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ABSTRACT 
Overcoating layers deposited on the surface of heterogeneous catalysts using 

atomic layer deposition (ALD) have been shown to increase catalyst activity, lifetime, and 

selectivity. In this study, we performed Al2O3 ALD and Pd ALD in a commercial fluidized 

bed reactor on high surface area mesoporous powder supports to create overcoated 

catalysts with high precursor utilization. We investigated the reaction mechanism for both 

the Al2O3 ALD and the Pd ALD using in-situ mass spectrometry and developed a 

mathematical model to understand the precursor saturation behaviors. We characterized 

the catalyst samples using a variety of techniques to measure the surface area, porosity, 

composition, and surface chemistry of the overcoated catalysts. Finally, we used propane 

dehydrogenation as a probe reaction to evaluate the performance of the catalysts prepared 

by fluidized bed ALD. 

I. INTRODUCTION 

Atomic layer deposition (ALD) is a gas-phase technique to deposit conformal thin 

films or nanoparticles with atomic level precision using sequential, self-limiting surface 

reactions. Due to its advantages, such as uniform deposition on high aspect ratio substrates, 
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atomic level thickness control, a wide materials palette, and scalability for manufacturing, 

ALD has emerged as a powerful synthesis tool in numerous applications including 

microelectronics, lithium ion batteries, fuel cells, and heterogeneous catalysts.1-3 The use 

of ALD for synthesizing highly efficient catalysts has been demonstrated, and examples 

include bimetallic and core-shell structures, single-atom catalysts, and protective 

overcoating layers.4-13 Metallic nanoparticles with high dispersion serve as the active sites 

in many heterogeneous catalysts, and these nanoparticles are typically prepared on high 

surface area powder supports permeated with meso- and micropores. Most ALD coating 

systems are designed for coating planar, low surface area substrates such as silicon 

wafers.14 Considering the slow diffusion of ALD precursor vapors and products into and 

away from porous structures, depositing ALD coatings on porous supports to prepare 

heterogeneous catalysts typically requires modification of both the ALD process and 

reactor. 

Despite these challenges, conventional ALD systems can be used to coat powders, 

especially in smaller quantities. For instance, the powder can be uniformly spread into a 

thin layer in a sample tray, and a wire mesh placed on top of the tray to contain the powder 

while providing diffusional transport of the ALD precursors and product gases in and 

out.15-17 To ensure adequate penetration of the precursors into the nanopores of the powder 

substrate, and to account for the high surface area of the power, longer dose and purge 

times are used compared to coating planar substrates. For substrates with very high aspect 

ratio pores but a low surface area, such as anodic aluminum oxide, isolation of the ALD 

chamber from the downstream vacuum pump helps to maximize the precursor usage by 

giving long soak times.18 As the depth of the powder bed increases inside the sample tray, 
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infiltration of the powder bed by the ALD precursors is hindered and can result in thinner 

coatings deeper into the bed. To address this problem, techniques have been developed to 

overcome diffusion limitations and homogeneity issues in coating powder samples. One 

approach is to use a rotary drum ALD reactor, which allows long precursor exposure times 

while keeping the powder agitated.19, 20 For a given precursor partial pressure, the amount 

of precursor for each dose is limited by the reactor volume, thus, multiple repeats of dose 

and soak are often required when coating higher surface area powders using a rotary drum 

ALD reactor. Another approach is based on the concept of spatial ALD where the 

precursors and inert carrier gas are supplied continuously at different physical locations, 

and the ALD coating is achieved by moving the powder through different spatial domains 

of chemical composition. In this method, the precursor dose and purge can take place 

simultaneously at different locations leading to higher throughput.21 Van Ommen et al. 

proposed a configuration using a winding tube as the reactor, and the powder was exposed 

to alternating precursor and purge regions as it moved through the tube.22 

Alternatively, fluidized bed ALD reactors have been developed to homogeneously 

coat powders.23,24 In fluidized bed ALD, a vertically directed flow of carrier gas is applied 

to the powder to create an upward drag force that equals the gravitational force due to the 

mass of the powder. This induces fluidization and improves the rate of physical mixing 

between the ALD precursors and powder. Moreover, fluidization improves heat exchange 

to eliminate temperature gradients inside the ALD reactor and to dissipate exothermic heat 

released during the ALD surface reactions.23-25 In-situ mass spectrometry has been used 

previously in fluidized bed ALD systems to monitor the concentrations of the ALD 
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precursors and gaseous reaction products.24 A variant of fluidized bed ALD, termed semi-

continuous ALD, has been demonstrated at the scale of tons per day.26 

In this study, we performed Al2O3 ALD in a fluidized bed on Pt catalysts supported 

on mesoporous silica powders to create overcoated catalysts. We also performed Pd ALD 

followed by Al2O3 ALD on mesoporous alumina powders to create overcoated Pd catalysts 

in a fluidized bed. We used in-situ mass spectrometry to monitor the Al2O3 ALD and Pd 

ALD surface reactions in real time to study the saturation behavior and mechanism of the 

ALD reactions. A model was developed to understand the saturation behavior based on 

different experimental parameters.  We examined the surface area and pore size of the 

catalysts using BET nitrogen adsorption measurements. Thermogravimetric analysis 

(TGA) was used to monitor the moisture content of the powder samples. The chemical 

composition of the catalyst surfaces was studied using X-ray photoelectron spectroscopy 

(XPS) measurements. We used diffuse reflection infrared Fourier transform spectroscopy 

(DRIFTS) measurements following CO chemisorption and H2 chemisorption 

measurements to characterize the metal nanoparticle surfaces. Finally, we used propane 

dehydrogenation as a probe reaction to evaluate the performance of the catalysts prepared 

by fluidized bed ALD. We believe this is the first study combining fluidized bed ALD 

catalyst synthesis, characterization, and testing with in-situ measurements to investigate 

the surface chemistry and analytical modeling to predict the evolution with time of surface 

coverage, precursor pressure, and product formation. 

