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A B S T R A C T   

A new route to deposit alumina nanometric thin films on powders from the single source Aluminum Tri- 
Isopropoxide (ATI) precursor is developed using the Fluidized Bed Chemical Vapor Deposition (FBCVD) pro
cess. For this study, an easy-to-fluidize silica powder is used, as a first step to ultimately coat cohesive oxygen 
sensitive powders. The FBCVD process has been studied under mild temperature conditions (400–500 ◦C), 
without any containing oxygen co-reactant. The influence of the deposition parameters (temperature, total flow 
rate, precursor inlet molar fraction) on the process behavior (ATI vaporization rate, fluidized bed thermal profile, 
deposition yield) and on the coating characteristics (composition, thickness, morphology) is analysed in details. 
Results show that for all conditions tested, the fluidization is maintained and the bed remains almost isothermal 
all along the deposition experiments, allowing for a uniform coating of the whole particles of the bed. Continuous 
and conformal nanometric films are obtained, mainly formed of non-carbon contaminated alumina, containing 
however a small amount of hydroxyl bonds that could be due to air contamination. The proof of concept of using 
FBCVD from ATI to produce nanometric stoichiometric alumina coatings on powders is then demonstrated, 
opening the way for new applications.   

1. Introduction 

Alumina is a highly valued ceramic material thanks to its high 
thermal stability, chemical inertness, hardness, high dielectric constant, 
and electrical insulation [1,2]. This is why it presents significant tech
nological interest for a wide range of micro-electronic and energy stor
age applications [3]. It is also frequently used as a wear resistance layer 
and catalyst support, and as a corrosion and thermal oxidation barrier 
[2,4–6]. Furthermore, the application of alumina coatings on powders is 
a significant research area as for instance, it promotes the sintering of 
alumina particles for additive manufacturing of ceramic parts [7], in
creases the mechanical stability of nuclear fuel particles [8], and the 
energy density of new generations of Li-S batteries [9]. 

Powder coating techniques are generally of two types, (1) wet 
methods, which comprise sol-gel, hydrothermal, electrochemical, and 

impregnation methods, (2) dry routes, which consist of pulsed laser 
deposition (PLD), atomic layer deposition (ALD), physical vapor depo
sition (PVD) and chemical vapor deposition (CVD) [10,11]. The wet 
methods most often necessitate the use of solvents with an additional 
step of calcination or separation and do not provide nanometric control 
of the coating thickness, contrarily to dry processes [12]. ALD and CVD 
are advantageous over other dry routes due to their ability to produce 
uniform deposits on substrates with complex geometry and high purity 
yield. In recent years, the use of ALD to deposit alumina coatings on 
powders has become popular due to its ability to form ultra-thin de
posits, which is useful for energy storage applications [9]. However, it is 
worth studying CVD as it offers a simpler and more cost-effective process 
that is also capable of forming conformal coatings in the nanometer 
range, particularly on powders. 

Fluidized bed technology has been used for many decades in 
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industries as an efficient large-scale fluid/powder contactor [13]. 
Fluidization is a particle suspension process that ensures good contact 
between powders and a fluid phase, leading to intense heat and mass 
transfers, uniform temperatures, high throughput, scalability, and pos
sibility of continuous operation [14,15]. Fluidization can be combined 
with CVD, depending on the powder’s ability to fluidize, which gives 
rise to the fluidized bed CVD process (FBCVD). This route offers a high 
conversion rate of the gaseous precursor into solid, good coating uni
formity on the whole bed and on each particle of the powder, high 
versatility in terms of coating chemical nature, morphology and thick
ness, and low equipment cost [16,17]. 

Various CVD precursors have been tested to deposit alumina, 
including halides or metal organic chemicals like trimethyl aluminum 
(TMA), aluminum tris-isopropoxide (ATI) or aluminum acetylacetonate. 
Halides present the disadvantage to produce the aggressive HCl as by- 
product, resulting in the corrosion of the apparatus and difficulties in 
handling the exhaust gases. Metal organic precursors are less toxic and 
allow forming conformal deposits at low temperatures [18]. Among 
them, the alkoxide ATI presents marked advantages such as lower 
associated risks and costs with an ease of manipulation. It is a single 
source precursor avoiding any need for oxidant, which is important for 
powders that are sensitive to oxygen [19]. ATI has been used to deposit 
alumina thin films mainly under reduced pressure, but also at atmo
spheric pressure [19–24], conferring it a full compatibility with the 
FBCVD operating conditions. To the best of our knowledge, it has never 
been tested in a FBCVD process. 

