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CHAPTER 1. INTRODUCTION

1.1 Background: Sintering of Metal Catalysts

Supported-metal catalysts are widely utilized in industrial reactions %, however,
many isolated metal sites or nanoparticles are not stable and seriously experience
deactivation at high temperatures due to sintering 5. There are two known sintering
mechanisms: Oswald ripening (OR) and particle migration and coalescence (PMC) >¢. OR
happens when the larger particles absorb atoms from small particles due to the difference
in surface energy, while the route of PMC is that small particles migrate and collide with
each other, followed by the formation of larger crystallites. It is generally believed that at
the early stage of sintering, PMC dominates. Once the particle size reaches a certain level,
the migration of large particles is less favored, and the growth is mainly due to OR °.
Sintering is one of the major reasons for catalyst deactivation because it leads to a loss in
the active metal surface area, an increase in pore size, and a decrease in reaction activity 7.

One significant example of catalyst deactivation due to sintering is the platinum
group metals used as the Three-Way Catalysts (TWC) in the automotive catalytic
converter 810, To remove the unburned carbon monoxide (CO), hydrocarbons (HC), and
nitric oxides (NOx) released from the internal combustion engine, the catalytic converter
that has Pt, Pd, and Rh catalysts is used to convert CO, NOx, and hydrocarbons to COz,
N2, and water through a series of oxidation and reduction reactions ''. However, the TWC

needs to be exposed to the oxidizing and reducing environment periodically at high



temperatures (>1073 K), which can cause severe sintering of the metal particles. Fresh Pd
particles with an average size of <5 nm can grow to huge crystallites that are much larger
than 100 nm after the high-temperature treatments 1213, It has been reported that only 1-
2% of Pd in the catalytic converter remained at the surface of the particles after 100 k

equivalent miles of the catalyst aging 2.

1.2 Motivation: Uniqueness of “Intelligent” Catalysts

To prevent sintering, researchers have been working on the supports that can
stabilize the metal particles . The main approaches include the anchor of metal particles
by the strong metal-support interaction, encapsulation of metal particles by a metal oxide
layer, and fixation of metal particles in mesoporous materials and zeolite cages. Among
all these studies, a unique solution, sometimes referred to as “intelligent” catalysts, was
first proposed in 2001 by researchers at Daihatsu '>7. The principle in developing this
kind of material is that metal cations (Pt, Pd, and Rh) can incorporate into a perovskite
lattice (ABOs) under oxidizing conditions, then exsolve as reduced metal particles under
reducing conditions. Because the exsolved particles are very small, the catalysts are self-
regenerative upon redox cycling at high temperatures.

The most significant advantage of “intelligent” catalysts is that the dispersion of
metal particles can be maintained high after high-temperature treatments. The example
given by the Daihatsu group is that Pd exsolved from LaFeossPdoosOs lattice could be

stabilized as 1-2 nm particles even after engine aging at 1173 K, while Pd supported on



conventional high-surface-area Al:Os support would sinter to 120-nm particles after the
same treatment. The same sinter-resistance performance was also observed on Pt and Rh
particles exsolved from Titanate perovskites 1¢.

Following the ground-breaking Daihatsu work, many groups have investigated
the ex-solution of transition metals from different perovskite hosts to synthesize stable
catalysts for various applications. Besides simply stabilizing the dispersion, some other
interesting catalytic properties were observed over these “intelligent” catalysts.

First, Ni particles exsolved from perovskite lattice showed excellent coking
resistance when exposed to hydrocarbons at different conditions '¥2%. One possible
explanation is that large Ni particles are more prone to whisker formation compared to
small ones %, and “intelligent” catalysts provide the opportunity to keep the Ni particles
small under the harsh conditions of reforming reactions. Chai et al. demonstrated that
metallic Ni could exist in 2.5-nm particles after a reduction of Lao.4sSro34Ti09Nio10s at 950 °C,
showing no growth of carbon fiber under conditions of Methane Dry Reforming at 700 °C
with CHu:CO2=2:1 .