II. EXPERIMENTAL 

A. Catalyst Synthesis 

1. Synthesis of Pt/SiO2 catalyst 
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Pt/SiO2 catalysts were prepared using spherical silica gel (Silicycle S10040M, 

surface area: 94 m2/g, average pore volume: 0.72 cc/g, average pore size: 27.6 nm) as the 

catalyst support. The Pt/SiO2 catalysts were prepared by incipient wetness impregnation. 

Platinum with target weight loading of 0.1% was impregnated using H2PtCl6 (Sigma-

Aldrich) on 5.5 g of the support. The material was then dried in air at 110 °C for 12 h 

followed by calcination in air at 500 °C for 2 h. By repeating the same steps, a second batch 

of catalyst was made to produce a total of 11 g of Pt/SiO2 catalyst. 

2. Synthesis of 5cAl2O3/Pt/SiO2 catalyst 

The Pt/SiO2 catalysts were overcoated using Al2O3 ALD in a fluidized bed ALD 

reactor (ForgeNano Prometheus). The reactor is cylindrical in shape with an internal 

diameter of 4.75 cm and total volume of 150 ml. 10 g of Pt/SiO2 catalyst was loaded into 

the reactor. The volume of the catalyst powder was ~15 ml and occupied ~10% of the 

reactor volume. A distribution plate with 2 µm pore diameter at the bottom and a metal 

filter at the top of the tubular reactor were used to contain the powder. Ultrahigh purity 

nitrogen (Airgas, 99.999%) was used as carrier gas and was directed vertically through the 

tubular reactor to fluidize the powder. The fluidization behavior of the powder was visually 

observed through a glass window installed temporarily on the top of the reactor. The flow 

rate was set to 50 sccm to fluidize 10 g of the catalyst powder. The Al2O3 ALD was 

performed using alternating exposure to 28 min of trimethylaluminum (TMA, Sigma-

Aldrich, 97%) and 17 min of deionized water separated by 36 min purge times at 200 °C. 

Prior to the ALD, the catalyst was fluidized for 30 min at 200 °C. The TMA and H2O 

exposure times were determined to saturate the 10 g of catalyst powder using in-situ mass 

spectrometry measurements as described later. The TMA and H2O were supplied through 
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separate manifolds each having a fluidization mass flow controller and a Baratron 

capacitance manometer pressure gauge. During the TMA exposures, a pneumatic valve 

was opened to allow the TMA to flow into the manifold where it was transported to the 

reactor by the carrier gas flow. A similar arrangement was used to supply the H2O. The 

TMA and H2O containers were heated to 40 °C to provide sufficient vapor pressures. 

According to the Antoine equation, the TMA and H2O vapor pressures at 40 °C are ~27 

Torr and ~55 Torr, respectively. The steady-state pressure in the precursor manifolds was 

~15 Torr and the pressure rise during the precursor exposures was ~1-2 Torr. The pressure 

downstream of the fluidized bed was measured with a separate Baratron capacitance 

manometer pressure gauge and was ~2 Torr. The overcoated sample was prepared using 5 

cycles of Al2O3 ALD over the mesoporous Pt/SiO2 catalyst powder. 

3. Synthesis of 5cAl2O3/SiO2 sample 

The same procedure described in section II.A.2 was used to overcoat 5 cycles of 

Al2O3 ALD on 10 g of SiO2. The purpose for this sample is to study the Al2O3 ALD 

behavior on the SiO2 support in the absence of the Pt catalyst. 

4. Synthesis of 1cPd/Al2O3 catalyst 

Al2O3 powder (Sigma-Aldrich type CG-20, surface area: 118 m2/g, average pore 

volume: 0.26 cc/g, average pore size: 7.2 nm) was used as the catalyst support. 10 g of the 

Al2O3 support was loaded into the Forge Nano Prometheus fluidized bed ALD reactor. The 

Pd ALD was performed at 200 °C and the N2 flow rate was set to 80 sccm to fluidize the 

10 g Al2O3 powder as determined by visual observation through the glass window. The Pd 

ALD was performed using alternating exposures to 55 min of Pd(II) 

hexafluoroacetylacetonate (Pd(hfac)2, Sigma-Aldrich, 98%) and 40 min of formalin (37 
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wt% formaldehyde with 10-15 wt% methanol in H2O, Sigma-Aldrich) separated by 40 min 

purge times. These conditions were determined to be saturating using in-situ mass 

spectrometry measurements as will be described below. The formalin container was 

maintained at room temperature and the Pd(hfac)2 bubbler was heated to 70 °C. Due to the 

low vapor pressure of Pd(hfac)2, the Pd precursor was supplied using a flow-through 

bubbler with 20 sccm ultrahigh purity N2 supplied through a separate mass flow controller. 

5. Synthesis of 5cAl2O3/1cPd/Al2O3 catalyst 

The same procedure described in section II.A.2 was used to overcoat 5 cycles of 

Al2O3 ALD on 10 g of catalyst 1cPd/Al2O3 with the exception of using 80 sccm carrier gas 

flow. 

B. Characterization 

The ALD reaction products were monitored in-situ using a quadrupole mass 

spectrometer (QMS, Stanford Research Systems RGA300) housed in a differentially 

pumped chamber (50 L/s turbomolecular pump) connected to the ALD reactor outlet via a 

50 µm aperture. N2 physisorption analysis was performed at 77 K using a Micromeritics 

ASAP 2020 analyzer to characterize the specific surface area and porosity of the catalyst 

powders. The samples were degassed overnight at 250 °C prior to the measurements. 