ATI is a white powder of general formula [Al(OiPr)3]n, where n de
pends on the physical state of the compound (solid, liquid, or gaseous), 
its thermal history, and storage conditions [24,23],. It can be vaporized 
in significant quantities thanks to its high vapor pressure [24–26]. One 
drawback is that it can be transformed into less volatile species on aging 
(limited shelf-life without protection against humidity) and on being 
heated [27]. It can be vaporized as a supercooled melt at 110 ◦C, with a 
carrier gas (N2) bubbling through and it must be changed after 10–12 h 
of use to avoid any aging issue [24]. For Sovar [24], films processed at 5 
Torr of total pressure are composed of stoichiometric Al2O3 when 
deposited above 415 ◦C, and of partly hydroxylated alumina when 
deposited between 350 and 415 ◦C. At 350 ◦C, the deposit composition is 
very close to AlO(OH). At atmospheric pressure, pure amorphous Al2O3 

coatings from ATI were obtained from 400 to 420 ◦C according to 
Haanappel et al. [19], and from 450 ◦C according to Fournier et al. [28]. 
These low deposition temperatures are another major reason for 
choosing ATI, as future coating experiments could concern thermally 
sensitive powders. 

In the present work, the FBCVD process using ATI as a single source 
alumina precursor is studied to coat an easy-to-fluidize SiO2 powder as a 
proof of concept, in order to find optimized process conditions to ulti
mately coat cohesive oxygen sensitive powders. After describing the 
experimental means and methods, the deposition conditions are 
detailed, covering the range of 400–500 ◦C for the average bed tem
perature. Their influence on the process behavior (bed thermal profile, 
deposition rate and yield) and on the coating thickness, composition, 
and morphology is thoroughly analysed. 

2. Experimental 

The experimental FBCVD setup is schematically presented in Fig. 1. 
It consists of a vertical stainless-steel reactor of 1 m height and 5 cm 
internal diameter. At the bottom of the column, a porous stainless-steel 
distributor supports the powder bed at rest and ensures a homogenous 
gas distribution. The external bottom part of the reactor is thermally 
insulated by rockwool fabrics. The top of the column is air-cooled to 
avoid seal degradation during coating. A filter bag is attached at the end 
of the exhaust pipe to collect the fine particles that could be elutriated. A 
two-zone external furnace heats the reactor, each zone being regulated 
by a PID device connected to one K-type thermocouple fixed on the outer 
reactor wall. Five K-type thermocouples (T1-T5) are placed into a 6 mm 
diameter tube along the vertical axis of the reactor to monitor the bed 
temperatures at various heights. One thermocouple (T6) is in contact 
with the bottom part of the distributor, and T6 is maintained below 
150 ◦C to avoid any clogging of the porous plate by premature decom
position of ATI. A differential pressure sensor (LPX5480 – Druck Ltd.) is 
connected below the distributor and on top of the reactor to measure the 
total pressure drop across the bed. The whole temperatures, the bed 
pressure drop and the absolute pressure were registered all along the 
coating experiments. All CVD experiments were carried out at atmo
spheric pressure. An absolute pressure sensor (PR-21S, Druck Ltd.) is 
located below the distributor for safety reasons, in case of bed or 
distributor clogging. Nitrogen gas (N50, Air Liquide) is supplied directly 
to the bottom part of the reactor to fluidize the bed, and a small stream is 
sent to the precursor bubbler. Their flow rates are controlled by two 
mass flow controllers (FC-7700 type – Aera). 

The ATI precursor (Sigma-Aldrich, purity ≥ 98wt%) is used in 
supercooled conditions in a glass bubbler heated by a heating mantle, as 
already developed by Sovar et al. [24]. This means that it is first heated 
at 140 ◦C to be melted and it is then supercooled to 110 ◦C and as such 
maintained in liquid state during the coating. The bubbler is filled with 
10 g of new ATI in a glove box under argon before each experiment. Gas 
lines are heated at 120 ◦C by heating ribbons to avoid any condensation 
of the precursor between the bubbler and the reactor inlet. 