However, particle size alone cannot explain the coke resistance of exsolved Ni
particles under some other conditions. For example, Neagu ef al. reported that 20-nm Ni
particles formed by high-temperature reduction of the LaosSrosNiyTii-yOs-y also did not
form carbon fibers when exposed to 20% CHas/H2 at 800 °C for 4 h, while similarly sized
Ni particles prepared by vapor deposition on a LaosSro4TiOs substrate did form large

amounts of carbon 2. The authors believed that the strong interaction between the

3



exsolved Ni particles and the parent perovskite had anchored the particles and formed a
socketed structure 3. Since Ni particles were embedded into the perovskite, the growth of
fibers from the interface between Ni and support appears to be suppressed. With
increased reduction temperature, the authors reported the formation of larger particles
(~80 nm) that did promote carbon growth, perhaps indicating that the interaction between
exsolved particles and the parent oxide becomes less important at larger particle sizes. A
similar observation was also reported by Otto et al. on Ni exsolved from
LaosCa04Nio2TiosO29 2. In methane temperature-programmed reduction, carbon fibers
started to grow on the Ni particles after reduction at 900 °C, which suggested that larger
Ni particles were less affected by the support.

The other unique catalytic behavior found over “intelligent” noble metal catalysts
is that there is a significant change in CO adsorption properties, which can change the
reaction order for CO oxidation. For precious metal catalysts used for the TWC, CO
oxidation is often examined as a probe reaction. On nonreducible supports, the reaction
is structure insensitive; and the rate is known to be directly proportional to the surface
dispersion of active metal particles, following a Langmuir-Hinshelwood mechanism. In
excess CO, rates over Pt, Pd, or Rh supported on inert oxides show an inverse, first-order
dependence on CO, with an activation energy close to 26 kcal/mol, a value that is equal to
the heat of CO adsorption 35%. It is well known that the CO poisoning of exposed metal

surface in CO oxidation prevents the adsorption of Oz, further inhibits the reaction.



Singh et al. reported that a Pd-doped BaCeO:s catalyst (BaCeo.90Pdo.1005-5), in which
Pd could reversibly enter the perovskite host, showed comparable rates for CO oxidation
as dispersed Pd on AL:Os, even though it had a much lower surface area. The authors
pointed out that PA(II) in the lattice was the active phase for the reaction ¥, but the most
interesting observation from this work was that the reaction order in CO over
BaCeo.90Pd0.1003-s was zero under CO-rich conditions. This implies weaker adsorption of
CO. The authors further argued that the oxygen storage capacity of BaCeOs increased
dramatically when Pd was added so that the oxygen vacancies on the perovskite surface
allowed independent O2 activation without the competition of CO adsorption *.

In another example, it was also reported that Pd-doped LaFeOs showed only half
of the activation energy over Pd/ALOs for CO oxidation ¥. For the doped sample, the
reaction order in CO was found to be positive. Also, the activation energy was
independent of the CO:O: ratio, whereas the order in CO was negative for the
impregnated Pd on LaFeOs. The activation energy increased monotonically as the CO
partial pressure increased. The impregnated sample behaved more like a conventional Pd

catalyst, while Pd doped in LaFeOsshowed clearly different CO adsorption properties.

1.3 Limitations of Bulk “Intelligent” Catalysts
Although “intelligent” catalysts can exhibit such interesting behaviors, there are
several significant limitations that prevent the potential of this kind of catalyst from being

fully realized. Conventional bulk perovskite materials are usually synthesized using the



sol-gel method or other similar ways. To form pure crystallites of perovskite without
contaminants of single-component oxides or carbonates, calcination at high temperatures
is required at the find step of perovskite synthesis. Even when high-surface-area
perovskites are prepared, they must remain catalytically and mechanically stable under
very harsh conditions since they need to experience redox cycles at temperatures above
1273 K for TWC applications. However, such conditions usually cause the surface area of
a perovskite material to drop to less than 1 m?/g. In contrast, conventional catalytic
supports, such as A2 Os, MgAL:Os, and SiO2, can have stable surface areas of more than
100 m?/g after calcination at 1173 K. Furthermore, these supports are less sensitive to redox
cycles. Therefore, the low surface areas of bulk perovskite materials will, in turn, lead to
lower activity of the “intelligent” catalysts.

