.
The residence time of both precursors on the substrate sur-
face is dependent on the reaction temperatures, and the abil-
ity to vacuum the system down, since EG is sticky and TMA
can adsorb into the polymer films. For the small-scale alu-
cone MLD process demonstrated by Dameron and coworkers,
one layer of BaTiO3 particles was pressed into a tungsten
grid, which was similar to a flat substrate. It would be rela-
tively easy to pull the unreacted precursors off the substrate
surface and vacuum the system down. Therefore, the resi-
dence time of precursors was mainly dependent on reaction
temperature, and the film growth rate was much lower at
higher temperatures. For this large-scale MLD process here,
there was a bed of particles, during the precursor dosing or
vacuum purging process, the precursor species left one parti-
cle surface were possible to stick on another particle surface,
therefore, in a whole, the residence time of precursors would
not change a lot with the change of temperatures. Although
the residence time of precursors is dependent on reaction
temperature, it is losing its significance to determine the film
growth rate at different temperatures in this case. The
unreacted TMA or EG molecules adsorbing or sticking on
the particle surface could react with the incoming precursor

molecules, and localized CVD reaction could happen, which
can contribute to the higher film growth rate.

Conformal coating of primary nanoparticles

Strong interparticle forces exist between cohesive nanopar-
ticles, and aggregate formation tends to complicate the control
of nanopowder-based manufacturing processes. The biggest
challenge in trying to individually coat primary nanoparticles
is to overcome their natural tendency to form soft agglomer-
ates, primarily due to van der Waals attractive forces. It has
been recently shown that nanoparticles fluidize as micron-sized
agglomerates.29,30 In MLD coating processes, liquid bridging,
one of the strongest interparticle forces, also becomes prob-
lematic due to low operating temperature requirements and
the use of sticky precursors. BET surface area analysis was
performed to ensure the coating did not permanently bind the
individual particles into aggregates. For the uncoated titania
particles, the surface area was 9.47 6 0.24 m2/g, and decreased
to 8.51 6 0.31 m2/g after 20 MLD cycles deposited at 100 8C.
Theoretically, because of the different density of the coatings
and the substrate, the surface area of the titania nanoparticles
after 20 coating cycles should slightly increase. In this case, a
slight decrease in surface area was observed, indicating a
small degree of permanent aggregation, which could be caused
by small degree of localized CVD. Only a drastic decrease in
specific surface area would signify a high degree of aggrega-
tion, which indicates that the majority of titania particles func-
tionalized by the alucone MLD films were coated on primary
particles.

Although one of the MLD precursors is very sticky, and
the nanoparticles are highly cohesive, the individual particles
were predominantly coated, as opposed to necking multiple
particles together in the fluidized bed. This phenomenon can
be explained by a behavior called dynamic aggregation,
which is observed during fluidization of nanoparticles when
interparticle forces can be successfully overcome.30,32 Dyna-
mic agglomerates partially break apart and reform due to
constant solids recirculation and gas flow through the bed of
particles. The utilization of a bubbler dilutes the sticky EG

Figure 7. Aluminum concentration on (a) titania, and
(b) silica particles vs. coating cycles.

Figure 8. Aluminum concentration on the MLD coated
titania particles at different reaction tem-
peratures.
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vapor, which can help mitigate liquid bridging effects and
can improve the solids recirculation. Mechanical vibration
improves the fluidization quality by generating a pressure
fluctuation that is transferred to the bed via a gas gap.42 This
externally supplied energy helps to partially overcome inter-
particle forces, and serves to reduce the average size and
increase the disengagement rate of particles within agglomer-
ates in the bed, which ultimately increases the frequency of
particle impacts. Even though this breakage is partial and
temporary during a single collision event, due to recirculation
and frequent impacts, the entire surface area of each of the
primary particles will be eventually exposed and the individ-
ual nanoparticles can be coated.32

Thermolysis of alucone films

The thermal decomposition of the alucone hybrid films was
studied by TGA in air. As shown in Figure 9, the alucone
films began to decompose at 808C with no further mass loss
observed above 4508C. The decomposition appeared to occur
in two steps. The first step occurred over a temperature range
of 80–2008C, which was caused by dehydration and loss of
ethoxy groups on the particle surface. The second step hap-
pened over a temperature range of 200–4008C, which was
caused by polymer decomposition in the MLD films. The final
mass after pyrolysis in air at 1,0008C is lower than the results
calculated from the Al concentration analysis if the MLD
films have a stoichiometric formula of Al(OCH2CH2O)1.5.
Therefore, the fabricated hybrid film does not have a stoichio-
metric structure, and the value of x in the formula Al(OCH2-

CH2O)x of MLD films will be higher than the stoichiometric
value of 1.5.