Silica powder (Silmer Minigrain 2, purity of 99.2 wt%) with a mean 
diameter d43 of 363 μm was used as a substrate. Its diameter distribution 
measured by a laser granulometry setup (Malvern MS3000) is provided 
in Fig. S1 of Supplementary Information (SI). Its chemical composition is 
detailed in Table S1. The particles are non-spherical, as shown in Fig. S2. 
Their minimum fluidization velocity (Umf) was measured under nitrogen 
at room temperature as equal to 0.13 m.s− 1. The corresponding bed 
pressure drop and expansion curves are provided in Figs. S3 and S4. The 
elutriation of powder was estimated to be lower than 0.3 wt% per hour 
of fluidization at a total flow rate corresponding to 4 Umf. 

The powder morphology before and after coating was analysed by 
Field Emission Gun-Scanning Electron Microscopy (FEG-SEM) and 
Transmission Electron Microscopy (TEM) (imaging: Scanning TEM - 
High angular annular dark field (STEM-HAADF) - Chemical mapping: 
Scanning TEM - Energy dispersive X-ray spectroscopy (STEM-EDS)). 

Fig. 1. Schematics of the FBCVD setup.  
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Elemental and chemical analyses were done by Inductively Coupled 
Plasma-Atomic Emission Spectroscopy (ICP-AES) and X-ray photoelec
tron spectroscopy (XPS). Prior to FEG-SEM analyses, all the samples 
were submitted to ultramicrotome resin block preparation. The powder 
was placed in a resin, cooled down to be solidified, and then a cross- 
section was cut by a diamond knife. The prepared resin blocks were 
brought to observation by FEG-SEM in a JEOL model JSM 7100F TTLS 
equipped with an EDX X-Max detector from Oxford Instruments. The 
TEM specimens were prepared using a ThermoFisher Helios Nano
Lab600i dual beam Focused Ion Beam (FIB) - SEM fitted with an EasyLift 
micromanipulator for in situ lift-out. The ion (Gallium) column was 
operated at 30 kV for all the steps, except for final cleaning of the 
samples, for which tension of 5 kV was used. Transmission Electron 
Microscopy with a Field Emission Gun (FEG-TEM) analysis was per
formed using a transmission electron microscope JEOL JEM 2100 F 
operated at 200 kV equipped with an EDS analyser (Oxford-Instruments 
SDD Ultim®Max 100mm2 windowless). For ICP-AES analysis, the Al 
content was determined after the mineralization of the sample (LQ =
0.005% according to the validation of the analytical series), and the C 
content was determined by LECO elemental analyzer (LQ = 0.005%). 
The photoelectron emission spectra were recorded using a mono
chromatised Al Kalpha (hν = 1486.6 eV) source on a ThermoScientific K- 
Alpha system. The X-ray Spot size was about 400 µm. The Pass energy 
was fixed at 30 eV with a step of 0.1 eV for core levels and 160 eV for 
surveys (step 1 eV). The spectrometer energy calibration was done using 
the Au 4f7/2 (83.9 ± 0.1 eV) and Cu 2p3/2 (932.8 ± 0.1 eV) photo
electron lines. XPS spectra were recorded in direct mode N (Ec) and the 
background signal was removed using the Shirley method. The flood gun 
was used to neutralize charge effects on the top surface. No surface 
etching was applied prior to analysis. 

The FBCVD operating conditions tested are listed in Table 1. Most of 
them were fixed according to the bibliography, in particular the average 
bed temperature [20,27,29] and the fluidization ratio U/Umf [12,14,17, 
30]. The choice of the N2 flow rate bubbling into ATI was done after 
preliminary tests, allowing to ascertain good bubbling conditions of N2 
into the liquid ATI at atmospheric pressure for 0.6 slm (standard liter per 
minute). The corresponding molar fraction of ATI is very low, which is a 
positive point (i) to obtain low deposition rates and thus nanometric 
alumina coatings and (ii) to not damage any oxygen sensitive powders 
due to the formation of very few amounts of water as by-product [24]. 
For this proof of concept study, the deposition duration was fixed such as 
to obtain coating thicknesses close to 50 nm, to guarantee a sufficient 
detection of alumina by the various characterization techniques used. 
For that, we performed calculations of theoretical coating thicknesses by 
assuming that all the ATI theoretically vaporized was fully converted 
into uniform coating on the bed powder. This estimation is highly 
approximative because (i) we assumed that the thermodynamic equi
librium is reached for the ATI vaporization in the bubbler and (ii) the 
ATI vapor pressure law is not precisely established in the literature. 
Indeed, at 110 ◦C, the ATI vapor pressure is 285 Pa according to Meh
rotra et al. [31], 215 Pa for Bleyerveld et al. [32], and 97 Pa for Sovar 
[24]. The intermediate value of 215 Pa gave a theoretical maximum ATI 
evaporation rate close to 12 mg/min, leading to a deposition duration of 
330 min. For all experiments, the initial mass of powder was equal to 
294 g, corresponding to an initial fixed bed height of 15 cm. A blank 