Along with the low surface areas, the crystallite sizes of bulk perovskite materials
are generally large, often more than 100 nm. As a result of that, the kinetics for metal
particles to ingress into and egress out of the perovskite lattice will be slow. The
mechanism of ex-solution has been carefully studied using Scanning Transmission
Electron Microscopy (STEM) by the Pan group. They pointed out that metal atoms will
first form particles in the bulk, then egress to the surface >3, Because of this, they raised
questions about the accessibility of reduced metal particles. For example, in a study of Pt
doped in CaTiOs, they showed that Pt cations could only move a few nanometers under
reducing conditions at 1073 K. Most of the reduced Pt particles remained in the bulk

without having access to gas phase reagents. This observation was later confirmed by Kim
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et al. over the Lao2Sro7TiosNio10s-» system. The majority of “exsolved” Ni particles were
found in the bulk, even after reduction at 1173 K for 12 h, while only a few particles were
on the surface available for reaction .

In addition to slow kinetics, questions have been raised whether ex-solution is
reversible. Indeed, unlike the original suggestion that metal atoms can reversibly go in
and out of the lattice, it was found that the dissolution of particles is not 100% reversible
for most of the systems. A good example of the irreversibility is Rh doped in CaTiOs .
After aging with a final step of oxidation, ~90 % of Rh was found on the surface of
perovskite crystallites with an average size of 10 nm. Presumably, the particles that remain
on the surface keep growing. With time, the advantages of an “intelligent” catalyst are

lost as the aging time and the number of redox cycles increases.

1.4 High-Surface-Area, Thin-Film Supports Prepared by ALD

One possible solution to increase the perovskite surface area and decrease the
length scale for ingress and egress of metal particles is to make thin films of perovskites
on an inert, high-surface-area substrate. The thin films can then be used as the supports
for the metal catalysts. The interaction between the metal particles and the perovskite
films may stabilize the metal particles in the same way as occurs with bulk “intelligent”
catalysts.

In this thesis, I used Atomic Layer Deposition (ALD) to grow thin films with

precise control. ALD is unique among thin-film deposition techniques in that it can be



applied to porous materials. The principle behind ALD is that organometallic precursor
vapors can react with sites on a substrate surface. Since the adsorption of precursor
ligands is self-limiting, reaction stops at one monolayer. After removing excess precursor
by evacuation or purging with an inert gas, the adsorbed precursor is oxidized. Films of
varying thickness can be prepared by repeating the adsorption-oxidation cycle, and the
loading of each oxide can be precisely controlled by the number of ALD cycles. In my
work, this procedure resulted in uniform, conformal films for the oxides deposited.
Assuming the films are dense, the physical properties of the films should be the
same as the bulk perovskites; therefore, film thicknesses can be determined from the
weight loading of the perovskite. For example, a 1-nm, uniform film of LaFeOs (density
of 6.65 g/cm?®) on a 120-m?/g substrate results in a sample with 0.8 g of LaFeOs per gram
substrate. The specific surface area of the sample is expected to drop from 120 m?/g to 67
m?/g (120/1.8) after the deposition due to the increased mass of the sample. Based on this
simple calculation, one can also see that the film thickness is limited to ~1 nm in order to

maintain a high surface area.

1.5 Scope of the Thesis
This thesis has 8 chapters. Chapter 2 describes the experimental methods used
throughout the thesis, including catalyst synthesis methods and characterization

techniques.