Structure and density of alucone films

The value of x in the formula Al(OCH2CH2O)x of MLD
films can be estimated using the measured mass loss of par-
ticles during the TGA test and Al concentration on particles
based on ICP-AES measurement. During the TGA oxidation

process, all carbon and hydrogen in polymer will be burned
out and Al will be converted to alumina. Since the MLD
film itself contains enough oxygen atoms, it is safe to assume
that no additional oxygen molecules are needed to convert
Al to alumina. Therefore, the total mass of MLD films is
equal to the mass loss during the TGA test (the substrate
mass remains unchanged) plus the mass of alumina left on
the particle surface, which can be calculated based on ICP-
AES Al concentration on particles. Consequently, the value
of x in the formula Al(OCH2CH2O)x of MLD films can be
estimated by the following equations

½Mass of MLD film�g
ð27þ 60xÞg=mol

¼ ½Mass of Al�g
27g=mol

(3)

1

ð27þ 60xÞg=mol

¼ ½Mass of Al�g
½Mass of MLD film�g 3 27g=mol

¼ a (4)

x ¼ ð1=a� 27Þ
60

(5)

Dameron et al. found that the alucone film was not stable,
and the structure of the film may change in the presence of
water,20 but there should be no aluminum loss of the MLD
film, so the instable property of alucone film would not affect
the ICP-AES results. Also, in order to prevent the structure
change or mass loss of the film, the samples were stored
in vacuo before TGA tests. Figure 10 shows the value of x
in the formula Al(OCH2CH2O)x of MLD films fabricated at
different temperatures. It shows that there was not a signifi-
cant shift in the value of x over the deposition temperature
range used here, and the average value of x is 1.9. The con-
stant x value indicates that alucone MLD films fabricated at
different temperatures have a similar molecular structure.
Given the low-vapor pressure and sticky property of EG
monomer and relatively low reaction temperatures, EG mole-
cules may condense on the surface to form a multimolecular
layer accumulate on the particle surface, which can be an ex-
planation of higher x values than the stoichiometric value of
1.5. To the best of our knowledge, ICP-AES is a very accu-
rate method to test the aluminum concentration. However,

Figure 9. Thermal gravimetric analysis of titania par-
ticles with 20 MLD coating cycles at different
temperatures.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 10. The value of x in the formula Al(OCH2CH2O)x
of MLD films fabricated at different tem-
peratures.
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lower value of aluminum ICP-AES concentration than actual
value could also lead to a higher x value. The constant x
value across a wide temperature range can be explained by
the similar residence time of precursors on substrate surfaces,
as discussed previously.

It is difficult to directly measure the density of MLD films
on particles. The density of MLD films can be estimated on the
basis of the polymer film mass and the film volume, which can
be calculated based on the particle surface area and film thick-
nesses observed by TEM. Here the surface area (9.47 m2/g) of
uncoated particles was used. As shown in Figure 11, there was
not a significant shift in the value of the calculated density
over the deposition temperature range used here. With the
increase of reaction temperature from 100 to 160 8C, the film
density slightly increased from 2.0 6 0.1 to 2.2 6 0.1 g/cm3,
which also indicates the similar molecular structure of alucone
MLD films fabricated at different temperatures. These calcu-
lated densities were higher than the density of 1.5 g/cm3 of alu-
cone MLD films grown on flat silicon substrates measured by
X-ray reflectivity (XRR).20 The inaccuracy of estimated film
volume could be attributed to this difference, since small
degree of particle aggregation happened. This difference could
also be caused by the high ratio of curvature of fine particles,
and less steric effect occurred during the adsorption step of the
reaction, thus potentially denser films may be produced.

Conclusions

Large quantities of cohesive silica and titania nanoparticles
were conformally coated with aluminum alkoxide (alucone)
ultra-thin films using molecular layer deposition (MLD) in a
vibrating fluidized bed reactor. The deposition chemistry and
properties of alucone MLD films were investigated. In situ
mass spectrometry studies showed that the alucone MLD film
growth was the result of self-limiting surface reactions. The
composition of alucone hybrid nanolayers was confirmed by
EDS. Highly conformal and uniform films on titania and silica
particles were observed via TEM and z-contrast STEM,
respectively. The thickness and molecular weight of polymeric
thin films can be effectively controlled by the number of reac-
tion cycles during the sequential vapor deposition process. The

growth rate varied from 0.5 nm/cycle at 100 8C to 0.35 nm/
cycle at 160 8C, which is much higher than the growth rate of
MLD films grown on particles at a small scale. The higher film
growth rate could be caused by localized CVD, since EG is
sticky and TMA can adsorb into the polymer films. The growth
rates decreased at higher substrate temperatures. The surface
area of nanoparticles was not significantly affected by the coat-
ing process. Primary nanoparticles were coated individually
due to their dynamic aggregation behavior.

A combination of the gravimetric methods and chemical
analysis of the MLD films makes it possible to determine the
stoichiometry of surface nanostructures produced by MLD.
The stoichiometric composition of the hybrid films has been
calculated with respect to the aluminum concentration in the
MLD film and total mass loss of the MLD film during the
TGA oxidation test. The value of x in the formula Al(OCH2-

CH2O)x of fabricated MLD films is 1.9 at the temperature
range of 100–1608C. The calculated film density slightly
increased from 2.0 6 0.1 to 2.2 6 0.1 g/cm3 with the
increase of temperature from 100 to 160 8C.

This work presents herein, the first attempt at placing
ultra-thin conformal polymer films on nanoparticles at large-
scale. MLD has the advantage of low deposition temperature,
precision thickness control and excellent conformality. The
applications that can utilize conformal polymer films with
monomer level thickness control are expected to grow. This
approach can be applied, in principle, to other copolymer
films or inorganic/organic hybrid films on different substrates,
and it will open the door to the design of new 3-D (three-
dimensional) molecular architectures on surfaces, which has
the potential to add novel functionalities to a variety of
industrial and pharmaceutical applications, such as molecular
electronics, electrocatalysts, and pharmaceutical coating
applications.
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