experiment (run S7) was performed in the conditions of the nominal run 
S2 at 450 ◦C, but without sending any ATI, to analyze the influence of 
the hydrodynamic and thermal history on the silica powder 
characteristics. 

3. Results and discussion 

3.1. Process behaviour 

First, the temporal evolution of the temperature profile registered 
during run S2 is provided in Fig. 2 as a characteristic example of the 
thermal profiles measured during all runs. The thermal gradient along 
the bed height was lower than 6 ◦C during the coating, meaning that the 
bed remained fully fluidized. Similar values were obtained for the blank 
experiment S7. This good hydrodynamic behavior of the bed ensures 
optimal thermal and mass transfer conditions to get a uniform coating 
on the whole bed and around each particle. The fact that the precursor 
injection into the bed did not disturb the bed hydrodynamics, as it was 
observed for other FBCVD coatings [14], is due to the very low inlet 
molar fraction of ATI used. The bed pressure drop regularly increased 
during the reactor heating and also during the coating, due to dilatation 
of the steel distributor upon heating and to its partial clogging by pre
mature ATI decomposition. A low amount of alumina was indeed 
deposited into the porosity of the distributor, as can be seen in Fig. S5. 

The bubbler was weighed before and after each experiment, in order 
to measure the vaporization rate of ATI, as detailed in Table 2. For the 
conditions tested, between 1.5 and 3.2 g of ATI were consumed, corre
sponding to ATI vaporization rates between 4.5 and 10.9 mg/min. For 
the nominal vaporization conditions of run S2, which were used for all 
experiments except for run S3, 3 g on average were evaporated for each 
experiment, corresponding to a mean evaporation rate of 9.2 mg/min. It 
can be deduced from this set of experiments that the standard deviation 

Table 1 
Deposition conditions tested (the modified parameters in comparison with those of the nominal run S2 are highlighted in Bold).  

Run S1 S2 S3 S4 S5 S5R S6 S7 S8 

Average deposition temperature into the bed 450 ◦C 450 ◦C 450 ◦C 450 ◦C 400 ◦C 400 ◦C 500 ◦C 450 ◦C 470 ◦C 
Fluidization ratio U/Umf 4 4 4 3 4 4 4 4 4 
Inlet N2 flow rate (slm) 25 25 25 18.5 26 26 23 25 24 
N2 flow rate into the bubbler (slm) 0.6 0.6 0.3 0.6 0.6 0.6 0.6 – 0.6 
Inlet molar fraction of ATI (10− 5) 2.29 2.29 1.15 3.07 2.14 2.14 2.46 – 2.37 
Deposition time (min) 165 330 330 330 330 330 330 330 330  