Chapter 3 talks about the preparation of six high-surface-area functional oxide
supports using ALD. The resulted ALD films had similar surface area areas and surface
morphologies, and I set out to study the support effects over Pd catalysts for CO and CHa
oxidation reactions. The growth rates and physical properties of the ALD films
investigated here provide a solid foundation for the preparation of perovskite thin films.
The different support effects observed over the Pd-functional metal oxide systems
indicated the importance of metal-support interactions for catalytic properties.

In Chapter 4, Pt supported on 0.5-nm LaCoO:s films on MgAL:Os was investigated,
with a focus on catalytic properties. The ALD catalyst showed similar catalytic behavior
to bulk “intelligent” catalysts. It exhibited self-regenerative activity for CO oxidation and
Water-Gas-Shift (WGS) reaction upon high-temperature oxidation and reduction. The
reaction order in CO was measured under conditions of different CO:O2 ratios. Similar to
what had been found over the bulk BaCeosPdo1Os sample, the reduced
Pt/LaCoOs/MgAl:0sshowed a reaction order near zero in CO and no CO chemisorption
at room temperature. We also found unique selectivities for Pt/LaCoOs/MgALQOs, given
that the reduced catalyst showed superior activity for CO oxidation but exceptionally low
activity for toluene hydrogenation. The ability to turn on one class of reaction while
turning off the other gives the ALD “intelligent” catalyst interesting potential for selective
reactions in some catalytic applications.

Because LaCoO: itself is unstable to the high-temperature reduction, to further

study the structure of the supported metal and the reasons behind the unique catalytic
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Table 7.1: Properties of samples used in this chapter. The oxygen uptakes (and extent of
Ni reduction) were measured at 1073 K on samples after the following pretreatments:
reduction in dry Hz at (1) 1073 K, reduction in dry Hz at 1073 K followed by oxidation in
dry air at (2) 973 K, (3) 873 K, and (4) 773 K.

pumol O/g uptake (Ni reduction extent)
BET S.A. | Niloading (+ 20 umol)
+3 m?/ +0.1%
e | C g [ e | e | e
_ 720 0 0 50
Ni/MAO 115 4.8 &0 | o) 0%) (6%)
) 870 90 500 760
Ni/LFO/MAO 55 4.9 (100%) (10%) (57%) (87%)
. 200
1-Ni/LFO/MAO 58 0.9 (100%)
LFO/MAO 61 - (6_(;

XRD patterns for the oxidized and reduced Ni/LFO/MAO and Ni/MAQO samples
are shown in Figure 7.1. As discussed earlier, the diffraction patterns here were obtained
on samples that had undergone five oxidation and reduction cycles at 1073 K in order to
improve crystallization of the films. Results for Ni/LFO/MAO are reported in Figure 7.1
(a), with the pattern for Mg Al2Os shown for comparison. Besides the peaks associated with
MgAIL:QOs, the dominant diffraction peaks on the Ni/LFO/MAOQO sample after the five redox
cycles were those associated with the perovskite phase. These features did not change
significantly with oxidation or reduction, and an estimate of crystallite size based on the
width of the peaks, using Scherrer’s Equation, gave values between 9 and 12 nm. More
significantly, the reduced sample showed small peaks at 44° and 51° 20 for metallic Ni,
with a particle size of 10 nm. Compared to normal Ni, the peak positions for metallic Ni

on Ni/LFO/MAO were shifted 0.4° to lower angles. This lattice expansion, from 352.4 pm
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region near the bottom of the image that may be Ni-rich. Despite the harsh redox cycling,
there is no evidence that either the Ni or the LaFeOs had agglomerated into large particles.
For the reduced sample, there is some indication of Ni and LaFeOs agglomeration, shown
in Figure 7.3, although this may also be due to roughness in the sample. There is clearly
overlap in the locations of Ni, La, and Fe. By contrast, the formation of distinct Ni particles

is more obvious on reduced Ni/MAO after the same treatment, as shown in Figure 7.4.