Thermogravimetric analysis (TA Instruments, Discovery TGA 5500) was used to 

investigate the moisture loss. In the TGA experiments, ~15 mg of the sample was placed 

in a crucible. The crucible was heated from room temperature to 700 °C at a rate of 10 

°C/min in ultra-high purity argon (99.999%) at a flow rate of 10 sccm. H2 chemisorption 

was performed on the same Micromeritics analyzer using the double isotherm method. The 

samples were reduced in 2.8% H2 at 500 °C and then re-oxidized at 40 °C. After flowing 
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helium, H2 chemisorption was performed at 40 °C to generate the first isotherm, which 

yields the total amount of chemisorbed hydrogen. After flowing additional He, a second 

H2 isotherm was generated at 40 °C providing the reversible bound chemisorbed hydrogen. 

The difference between the two isotherms gives the irreversible chemisorbed hydrogen on 

the Pt surface. The two isothermal curves were obtained in the 70-400 Torr pressure 

domain. Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) 

measurements were performed using a Thermo Scientific Nicolet iS50 FTIR spectrometer 

equipped with an iS50 Automated Beam splitter exchanger (ABX). Samples were reduced 

in the measurement cell at 500 °C for 1 h in 2.8% H2 and cooled to room temperature in 

He, then exposed to 1% CO for 15 min and purged with He for 5 min. The DRIFTS spectra 

were collected during the He flush. Calcination of the ALD overcoated samples for CO-

DRIFTS was performed inside the measurement cell at 500 °C in air for 1 h. After purging 

with He for 20 min and reducing in 2.8% H2 for 1h, the samples were cooled to room 

temperature and exposed to 1% CO for 15 min followed by a 5 min He purge. The DRIFTS 

spectra were collected during the He flush. X-ray photoelectron spectroscopy (XPS) 

measurements were performed on a Thermo Scientific K-Alpha+ spectrometer using a 

microfocused monochromatic Al Kα (1487 eV) X-ray source. For charge compensation, a 

dual-beam electron flood gun (ultra-low energy coaxial electron and Ar+ ion beam) was 

used. Low-resolution survey scans were performed in the energy range of 0-1300 eV and 

high-resolution XPS measurements were performed for the elements of interest. The 

adventitious C 1s peak (284.8 eV) was used for charge correction. 

C. Catalytic Activity Measurement 
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The propane dehydrogenation reaction was carried out at 600 °C under atmospheric 

pressure in a vertical quartz tubular reactor with a diameter of 10 mm. A thermocouple was 

inserted on top of the catalyst bed to monitor the reaction temperature. Approximately 600 

mg of the catalysts were loaded for testing. To improve the temperature uniformity across 

the catalyst bed, 2 g of quartz sand (80 mesh size) was used to dilute the catalyst. The 

catalysts were reduced in 10% H2 for 30 min at 500 °C before the catalytic activity 

measurement. The ALD overcoated catalysts were calcined in air at 500 °C for 1 h before 

the reduction. The reactant mixture consisted of 50/50 vol% of hydrogen (Airgas, 

99.999%) and propane (Airgas, 99.5%) in down flow mode with a total flow of 130 sccm. 

The gas hourly space velocity (GHSV), defined as the volume flow rate of feed in ml/h 

divided by catalyst bed volume, is 3900 h-1. The concentration of the reactants and products 

was analyzed by an online gas chromatograph (Agilent, 6890 GC) equipped with a flame 

ionization detector (FID) and a thermal conductivity detector (TCD). The propane 

conversion and propylene selectivity were calculated as follows: 

𝐶ଷ𝐻଼ 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 ൌ ௠௢௟௘௦ ௢௙ ஼యுఴ ೔೙ ି௠௢௟௘௦ ௢௙ ஼యுఴ ೚ೠ೟ 

௠௢௟௘௦ ௢௙ ஼యுఴ ೔೙ 
ൈ 100% (Eq. 1) 

𝐶ଷ𝐻଺ 𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 ൌ ଷൈ௠௢௟௘௦ ௢௙ ஼యுల
௠௢௟௘௦ ௢௙ ሺ஼ுరାଶൈ஼మுలାଶൈ஼మுరାଷൈ஼యுలାସൈ஼రାହൈ஼ఱା଺ൈ஼లሻ

ൈ 100% (Eq. 

2) 

III. Modeling 

In order to understand the influence of the different experimental parameters on the 

fluidized bed ALD process, we have developed a model to predict the evolution with time 

of key observables including film thickness, precursor pressure in the downstream region, 
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and the concentration of vapor-phase reaction byproducts. Our model is based on three key 

assumptions: 

1) Particles under fluidization mix much faster than the precursor saturation time. 

Under this approximation, we expect a narrow coverage distribution of the particles 

as, on average, all particles should receive an equal exposure.  

2) Precursor transport and reaction inside the reactor can be modeled using average 

flows in the column under the plug flow approximation. 

3) The ALD surface reactions follow irreversible first order Langmuir kinetics, a 

common approximation in the ALD literature.27 

These three assumptions reduce the problem to a set of two differential equations 

for the precursor partial pressure inside the column and the growth kinetics of an average 

particle: 

𝑢ത ௗ௣
ௗ௭
ൌ െ ௌ

௏
𝛽̅ ଵ

ସ
𝑣௧௛𝑝 (Eq. 3) 

ௗ஀ഥ

ௗ௧
ൌ 𝑠଴

ଵ

ସ
𝑣௧௛

௣

௞ಳ்
𝛽଴ሺ1 െ Θഥሻ (Eq. 4) 

In these equations, 𝑢ത  is the average flow velocity inside the column, p is the 

precursor partial pressure, z is the column height, S and V are the total surface area and the 

volume of the column, respectively, 𝛽̅ ൌ 𝛽଴ሺ1 െ Θഥሻ is the sticking coefficient where 𝛽଴ is 

the sticking probability of the ALD process at zero coverage and Θഥ is the average fraction 

of surface sites reacted with the precursor, 𝑠଴ is the average area of a single surface site, 

𝑣௧௛ is the mean thermal velocity, and 𝑘஻𝑇 is the product of the Boltzmann constant and the 

process temperature.28 

This model can be solved analytically resulting in a solution that depends solely on 

two independent parameters: the Damköhler number, Da, which is a dimensionless number 
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typically used in chemical engineering defined as the ratio of precursor consumption rate 

to transport rate (in m3/s), and a characteristic saturation time, t0, defined as the moles of 

reactive sites divided by the moles per second of precursor inserted in the reactor. 