Fig. 2. Temperature profile for the experiment S2 (insert with a smaller tem
perature scale). 
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of ATI vaporization is 12%, which is quite low regarding the usual 
variations observed for such vaporization in supercooled conditions 
[24] and could be due mainly to temperature fluctuations of the bubbler 
heating mantle. By comparing the results obtained for run S3 (0.3 slm of 
bubbling N2) and for the average of the other runs (0.6 slm), the ATI 
vaporized mass appears to be proportional to the N2 flow rate into the 
bubbler. Theoretical vaporization rates were calculated from the vapor 
pressure of ATI at 110 ◦C proposed by Bleyerveld et al. [32]. For all 
experiments, these values at the equilibrium vary between 6.1 and 12.3 
mg.min− 1 and are higher than the experimental ones, maybe because 
the residence time of N2 in the bubbler is not high enough to fully reach 
equilibrium vaporization conditions, which, however, are not precisely 
known. From the experimental vaporization rates of ATI, theoretical 
maximum coating thicknesses and deposition rates (Rd) were calculated, 
assuming that all the vaporized ATI is converted into alumina thin film 
uniformly deposited on the bed particles, which were assimilated to 
spheres of 363 μm in diameter. Due to these assumptions, these values 
are highly approximate Moreover, in these calculations, the coating on 
the reactor walls was neglected as the total surface area of the 294 g of 
silica powder (1.83 m2) is much higher than that of the reactor walls 
containing the silica bed (0.02 m2). For the nominal conditions of run 
S2, the thickness is close to 142 nm, with an average value, if consid
ering all the experiments with similar vaporization conditions, close to 
120 nm, corresponding to an average theoretical Rd of 3.6 Å/min. 
However, these values might be higher than the experimental ones, as 
there was a low amount of alumina deposited inside the porosity of the 

distributor. 
It was not possible to measure the deposited mass by bed weighing 

before/after the experiments because of (i) its too low value for the 
targeted thickness and (ii) the unavoidable low elutriation (~2 wt.%) 
occurring during the FBCVD process. ICP-AES measurements of the Al 
and C elements present in the powder before and after coating are 
provided in Table 3. The Al weight percentages for the coated samples 
correspond to the as measured values from which the value of the bare 
silica was deduced (net percentages). First, the bare silica powder 
(sample S0) contains a very low amount of these two elements, as 
mentioned in the provider data sheet (Table S1). The values obtained 
after the blank experiment S7 are logically of similar order of magni
tude. The C weight percentage remains very low for all coated samples, 
inferring that for the conditions tested, the ATI decomposition was high 
enough to provide almost non-carbon contaminated coatings. This 
agrees well with the results of the literature obtained in close deposition 
conditions [19,24]. From the net Al content deduced from ICP, the 
alumina coating mass, thickness and Rd were approximately calculated, 
assuming another time a uniform treatment of all bed particles supposed 
to be perfectly spherical. A deposition yield was also estimated as the 
ratio between the deposition rate Rd deduced from ICP and that calcu
lated from the ATI vaporization rate. This yield provided in Table 3 al
lows to evaluate the percentage of vaporized ATI effectively converted 
into coating on the powder. 

It appears that the coating mass varies between 0.19 and 0.62 g, 
explaining why its direct measurement was not possible. The coating 

Table 2 
Measured ATI vaporized mass from the bubbler, measured ATI evaporation rate and estimation of theoretical maximum coating thickness and deposition rate.  

Run ATI vaporized mass 
from the bubbler (g) 

ATI evaporation rate (mg/min) 
(Theoretical values for 215 Pa of 
ATI vapor pressure at 110 ◦C) 

Theoretical maximum coating thickness assuming all 
vaporized ATI is converted into alumina coating on 
powder (nm) 

Theoretical maximum 
deposition rate (Å/min) 

S2 – base experiment 3.6 10.9 (12.32) 142 4.3 
S3 – Infl. of reducing 

ATI inlet 
1.5 4.5 (6.16) 59 1.8 

S4 – Infl. of reducing 
total flow rate 

3.2 9.6 (12.32) 126 3.8 

S5 – Infl. of 
temperature 400 ◦C 

2.6 7.8 (12.32) 103 3.1 

S5R – Infl. of 
temperature 400 ◦C 

2.8 8.4 (12.32) 111 3.3 

S6 - Infl. of 
temperature at 
500 ◦C 

3.2 9.6 (12.32) 126 3.8 

S8 – Infl. of 
temperature 470 ◦C 

2.8 8.4 (12.32) 111 3.3  

Table 3 
ICP-AES mass percentages of C and Al and deduced approximative alumina mass, thickness, deposition rate and yield.  