Figure 7.2: High-angle annular dark-field STEM image and EDS maps of Mg, Al La, Fe
and Ni on oxidized Ni/LFO/MAO after 5 redox cycles, taken from the region indicated by
the green box.
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Figure 7.3: High-angle annular dark-field STEM image and EDS maps of Mg, Al, La, Fe
and Ni on reduced Ni/LFO/MAO after 5 redox cycles, taken from the region indicated by
the green box.

Figure 7.4: High-angle annular dark-field STEM image and EDS map of Ni on reduced
Ni/MAO after 5 redox cycles, taken from the region indicated by the green box.

7.3.2 Thermodynamic Measurements
The total amount of oxygen that could be added or removed from the Ni-

containing samples after reduction or oxidation at 1073 K was measured by flow titration
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and the values are listed in Table 7.1 (Column (1)). For these experiments, the samples
were reduced in dry Hz at 1073 K, after which the amount of Oz required to completely
oxidize the samples at 1073 K was measured. As expected, there was no reduction of
MgAlLQOs; but an uptake of ~60 pmol O/g on the reduced LFO/MAO was observed. This
indicates that the reduced perovskite phase had a stoichiometry of LaFeO:zss.
Thermodynamic measurements of Sr-doped LaFeOs would suggest a similar reduction of
Fe under these conditions #¢. By contrast, the oxygen uptakes on the reduced Ni/MAO,
Ni/LFO/MAO, and 1-Ni/LFO/MAO, samples were 720, 870, and 200 umol O/g,
respectively. For samples with 0.9-, 4.8-, and 4.9-wt% Ni, the reaction of Ni to NiO would
require 150, 820 and 830 pumol O/g, respectively. Therefore, the oxygen uptakes on the
Ni/LFO/MAO and 1-Ni/LFO/MAO samples are in reasonable agreement with those
expected for oxidation of both the Ni and LaFeOs phases. The fact that oxygen uptakes
increased proportionally with Ni content also excludes the possibility that Ni is catalyzing
reduction of the perovskite. The somewhat lower oxygen uptake on Ni/MAO may
indicate that some of the Ni had reacted with the MgAI:O4 and was unable to reduce back
to the metallic state at these conditions.

In the previous investigation of Pt, Pd and Rh supported on LaFeOs/MgAlLQs, it
was found that reduction or oxidation at temperatures below 1073 K was ineffective for
activating or deactivating the catalyst. To explore the effect of pretreatment temperature
on Ni/LFO/MAO and Ni/MAO, we measured the oxidation state of pre-reduced samples

after oxidation at intermediate temperatures. The catalysts were first reduced at 1073 K,
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after which they were oxidized in dry air for 30 min at either 973, 873, or 773 K. The sample
temperature was then raised to 1073 K and the oxidation state measured by flow titration.
As shown by the data in Table 7.1 (Columns (2) to (4)), the Ni/MAO catalyst could be fully
oxidized at 773 K. By comparison, most of the Ni in the Ni/LFO/MAO remained in the
reduced state after oxidation at 773 K. Oxidation was incomplete even after heating in
flowing air at 873 K. The increased difficulty of oxidizing the LaFeOs-containing sample
suggests that oxidation of the Ni involves some interaction with the perovskite.