Eqs. 3 and 4 can be solved analytically for arbitrary pulse shapes. In the particular 

case of a square precursor pulse of partial pressure 𝑝଴, the resulting expressions for the 

average surface coverage and precursor partial pressure in the downstream region are: 

Θഥ ൌ 1 െ ଵ

Da
log ቀ1 ൅ ሺ𝑒Da െ 1ሻ𝑒షDa

೟
೟బቁ (Eq. 5) 

𝑝 ൌ ௣బ

ଵାሺ௘Daିଵሻ௘
షDa

೟
೟బ

 (Eq. 6) 

Here the values of Da and t0 are given by: 

Da ൌ ௌ

ௌబ

ଵ

ସ

௩೟೓ఉഥ

௨ഥ
 (Eq. 7) 

𝑡଴ ൌ
ௌ/ሺ௦బேಲሻ

moles per second
 (Eq. 8) 

Where 𝑆଴ is the cross-sectional area of the reactor and 𝑁஺ is Avogadro’s number. 

Eqs. 5 and 6 allow us to predict the performance of ideal ALD processes in fluidized 

bed reactors similar to what it has been done in the past for cross-flow or spatial ALD 

processes.28  

IV. RESULTS AND DISCUSSION 

A. Al2O3 ALD 

Our initial studies focused on characterizing the Al2O3 ALD process in the fluidized 

bed reactor using pressure measurements and in-situ mass spectrometry. During the 

precursor dosing in the fluidized bed reactor, the partial pressures for TMA and H2O were 
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~1.4 Torr and ~2.3 Torr, respectively (Figure 1). The amount of TMA dosed into the ALD 

reactor, which will be used to calculate the TMA utilization, can be estimated based on this 

TMA partial pressure. The TMA and H2O dose times required to saturate the 10 g Silicycle 

S10040M powder support (total surface area 940 m2) were 24 min and 13 min, 

respectively, based on in-situ mass spectrometry measurements as will be described below. 

 

FIG. 1. Manifold pressures in the fluidized bed ALD reactor for (a) TMA and (b) H2O vs 

time during Al2O3 ALD for the sample 5cAl2O3/SiO2. 

 Figure 2 shows the mass spectrometry data recorded during the synthesis of 

5cAl2O3/SiO2. Figure 2 (a) shows the gas phase species monitored during the TMA dose. 

Species at m/z=16 and m/z=15 were detected during the TMA dose. According to previous 

studies of the Al2O3 ALD reaction mechanism, CH4 is formed when TMA reacts with the 
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hydroxylated (-OH) surface.29 The mass spectrometer cracking pattern for methane in the 

literature shows that the m/z=15 CH3 fragment is ~90% the intensity of the m/z=16 CH4 

parent peak.30 In agreement with the literature cracking pattern, the m/z=16 and m/z=15 

peaks in Figure 2 (a) have the same shape and m/z=15 peak has a slightly lower intensity 

compared to the m/z=16 peak during the initial ~24 minutes of the dose when the CH4 

reaction product is formed. The breakthrough of TMA was observed after 24 min as 

signaled by the appearance of the m/z=57 and m/z=72 peaks which are attributed to the Al-

(CH3)2 fragment of TMA and the parent compound, respectively.31 It is interesting to note 

that, following the TMA saturation at ~24 min, the m/z=15 signal becomes higher than the 

m/z=16 signal in Figure 2 (a). This is because the cracking pattern of TMA, unlike CH4, 

exhibits a larger m/z=15 peak compared to the m/z=16 peak.32 The increase in m/z=15 

relative to m/z=16, as well as the appearance of the m/z=57 and m/z=72 peaks at ~24 min 

in Figure 2 (a), are all signatures of TMA breakthrough indicating saturation of the TMA 

surface reaction on the high surface area silica gel powder. 

The mass spectrum recorded during the H2O dose of the Al2O3 ALD is shown in 

Figure 2 (b). The CH4 byproduct was detected immediately after initiating the H2O dose 

due to the reaction between H2O and surface -Al(CH3)2 species as evidenced by the 

appearance of the m/z=16 and m/z=15 peaks in the expected ratio for CH4. The m/z=16 

and m/z=15 peak intensities dropped as the reaction proceeded indicating the consumption 

of reactive surface species. The breakthrough of H2O (m/z=18) was observed after ~13 min 

at which point the m/z=16 and m/=15 peaks decreased signaling the completion of the H2O 

half reaction for the Al2O3 ALD. The m/z=16 peak persists for slightly longer compared to 

the m/z=15 peak following the H2O breakthrough in Figure 2 (b) since m/z=16 is also a 
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crack of the H2O molecule. As shown in Figure 1, both TMA and H2O were intentionally 

overdosed by ~4 min to ensure completion of the surface reactions. 

 

FIG. 2. In-situ mass spectrometry data recorded for one Al2O3 ALD cycle during (a) TMA 

and (b) H2O doses on 10 g silica gel powder with a total surface area of 940 m2. The start 

of the precursor dose and purge steps are indicated by the vertical dashed lines. 