Run ICP 
Wt.% 
C 

ICP net 
wt.%Al 

Alumina mass deposited on the powder 
deduced from ICP (g) 

Alumina thickness estimated 
from ICP (nm) 

Deposition rate estimated 
from ICP (Å/min) 

Deposition yield 
(%) 

S0 (Uncoated Silica) 0.0080 0.0480* – – – – 
S2 – base experiment 

450 ◦C 
0.0070 0.1120 0.62 100 3.0 70 

S3 – Infl. of reducing ATI 
inlet 

0.0100 0.0340 0.19 30 0.9 51 

S4 – Infl. of reducing total 
flow rate 

0.007 0.0620 0.34 55 1.7 44 

S5 – Infl. of temperature 
400 ◦C 

0.0120 0.0920 0.51 82 2.5 80 

S5R – Infl. of temperature 
400 ◦C 

0.0100 0.1020 0.56 91 2.8 82 

S6 - Infl. of temperature 
500 ◦C 

0.008 0.0620 0.34 55 1.7 44 

S7 – Blank experiment 0.007 0.041* – – – – 
S8 – Infl. of temperature 

470 ◦C 
0.012 0.0820 0.45 73 2.2 66  

* As measured values. 
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thickness is comprised in the range 30 to 100 nm, in agreement with the 
preliminary target thickness of 50 nm for which the deposition condi
tions were chosen. Rd varies between 0.9 and 3 Å/min, leading to 
deposition yields in the 44–82% range. It is worth noting that these Rd 
values are two orders of magnitude lower than those obtained by Sovar 
[24], probably because of (i) the much lower inlet molar fractions we 
used (0.001–0.003% for the present study and in the range 0.2 - 2.45% 
for Sovar) and (ii) the much higher specific surface area offered by 
powders in comparison with conventional planar substrates. Such very 
low Rd are very well suited to deposit nanometric alumina coatings on 
cohesive powders by FBCVD because the process thus operates in a 
kinetically limited regime, for which the reactive species mass transfer 
in the gas phase is high enough to allow a uniform coating of each in
dividual particle, even if they are embedded in agglomerates due to 
strong inter particles forces. 

By comparing the results of runs S5 and S5R, a variation of 10% is 
observed on the coating mass, showing a reasonable reproducibility of 
the FBCVD process. From the results of runs S2 and S3, it appears that a 
decrease in the ATI inlet molar fraction reduces Rd, in agreement with 
the results of Morsinkhoff [20]. The lack of proportionality we observed 
(a factor two decrease of the ATI inlet molar fraction resulted in a factor 
three reduction of Rd) could be due to the fact that the deposition yield 
was lower for run S3 than for run S2, inferring that ATI was more 
decomposed in the porous distributor for the lowest inlet molar fraction 
tested. The influence of the total flow rate can be observed by comparing 
runs S2 and S4. By reducing the total flow rate of 25% for run S4, Rd is 
decreased by roughly 50% and the yield of around 40%. The lower yield 
could be due to the fact that when the total flow rate is decreased, the 

residence time of ATI inside the distributor is higher, leading to more 
ATI decomposition and alumina coating of the porous distributor. This 
could explain the lack of proportionality between the decrease in Rd and 
that in total flow rate. 

Concerning the key influence of the bed temperature, Fig. 3 shows 
that Rd increases between 400 and 450 ◦C, the temperature at which it 
reaches its maximum value (3 Å/min). Then it decreases till 500 ◦C to a 
minimum value of 1.7 Å/min. For Sovar et al. [24,29], Rd increases with 
temperature between 350 and 700 ◦C under 5 Torr of total pressure. A 
similar trend was observed by Morssinkhof et al. [19,20] at atmospheric 
pressure. The deposition yield has a monotonous decreasing evolution 
when the bed temperature increases, which can be explained by the fact 
that the amount of ATI decomposed in the distributor increases with the 
bed temperature, as the distributor temperature also slightly increases. 
Some attempts have been performed to raise of some centimetres the 
position of the furnace in order to limit this unwanted phenomenon, but 
this was not successful as the bottom part of the bed was colder than the 
target temperature. This is an intrinsic limitation of this FBCVD setup for 
the conditions tested and could certainly explain the decreasing Rd 
observed beyond 450 ◦C. 

3.2. Coating characterization results 

EDS mapping was recorded on all samples by FEG-SEM, after resin 
block preparation by ultramicrotome, as shown in Fig. S6(A). The 
investigation of uncoated silica (sample S0) logically showed no pres
ence of Al, due to its low content in the bare powder (Fig. S6(B)). Sample 
S3 (not shown) depicted the lowest Al measurements among all the 

Fig. 3. Influence of the bed temperature on (A) the deposition rate and (B) the deposition yield.  