To explore the chemical potential at which oxidation occurs, this work specifically
investigated the thermodynamics of oxidation in these catalysts using equilibrium
measurements. Data for the redox reaction on the Ni/MAOQO catalyst at 1073 K are shown
in Figure 7.5. Because the Ni remained completely reduced for all H2:H20 ratios that we
could access in the flow-titration apparatus, these measurements were performed by
coulometric titration, starting from the reduced sample. After flowing a mixture of 5%
H:0, 10% H:, and 85% He over the sample for 30 min and then allowing the system to
come to equilibrium, the measured PO: was 10 atm. The POz increased only slightly,
from 10-¢ atm to 10-®* atm, upon the addition of the first 700 pmol O/g to the sample but
then increased rapidly after the Ni was completely converted to NiO. The fact that the PO:
remained constant during the oxidation process is consistent with equilibrium being
established between Ni and NiO. The amount of oxygen required to completely oxidize
the metallic Ni in coulometric titration agreed well with the value obtained in the flow-

titration measurements in Table 7.1. Tabulated data for oxidation of bulk Ni would

154



predict that the POz should be 10 atm at 1073 K when both Ni and NiO are present in
equilibrium. This is indicated by the dotted line in the plot. The difference between the
measured POz for the Ni/MAO catalyst and tabulated data is relatively small but may be
real. There are reports that the oxidation potential for a metal can shift to lower PO:with
particle size due to the effects of surface energy '* or interactions with the support 7. The
change in the equilibrium PO: with the extent of Ni oxidation could indicate that there is

a distribution of environments for the Ni.
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Figure 7.5: Oxidation isotherm obtained using coulometric titration for Ni/MAO at 1073
K (cross). The dotted line is the equilibrium value for bulk Ni.

The data for LFO/MAO were obtained using coulometric titration at 1073 K,
shown in the original publication . The amount of oxygen removed in coulometric

titration agreed reasonably well with the reduction reported in Table 7.1. Results from
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Figure 7.6: Oxidation isotherms obtained using flow titration for Ni/LFO/MAO at 973 K
(red) and at 1073 K (black) at 1073 K.

By itself, the change in AH is not sufficient to explain the five order-of-magnitude
shift in Knio. The magnitude of -AS must also decrease, from 180 J/mol-K to 140 J/mol-K. A
similar decrease in -AS was reported for oxidation of the mixed oxide, CeyZriyO,,
compared to pure CeO: '*. The authors of that study argued that the decreased entropy
change was due to a decrease in the number of identical lattice positions that could
accommodate the oxygen atoms of the mixed oxide. Similar arguments may explain the
changes for Ni on the LFO/MAOQO support. If Ni was constrained at the surface, such as
what would occur in a two-dimensional film, the possible locations for oxygen atoms

would decrease.
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The data in Figure 7.7 show a nearly stepwise transition from active to inactive
states at approximately 873 K. It is important to note that this large change in activity was
completely reversible upon changing the reaction temperature between 873 K and 923 K.
The conversions reported in the plot were stable over the period of at least several hours
and did not depend on whether the experimental condition was approached from the
high- or low-temperature side, so that the large change in conversion between points
marked A and B was not due to an irreversible process, such as coking or sintering of Ni
particles. As discussed in the Experimental Methods section, it is important to recognize
that correlations of the flow conditions in our tubular reactor indicate that mixing will be
sufficiently large to allow the reactor to be treated as a Continuous Stirred Tank Reactor
(CSTR) . This implies that all parts of the catalyst bed will be exposed to the product
composition.

The following observations demonstrate that the dramatic drop in conversions on
the Ni/LFO/MAO sample at ~873 K is due to surface oxidation of the Ni. First, the
equilibrium constant for Ni oxidation on this catalyst can be extrapolated from the
measurements in Figure 7.6 and Equation 6. Values for Ky%, in the temperature range at
which the rates showed a precipitous drop are reported in , using Kyiy of 1085 atm at
1073 K and -AH of 320 kJ/mol Oz. Table 7.3 also shows the PO:established by the reaction
conditions, calculated from the CO2:CO ratio in the products, shown in Figure 7.9,
assuming equilibrium for CO + %20, = CO,. Table 7.3 demonstrates that the conditions

established by the reaction at points A and B in the plot are very close to the equilibrium
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conditions at which NiO should form. At higher temperatures, the PO: established by the
reaction are significantly lower than Kyf,, which implies that the Ni should remain
metallic. Second, additional evidence for deactivation being due to Ni oxidation came
from the fact that, in the region of points A and B, small changes in the GHSV caused large
changes in the conversions. For example, starting from point B, small increases in the total
feed flow rate led to a precipitous drop in the conversion due to a decrease in the CO2:CO

ratio and subsequent deactivation due to oxidation of the Ni.