The TMA precursor utilization, ΛTMA, is defined as the amount of TMA required 

for saturation divided by the amount of TMA supplied. Based on the carrier gas flow rate 

(50 sccm), base pressure (14.5 Torr), and average partial pressure of TMA (1.6±0.3 Torr), 
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the calculated flow rate of TMA is 5.5±0.9 sccm at 40 °C (TMA bottle temperature). Since 

the manifold temperature was 100 °C, the TMA flow rate was 6.5±1.4 sccm at this 

temperature. According to the study by Carlsson et al., the estimated fraction of TMA 

dimer under our conditions was 67%.33 Thus, the total TMA supplied was calculated as 

0.0115±0.0020 mol during the 24 min TMA dose. Assuming the density of Al2O3 is 2.9 

g/ml, the growth thickness after 1 cycle is 2.0 Å,34, 35 and the total surface area is 940 m2 

(surface area data was shown in Table 1, 10 g of SiO2 support was used), the product of 

those three numbers yields the estimated amount of Al2O3 deposited, which is 0.55 g. Thus, 

the amount of TMA required for saturation is 0.0103 mol. The calculated ΛTMA is 

91.8±14.6%, suggesting that nearly all the TMA supplied reacted during the TMA dose 

with little waste. For comparison, our previous study of Al2O3 ALD in a rotary drum reactor 

using 1000 m2 powder yielded a lower precursor utilization of 70%20. However, our rotary 

drum ALD system measured a much shorter TMA saturation time of ~ 1.7 min compared 

to 24 min in the present study for similar powder loadings. The much longer dose time in 

our fluidized bed reactor is due to the low carrier gas flow rate required to maintain a 

manifold pressure below the TMA vapor pressure and to achieve stable fluidization. The 

calculated flow rate of TMA into the fluidized bed reactor is 4.28×10-6 mol/s. In contrast, 

the TMA supply can be faster for the rotating drum by using much higher carrier gas flow 

rates. These higher TMA flow rates can be used without seriously impacting the precursor 

utilization due to the rapid rates of TMA surface reaction and diffusion. 

We can compare these experimental results with predictions from our fluidized bed 

ALD model. In Figure 3 (a), we show the predicted evolution of surface coverage as a 
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function of time for various Damköhler numbers (Da), the ratio of precursor consumption 

to transport rate. As Da increases, the saturation time approaches t0: 

Θሺ𝑡 ൌ 𝑡଴ሻ ൎ 1 െ ଵ

Da
logሺ2ሻ (Eq. 9) 

This indicates that for higher Da, the process transitions from reaction limited to transport 

limited where the saturation time is dictated by the precursor supply rate. Under our 

experimental conditions, we calculate Da ~ 104 for the TMA and H2O reactions indicating 

transport-limited behavior. In Figure 3 (b), we compare the predicted saturation dose times 

(lines) with the experimental saturation times for TMA and water (solid circles). The 

overall agreement is good, with the greatest uncertainty coming from estimating the 

precursor delivery rates which depend on the cross-sectional area of the inlet tubing at the 

position of the pressure gauges and the assumption that the pressure gauge signal can be 

integrated to determine the total number of moles. The two model curves in Figure 3 (b) 

represent the limits in the average area of a surface site required to satisfy an Al2O3 

stoichiometry. A key result from Figure 3 is that the slowdown in surface kinetics 

characteristic of self-limited processes does not significantly reduce throughput in a 

fluidized bed reactor: the model predicts a linear rise in surface coverage with time. 
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FIG. 3. (a) Evolution of average fractional surface coverage with time as predicted by the 

fluidized bed reactor ALD model for increasing values of the Damköhler number, Da. (b) 

Predicted dose times required to achieve saturation as a function of precursor pressure and 

comparison with experimental results presented in this work. 

Figure 4 shows the normalized precursor partial pressure downstream of the 

fluidized bed as a function of time calculated from our model. For Damköhler number 

values Da > 5, the downstream precursor pressure is negligible until a “punch through” is 

observed at the saturation time, t0. This behavior agrees well with the experimental results 

for both TMA and water (Figure 2) and indicates that ALD precursor utilization can be 

high in fluidized bed reactors, especially for chemistries that exhibit relatively high reactive 



18 

 

sticking coefficients such as TMA and H2O (β0 ~ 10-4). Moreover, since Da is proportional 

to the powder substrate surface area, the punch-through transition becomes sharper and the 

precursor utilization increases for larger loadings of powder. This feature is attractive for 

scale-up and is most advantageous for high value precursors such as those used in noble 

metal ALD as will be discussed below. 

 

FIG. 4. Evolution of the precursor partial pressure downstream of the fluidized bed as a 

function of time for increasing values of the Damköhler number, Da. For Da > 5, the model 

predicts negligible precursor downstream until the precursor punches through. The punch-

through time is the saturation time (t/t0 = 1), and the sharpness of the transition increases 

with Da which correlates with higher substrate surface areas. 

Following these initial studies of the fluidized bed Al2O3 ALD process, we 

performed measurements to characterize the Al2O3 overcoated powders. N2 physisorption 

analysis was performed to investigate the surface area and porosity changes after Pt 

impregnation, Pd ALD (discussed below), and Al2O3 ALD overcoating. The adsorption-

desorption isotherms shown in Figure 5 exhibit typical H4-type hysteresis for all the 

samples indicating the presence of mesopores. Table 1 summarizes the surface area, pore 

volume, and pore diameter deduced from the N2 physisorption measurements. The changes 
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in these parameters upon Pt impregnation and Pd ALD are very small suggesting the 

formation of small nanoparticles for both the Pt and Pd. After 5 cycles of Al2O3 ALD 

overcoating, the surface area decreased by 20% for both catalysts, from 94 m2/g to 75 m2/g 

for the Pt/SiO2 and from 118 m2/g to 94 m2/g for the 1cPd/Al2O3. The pore volumes and 

pore diameters also decreased following the Al2O3 ALD overcoating. The average pore 

diameter decreased from 28.9 nm for the Pt/SiO2 sample to 22.6 nm for the 

5cAl2O3/Pt/SiO2 sample. This is a change of 6.3 nm which is larger than the expected 

change of 4 nm based on the 0.2 nm Al2O3 growth per cycle and may indicate some Al2O3 