Fig. 4. Characteristic examples of aluminum EDS mapping of the samples S2, S4, S5, S5(R), S6 and S8 by FEG-SEM after resin block preparation by ultramicrotome.  
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experiments, making it difficult to identify the presence of coating on the 
particles. This result is coherent with the results of Table 3, as run S3 
corresponds to the experiment for which the lowest Al content was 
measured by ICP. Fig. 4 provides characteristic examples of Al EDS 
mapping of all the other coated samples. After analyzing many regions 
of the samples, the Al coating is overall uniform and conformal. Some 
zones appear to be less coated, for instance for sample S8, certainly due 
to the very tortuous surface of the bare silica powder and to the fact that 
the analysed surface could not be everywhere strictly perpendicular to 
the electron beam. Further analyses of other particles for all these 
samples confirmed this outcome. Another characteristic example of re
sults obtained is provided in Fig. S6(C) for sample S2, illustrating the 
conformal coating on a nodule present on the bare silica grain surface, 

which is probably not fully perpendicular to the electron beam. 
TEM and EDS analyses were performed for samples S5, S2 and S6, as 

illustrated in Fig. 5. STEM-HAADF and STEM-EDS images confirm a 
conformal and continuous deposition on the silica surface of the ana
lysed zones. It is worth noting that the measured thicknesses deduced 
from EDS mapping are not fully accurate due to the already explained 
characteristics of the bare silica powder surface, which is very tortuous 
and could not be everywhere perpendicular to the electron beam. 
Moreover, these thicknesses can hardly be compared with the values of 
Table 3 deduced approximately from ICP-AES, as the calculations were 
done by neglecting the size distribution and the irregular shape and 
protuberances of the silica powder. Fig. 5(A) shows for sample S5 
deposited at 400 ◦C a continuous coating of thickness ranging from 63 to 
120 nm. The EDS mapping confirms the conformal coating, even on 
small protuberances of the silica particles. Indeed, in certain areas, 
coated nodules of several hundred nanometres in size are visible, cor
responding to pre-existing protuberances of the silica particles con
formally coated with alumina. This result is also valid for the other 
samples analysed. The coating thickness for sample S2 deposited at 
450 ◦C is within the range 30–53 nm, as measured in Fig. 5(B). Fig. 5(C) 
shows that for sample S6 deposited at 500 ◦C, a continuous coating, 
ranging from 18 nm to 40 nm, is present on the analysed zone and 

Fig. 5. STEM-HAADF images from FIB prepared lamella along with the aluminum STEM-EDS mapping for sample A) S5 (400 ◦C), B) S2 (450 ◦C), and C) S6 (500 ◦C).  

Table 4 
Atomic percentages of Al 2p, O 1 s, and Si 2p for samples S5, S2, S8 and S6 (C1s 
spectra included in the analysis) from XPS analyses.  

Element Atomic% 

S5 - 400 ◦C S2 - 450 ◦C S8 - 470 ◦C S6 - 500 ◦C 

Al 2p 28.5 24.1 31.3 26.5 
O 1s 52.3 45.3 50.9 48.6 
Si 2p 7.1 6.3 6.6 2.4  
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another time covers the small protuberances present on the silica 
particles. 

XPS was performed to unveil the chemical surface composition of the 
coatings deposited at different temperatures for samples S5 (400 ◦C), S2 
(450 ◦C), S8 (470 ◦C), and S6 (500 ◦C), without any surface etching 
during the analysis. The measurements demonstrate that the Al2O3 
signal is the most prominent as represented by the Al3+ extracted in all 
samples (Fig. S7), with an average contribution of 26.8 ± 4 at.% Al and 
49.3 ± 4 at.% O across all four temperatures, as shown in Table 4. This 
indicates that the coated alumina films are nearly stoichiometric for all 
the temperatures studied, which is consistent with the results of a pre
vious CVD study by Multone [33] and Morssinkhof [20], who used the 
same precursor. Furthermore, the XPS analysis of the C1s spectrum 
(Fig. S8) revealed a slight presence of carbon bonds, possibly originating 
from the carbon content in the surface of the films which was in contact 
with air [34]. This finding is in alignment with previous studies, which 
also detected a carbon contribution at the surface arising from ex situ 
contamination [33]. This is further supported by the results of the ICP 
analyses, which indicated the absence of carbon in the coatings. A 
complete XPS survey for all the samples is provided in Fig. S8 for further 
details. 