Table 7.3: The extrapolated Knio? for Ni oxidation on the Ni/LFO/MAQO samples together
with the calculated PO: from the MDR reaction.

Extrapolated Ky% Calculated Log PO: for the
Temperature (K) X . .
from thermodynamic data reaction conditions.
923 -24.0 -24.8
903 -24.8 -25.4
893 -25.3 -25.4
883 -25.7 -25.1
873 -26.2 -22.4
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Figure 7.9: Steady-state conversions of CHs (green) and CO:2 (red) for MDR over 0.1-g
sample of Ni/LFO/MAQO, and the corresponding product distributions, CO (blue triangle)
and H: (red triangle). The feed concentration was 5% each for CHs and CO2 in He and the
total flow rate was kept constant at 100 mL/min.

To provide additional evidence that the drop in activity at lower temperatures in
Figure 7.7 is due to Ni oxidation, the MDR reaction was performed at 873 K (the
temperature of point “A” in Figure 7.7) while varying the CH4:CO: ratio in the feed. For
these experiments, the CHa partial pressure was fixed at 5% and the CO: partial pressure
was decreased while maintaining a constant GHSV. As shown in Figure 7.10, the catalyst
was essentially inactive when the ratio of CH4:CO:2 was 1, but the conversions of both
reactants rapidly increased when the ratio was raised above approximately 1.67. At this

point, the CO:z conversion increased to 80%, leading to a CO:CO: ratio of 5 and a PO: of

164



100 p——y y y y — 100
3 O L
e

g 80 O \ 1%° (]
N O e NO
=

S 60 460 O
2 =
s » - g
= 40} o—© 440 Z
Q =
& 1 =
= 20} 120 <
> | A | <&

0 in-”. [ ™ 'l 2 2 2 [l 0
1 2 3 4 5

CH 4:CO 3 Partial Pressure Ratio

Figure 7.10: Steady-state conversions of CHa (green) and CO: (red) for MDR over 0.1-g
sample of Ni/LFO/MAO at 873 K. The total and CH4 flow rates were fixed at 100 mL/min
and 5 mL/min, respectively, while CO: flow rate was varied to adjust the CH4:CO: ratio.
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Figure 7.11: Steady-state conversions of CHa (green) and CO: (red) for MDR over 0.1-g
sample of Ni/LFO/MAO at 883 K. The total and CHa4 flow rates were fixed at 100 mL/min
and 5 mL/min, respectively, while CO: flow rate was varied to adjust the CO2:CHa ratio.
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CHAPTER 8. CONCLUSIONS

Sintering is one of the most severe deactivation mechanisms of metal catalysts
used in high-temperature applications, e.g., automotive catalytic converters. It was
reported that perovskite materials could stabilize the metal particles according to the
mechanism of ex-solution; however, the large crystallite sizes and low surface areas of the
bulk perovskite materials have limited the practical application of this concept.

ALD allows the preparation of high-surface-area thin films of functional supports.
Chapter 3 demonstrates that the 0.5-nm films of metal oxides on y-Al:Os had better
uniformity and thermal stability than the supports prepared by the conventional
impregnation methods. The films of various metal oxides were used as the supports for
Pd catalysts, and the support composition effects for CO and CH4 oxidation over Pd
catalysts were investigated systematically. This study showed that ALD could be used to
fabricate high-surface-surface supports for heterogeneous catalysts and that good contact
between the support and the metal particles could lead to strong metal-support
interaction.