CVD due to residual H2O. Elongating the purge time after the H2O dose could minimize 

the Al2O3 CVD. Alternatively, performing the Al2O3 ALD at a higher temperature (but 

below the TMA decomposition temperature), or elevating the temperature during the H2O 

purge step would minimize the Al2O3 CVD. We note that the 20% decrease in surface area 

for the 5cAl2O3/Pt/SiO2 sample is larger than our previous surface area measurements for 

ALD Al2O3 on S10040M silica gel powders,16 and this also suggests some Al2O3 CVD. In 

contrast, the average pore diameter only decreased by 0.3 nm for the 5cAl2O3/1cPd/Al2O3 

sample compared to the1cPd/Al2O3 sample suggesting that the very small mesopores do 

not become conformally coated by the Al2O3 ALD for this substrate. It is possible that 

some of the internal porosity is accessible to the N2 molecules used for the physisorption 

analysis but not for the larger TMA molecules used for the Al2O3 ALD. The moisture 

content retained inside the pores of SiO2 and 5cAl2O3/SiO2 was measured by TGA. The 

samples were heated from room temperature to 700 °C and the moisture loss was 5.5% and 

3.7% for the SiO2 and 5cAl2O3/SiO2 samples, respectively. The smaller weight change for 
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the 5cAl2O3/SiO2 is expected based on the lower surface area of this sample as determined 

by the N2 physisorption analysis. 

TABLE 1. N2 physisorption analysis results 

Sample 
Surface area 

(m2/g) 
Average pore volume 

(cc/g) 

Average pore 
diameter 

(nm) 
SiO2 93.7 0.72 27.6 

Pt/SiO2 100.5 0.69 28.9 
5cAl2O3/Pt/SiO2 75.1 0.56 22.6 

Al2O3 118.4 0.26 7.2 
1cPd/Al2O3 120.3 0.24 6.3 

5cAl2O3/1cPd/Al2O3 93.7 0.17 6.0 
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FIG. 5. N2 adsorption-desorption isotherms for (a) 5cAl2O3/1cPt/SiO2 and (b) 

5cAl2O3/1cPd/Al2O3.  Black traces show data for bare substrate, red traces are following 

metal ALD, and blue traces are following 5c Al2O3 ALD overcoating. 

The surface elemental composition of the 5cAl2O3/SiO2, 5cAl2O3/Pt/SiO2, Pt/SiO2, 

and 1cPd/Al2O3 samples were examined using XPS measurements and the results are 

shown in Figure 6. The Al 2p spectra were fit to two symmetric peaks at 73.4 eV and at 

74.8 eV for both 5cAl2O3/SiO2 and 5cAl2O3/Pt/SiO2 in Figure 6 (a) and (b), which are 
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assigned to Al-O and Al-OH, respectively. These results are similar to the study by 

Smyntyna et al. on Al2O3 ALD coated porous silicon.36 Next, the Pt 4f spectrum for sample 

Pt/SiO2 (Figure 6 (c)) was deconvoluted as two doublet peaks at 71.3 eV and 72.8 eV, 

which can be ascribed to Pt metal and PtO, respectively.37 Since Pt was impregnated using 

H2PtCl6, a high resolution Cl 2p XPS scan was performed (Figure 6 (d)). The measured Cl 

content is 0.4 at%. This low chlorine content is desirable for catalytic applications since 

chlorine has an inhibiting effect on catalytic reactions.38 For sample 1cPd/Al2O3, the Pd 3d 

spectrum (Figure 6 (e)) was deconvoluted into five peaks where the highest binding energy 

peak at 346.6 eV is due to plasmons. The peaks at 335.2 eV and 340.5 eV correspond to 

the crystal field split Pd 3d5/2 and 3d3/2 peaks of metallic Pd, whereas the higher energy 

doublet peaks at 337.2 eV (Pd3d5/2) and 342.5 eV (Pd 3d3/2) correspond to PdO.39, 40 

Clearly, the presence of Pd in multiple oxidation states is observed in the 1cPd/Al2O3 

sample. After deconvolution, the F 1s spectrum (Figure 6(f)) contains a peak at 687.5 eV, 

which is assigned to C-F from the -hfac ligands. There is another peak at 684.5 eV, which 

has been previously assigned to Al-F.41 The presence of Al-F suggests the readsorption of 

-hfac ligands on the Al2O3 surface, which will be discussed later. 
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FIG. 6. XPS spectra at Al 2p core level for sample (a) 5cAl2O3/SiO2 and (b) 

5cAl2O3/Pt/SiO2; XPS spectra at (c) Pt 4f and (d) Cl 2p core levels for sample Pt/SiO2; 

XPS spectra at (e) Pd 3d and (f) F 1s core levels for sample 1cPd/Al2O3. 