We have performed deconvolution of the Al 2p and O 1 s spectra for 
the samples deposited at 400 ◦C (run S5) and 500 ◦C (run S6), as 
described in Table 5. Fig. 6 shows the resulting deconvolution of Al 2p 
and O 1 s peaks for sample S5. These results confirm the predominant 
contribution of the Al2O3 signal (Fig. 6a). Additionally, a significant 
proportion of 84.6 at.% at 531.2 eV, assigned to the O-Al response 
within the O 1 s scan, was observed for the sample S5 deposited at 
400 ◦C (Fig. 6b). This proportion has increased to 87.7 at.% for sample 
S6 deposited at 500 ◦C. A slight contribution of Al hydroxyl (12.9 at.%) 
is observed at the film surface at 400 ◦C, which tends to decrease to 10 
at.% as the deposition temperature increases to 500 ◦C. It could be 
mainly due to air contamination of the films, as found by other authors 
having worked on pure crystalline stoichiometric alumina in contact 

with air [35]. This represents a different outcome in comparison with 
Fournier et al. [28] and Sovar’s results [23,24,27], who obtained an Al 
hydroxide contribution of 25 at.% below 415 ◦C and a stoichiometric 
Al2O3 only above 450 ◦C and 415 ◦C respectively. This could be due to 
the very low inlet molar fractions we used, leading to very low deposi
tion rates, which could favor coatings of higher purity. 

4. Conclusion 

Nanometric alumina layers have been deposited on easy-to-fluidize 
silica powders using the FBCVD process while thoroughly investi
gating the deposition parameters (influence of the precursor inlet molar 
fraction, total gas flow rate and deposition temperature). To the best of 
our knowledge, this is the first time that alumina coating on powders 
from the single source ATI precursor has been developed, opening the 
way to coat by alumina oxygen sensitive powders. The ATI vaporization 
and the FBCVD process itself demonstrated a stable and reproducible 
behavior. The bed remained fluidized all along the coating duration 
ensuring optimal thermal and mass transfers to get uniform coatings 
around each particle. The deposition rates were found to be two orders 
of magnitude lower than those of the literature studies only performed 
on planar substrates, due to the very low inlet molar fractions of ATI we 
used and to the much higher specific surface area of the pulverulent 
substrates. Such low deposition rates are very favourable to ensure 
uniform coatings around each grain of cohesive powders, which most 
often can be fluidized under the form of agglomerates by adding me
chanical vibration to the FBCVD reactor. 

For all the conditions tested, the coatings were found to be con
formally deposited on the whole surface of the particles in the form of 
nanometric continuous layers in the range 18–120 nm, depending on the 
operating conditions. It is worth noting that for given processing con
ditions, the coating thickness can be controlled by the deposition 
duration. Thanks to the use of the quite reactive alkoxide ATI precursor, 
the deposits appeared to be non-carbon contaminated since formed of 
stoichiometric alumina even at 400 ◦C, with a slight presence of hy
droxylated alumina that could be due to air contamination. The pre
cursor utilization yield for the powder coating was up to 82%, which 
could be further increased by optimizing the thermal regulation of the 
line between the bubbler outlet and the reactor inlet and by increasing 
the bed height. This high yield combined with the relatively low depo
sition temperature and with the very low inlet molar fraction of pre
cursor used are arguments showing the low environmental fingerprint of 
this FBCVD process, already known to be cost-effective and easily scal
able. This study thus opens the way to conformally coat by alumina a 
wide range of powders for a large spectrum of applications. 

Table 5 
Atomic percentages deduced from deconvolution of Al 2p and O 1 s spectra for 
samples S5 and S6.  

Run Element BE (eV) Chemical species Atomic% 

S5 
400 ◦C 

Al 2p 74.3 Al3+ 100 
O 1s 531.2 O-Al 84.6 

532.6 Al–O–H 12.9 
533.8 Si-OH 2.5 

S6 
500 ◦C 

Al 2p 74.5 Al3+ 100 
O 1s 531.2 O-Al 87.7 

532.4 Al–O–H 10 
534 Si-OH 2.3  

Fig. 6. Deconvolution of (A) Al 2p and (B) O 1 s XPS peaks for sample S5.  
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