In Chapter 4, a Pt catalyst supported on 0.5-nm LaCoO:s films was studied. XRD
showed that the films exhibited the perovskite structure after redox cycling at 1073 K and
STEM/EDS data demonstrated that the films covered the substrate uniformly. Similar to
the metals doped in bulk perovskite supports, ALD catalysts prepared with 3-wt% Pt
showed that the Pt remained well dispersed on the perovskite film, even after repeated

oxidations and reductions at 1073 K. Pt catalyst supported on LaCoO:s films showed self-
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regenerative activity for CO oxidation and WGS reaction with no deactivation upon redox
cycling. Unfortunately, STEM data suggested that the LaCoOs was not stable to high-
temperature reduction, with reversible segregation of Co being observed in EDS.

LaFeOs, with better thermal stability, was chosen as the support for Pt catalysts in
further investigations. In Chapter 5, evidence for the preferential alignment of Pt particles
on LaFeQ:s films is reported. Pt particles were epitaxially aligned with respect to the
underlying LaFeOs following oxidation at 1073 K, and there was a reorientation of the Pt
after reduction at that temperature. Interactions with the support in this case stabilized
the Pt in the form of 1 to 2-nm particles, even after repeated oxidation and reduction
treatments at 1073 K. The catalyst, again, showed self-regenerative properties. It was
found to switch between “active” and “inactive” states for CO oxidation after high-
temperature reduction or oxidation and showed hysteretic behavior, i.e., only high-
temperature oxidation and reduction could activate and deactivate the catalyst. The
properties of Pt were affected by the metal-perovskite interaction, as demonstrated by the
fact that CO adsorption is suppressed, and both the reaction order and activation energy
for CO oxidation are affected.

In Chapter 6, a comparison of Rh, Pd, and Pt supported on LaFeOs films was
reported to demonstrate the differences in metal-LaFeOs interaction strength. DFT
computational calculations showed that Rh has the strongest binding energy to the
LaFeOs surface, followed by Pt and Pd. Experimental observations were consistent with

the calculations, showing that, after 5 redox cycles at 1073 K, the Rh particles could be
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stabilized as 1-nm particles, and Pt particles under 5 nm, while Pd showed significant
agglomeration. The differences in metal-support interactions also affected the catalytic
activity of the metal. For Pd on LaFeOs, due to the weakest binding energy, the catalyst
could be activated after reduction at 573 K or 773 K; but for Rh, even 1073-K reduction
could not fully activate it for CO oxidation reaction. By measuring the oxygen uptakes for
each sample after reduction, I found that the amount of reduction for metals supported
on LaFeOs films was much higher than what occurred with pure LaFeO:s films or with the
metals on non-reducible supports, implying that metals can induce the reduction of the
LaFeOs phase. The equilibrium oxygen isotherms measured using coulometric titration
further supported the hypothesis that LaFeOs phase was involved in the surface
reconstruction of the sample during redox cycling. The equilibrium oxidation PO2 of Rh
and Pd metals were shifted towards lower values in the presence of the LaFeO:s films.

As shown in Chapter 6, metal-perovskite interactions can affect the
thermodynamic properties of supported metal catalysts. Very promising results were also
obtained in a thermodynamic and catalytic investigation of 5-wt.% Ni on thin LaFeOs
films, demonstrated in Chapter 7. LaFeOs was found to be stable to redox cycling and
showed strong interactions with Ni. The strong Ni-LaFeOs interactions further led to
excellent tolerance against coking. The presence of LaFeOs was found to shift the
equilibrium constant, Knio, of the reaction Ni+ ¥202=NiO, to significantly lower POz, which

in turn affected the conditions under which Ni could be used as a steam-reforming
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catalyst. The shift in equilibrium caused deactivation due to Ni oxidation at low CO:CO2
ratios, and reactivation at high CO:CO:ratios.

Overall, the work in this thesis showed that how the metal-support interactions
would affect the physical, catalytic, and thermodynamic properties of metals supported

on perovskite thin films prepared by ALD.
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