CO-DRIFTS and H2 chemisorption measurements were performed to evaluate the 

accessibility of the Pt atoms. The DRIFTS spectra following CO chemisorption are shown 

in Figure 7 (a). The peak around 2090 cm-1 was assigned to CO bonded on relatively large 

Pt nanoparticles and the shoulder around 2074 cm-1 was assigned to CO bonded on 

relatively small Pt nanoparticles.42 The intensity of both features for the fresh Pt/SiO2 

catalyst decreased after five cycles of Al2O3 ALD overcoating suggesting that the Pt 

nanoparticles were partially covered by the Al2O3 ALD. The CO IR-DRIFTS absorption 
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signal increases following calcination of the 5cAl2O3/Pt/SiO2 sample suggesting more Pt 

atoms were exposed, which we attribute to the creation of nanopores in the Al2O3 overcoat 

that form when the coating densifies upon heating.8, 43, 44 The purpose for the calcination is 

to re-expose more Pt atoms after the ALD overcoating, since only the exposed surfaces of 

the Pt nanoparticles are catalytically active. The amount of exposed Pt atoms was 

quantified using H2 chemisorption. Similar to the CO-DRIFTS results, the chemisorbed H2 

on the Pt surface decreased from 3.24 to 2.04 µmol/g after 5 cycles of Al2O3 ALD 

overcoating and increased to 2.65 µmol/g after calcination in air, implying that 81% of the 

surface Pt sites were still available for catalysis. Based on the H2 chemisorption 

measurements, the Pt dispersion is 42% and the average Pt nanoparticle size is 3.3 nm.45 

The H2 chemisorption analysis cannot be used to estimate the particle size for the catalyst 

after ALD overcoating since the change in chemisorbed H2 is no longer solely from the 

change in nanoparticle size but also from the Al2O3 overcoat covering the surface Pt atoms. 

However, the Pt/SiO2 catalyst in this study was calcined at 500 °C before the ALD 

overcoating, and we assume the Pt nanoparticles size remains unchanged during the Al2O3 

ALD since the Al2O3 ALD was performed at the much lower temperature of 200 °C. 
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FIG. 7. DRIFTS measurements following CO adsorption on (a) Pt and (b) Pd catalysts. 

Black lines show the initial catalyst, blue lines are following 5 cycles of Al2O3 ALD 

overcoat, and orange lines are after calcination for 1 hour at 500 °C in air. 

The performance of both the Pt/SiO2 and 5cAl2O3/Pt/SiO2 catalysts were evaluated 

using the propane dehydrogenation reaction and the results are shown in Figure 8 (a). It is 

evident from Figure 8 (a) that the uncoated Pt/SiO2 catalyst deactivated dramatically since 
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the propane conversion dropped from 10.5% to 3.9% after 20 h under reaction conditions. 

In contrast, the 5cAl2O3/Pt/SiO2 catalyst was much more stable and the propane conversion 

decreased only slightly from 9.2% to 7.8%. During the 20 h reaction, the propylene 

selectivity remained almost unchanged at 91.2±1.1% for the ALD overcoated catalyst. 

However, the propylene selectivity dropped from 94.4% to 87.7% as the reaction 

proceeded for the uncoated catalyst. According to previous studies, ALD Al2O3 

preferentially binds to the undercoordinated edge and corner sites of Pt nanoparticles, 

which are the sites most likely to form coking species and deactivate.46, 47 Thus, overcoating 

these sites with ALD Al2O3 reduces the coking propensity. Al2O3 overcoats also form a 

physical barrier that prevents Pt nanoparticles from sintering during catalysis. Previous 

studies have shown that more surface Pt sites (both undercoordinated and terrace sites) are 

preserved for ALD overcoated catalysts due to the persistence of smaller Pt nanoparticles 

which enhances the catalyst activity and longevity.9 
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FIG. 8. Time-on-stream propane conversion for (a) Pt and (b) Pd catalysts. Black symbols 

show conversion measurements for the bare catalysts and blue symbols show conversion 

data for the ALD overcoated catalysts. 

B. Pd ALD 
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Next, we synthesized Pd catalysts using one cycle of Pd(hfac)2/HCHO for Pd ALD 

on the Al2O3 powder substrate. The Pd nanoparticle size has been shown to increase with 

ALD Pd cycles, so one ALD Pd cycle was used to produce the smallest Pd nanoparticles.48 

We performed in-situ mass spectroscopy measurements during the Pd(hfac)2 and HCHO 

exposures and the results are shown in Figure 9. During the Pd(hfac)2 dose, signals at 

m/z=44 and m/z=69 were monitored but no significant changes in these signals were 

detected until 55 min after the beginning of the Pd(hfac)2 exposure at which point both 

signals increased and persisted until the end of the Pd(hfac)2 exposure (Figure 9 (a)). We 

assign the m/z=69 to -CF3. This is the largest peak in the cracking pattern for 

hexafluoroacetylacetone (Hhfac) and is also a prominent peak in the cracking pattern for 

Pd(hfac)2.49 The origin of the m/z=44 signal is unclear as this peak is very small in the 

cracking pattern for Hhfac. However, we observed both m/z=69 and m/z=44 when 

Pd(hfac)2 was dosed into an empty reactor implying that they are both indicative of 

Pd(hfac)2 in our ALD system. We tentatively assign the m/z=44 peak to CO2 and note that 

this peak was observed previously during in-situ QMS measurements of Pd ALD.50 

The surface reaction during the Pd(hfac)2 exposure on the Al2O3 powder surface is 

likely to be: 

Al-OH* + Pd(hfac)2 (g) → Al-O-Pd(hfac)* + Hhfac (g) (Eq. 10) 

where the asterisks designate surface species.51 From Eq. 10, we expect that the m/z=69 

signal should appear immediately after the Pd(hfac)2 dose and persist until the precursor is 

shut off since this peak is a crack of both the Pd(hfac)2 precursor and the Hhfac product. 

The fact that no m/z=69 signal was observed until 55 min after the Pd(hfac)2 dose suggests 

that the Hhfac product readsorbed on the Al2O3 surface and this readsorption persisted until 
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all the surface sites were occupied. The -hfac ligands adsorbed on the Al2O3 surface would 

block the adsorption of Pd(hfac)2 in this ALD cycle. George et al. discovered that Hhfac 

readsorbs on Al2O3 through reaction with surface -OH groups to form Al(hfac)* species 

according to:52 

Hhfac + Al-OH → Al-hfac + H2O (Eq. 11) 

In summary, we attribute the appearance of m/z=69 and m/z=44 signals after 55 

min in Figure 9 (a) to the breakthrough of Pd(hfac)2 following saturation of Eqs. 10 and 

11. 

Figure 9 (b) shows the QMS data recorded during the HCHO exposure. The surface 

reaction during the HCHO exposure for Pd ALD is believed to be:51 

Pd(hfac)* + HCHO (g) → Pd-H* + Hhfac (g) + CO (g) (Eq. 12) 

Signals were detected immediately for m/z=69 and m/z=44 upon initiating the HCHO 

exposure and these signals persist until the HCHO is turned off. In addition, the m/z=69 

signal rises to a maximum at ~77 min and then decreases steadily until the purge begins at 

~92 min. The m/z=44 shows similar behavior although the trend is less clear due to the 

larger baseline. These results support our hypothesis that the m/z=69 and m/z=44 signals 

derive from the Hhfac product. 

There is a slight delay between the start of the HCHO exposure and the appearance 

of signal at m/z=30, one of the strongest peaks for HCHO.53 This phenomenon has been 

observed previously, which is probably due to a very slow reaction rate of HCHO to 

remove the hfac ligands.50 If the HCHO reaction rate is sufficiently slow on the Pd(hfac)* 

terminated surface, then the concentration of HCHO vapor in the reactor will not be 
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reduced significantly during the reaction and the HCHO peak will be observed 

continuously throughout the dose. The HCHO dose was turned off for 6 min between ~92 

and 98 min (marked as “purge” and “dose” in Figure 9 (b)). During this time, the m/z=30, 

m/z=69 and m/z=44 signals all decreased. However, when the HCHO dose was turned on 

again at ~98 min, the m/z=69 signals increased to a much smaller level than during the start 

of the HCHO dose at ~77 min. The m/z=69 and m/z=44 signals are not part of the HCHO 

cracking pattern,53 and we attribute these persistent signals to the reaction of HCHO with 

Pd(hfac)* species on the walls of the mass spectrometer vacuum chamber. In summary, we 

believe that the peak in the m/z=69 signal at ~77 min is the most reliable metric to monitor 

saturation of the HCHO reaction on the Al2O3 powder during the Pd ALD. The XPS 

measurements in Figure 6 (f) suggest the existence of fluorine impurities after 1 cycle of 

Pd ALD. These impurities may hinder precursor adsorption during the following Al2O3 

ALD thereby reducing the Al2O3 growth per cycle.  
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FIG. 9. Mass spectrometry data of one Pd ALD cycle during (a) Pd(hfac)2 and (b) HCHO 

dose. 

After synthesizing the Pd catalysts, we performed DRIFTS measurements of CO 

chemisorption (Figure 7 (b)). Three CO vibrational bands at 2090, 1974, and 1930 cm-1 are 

observed, which can be assigned to linear-adsorbed CO on (111) facets of Pd particles, 

bridge-adsorbed CO on undercoordinated sites and facets other than the (111) facets of Pd 

particles, and bridge-adsorbed CO on the (111) facets of Pd particles, respectively.54 
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Similar to the Pt catalysts, the intensity of all three bands for the fresh 1cPd/Al2O3 catalyst 

decreased after five cycles of Al2O3 ALD overcoat suggesting that the Pd nanoparticles 

were partially covered by the Al2O3 ALD. The IR intensity was partially restored upon 

calcination indicating the formation of nanopores in the overcoated Al2O3 layer exposing 

new Pd surfaces.43, 44 For the uncoated Pd catalyst, the peak at 1974 cm-1 was much stronger 

than the peak at 1930 cm-1. However, the intensities of both peaks were similar after ALD 

overcoating and calcination suggesting the Al2O3 deposited preferentially at corners, steps, 

and edges of the Pd nanoparticles while leaving the catalytically active Pd (111) facets 

accessible. This phenomenon indicates that Al2O3 ALD initiates nonuniformly on the Pd 

surface which may decrease the Al2O3 ALD growth per cycle.  

The performance of the Pd catalysts without and with ALD overcoat was evaluated 

using the propane dehydrogenation reaction as shown in Figure 8 (b). The propane 

conversion for the uncoated Pd catalyst dropped significantly from 10.2% to 4.6% within 

the first 20 min and further decreased to 2.4% after 20 h due to rapid coke formation and 

Pd nanoparticle sintering. With 5 cycles of Al2O3 ALD overcoat, the catalyst still 

deactivated but at a much slower rate, from 11.0% to 3.3% after 20 h under reaction 

condition. The overcoated Pd catalyst maintained a higher propane conversion suggesting 

more active Pd sites were preserved possibly due to less coke formed and the retention of 

smaller Pd nanoparticles. 

V. CONCLUSION 

In this work, fluidized bed ALD was applied to prepare overcoated catalysts on 

decagram quantities of powder substrates. The chemistry and saturation for both Al2O3 and 

Pd ALD were studied by in-situ mass spectrometry. The breakthrough of TMA and H2O 
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was used as an indicator for reaction saturation during the Al2O3 ALD and the TMA 

precursor utilization was 91.8±14.6%. We believe this is the first study comparing in-situ 

measurements with analytical predictions of precursor saturation. The predicated saturation 

time from our modeling match well with the experimental results and the precursor 

utilization of ALD under a fluidized reactor configuration is very high. In the Pd ALD 

study, the absence of -hfac ligands after the initial Pd(hfac)2 dose was observed, which 

suggests the -hfac ligands could readsorb on Al2O3 surface until all the surface sites were 

occupied with the yield of both Pd(hfac)* and Al(hfac)* surface species. Propane 

dehydrogenation was used as a probe reaction for the Pt and Pd catalysts. It was 

demonstrated that the activity for both catalysts was significantly improved after Al2O3 

ALD overcoating, confirming the ability of fluidized ALD to synthesize active and stable 

powder catalysts. 
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