Characterization and Kinetic Studies of Palladium and
Rhodium Catalysts in the Three-Way Catalyst System

A
Dissertation

Presented to
the faculty of the School of Engineering and Applied Science
University of Virginia

in partial fulfillment
of the requirements for the degree

Doctor of Philosophy

by

Silvia Marino

December 2023



APPROVAL SHEET

This
Dissertation

is submitted in partial fulfillment of the requirements
for the degree of

Doctor of Philosophy

Author: Silvia Marino
This Dissertation has been read and approved by the examing committee:
Advisor: William Epling
Advisor:
Committee Member: Christopher Paolucci
Committee Member: Robert Davis
Committee Member: Jason Bates
Committee Member: Michelle Personick
Committee Member:

Committee Member:

Accepted for the School of Engineering and Applied Science:

Q\-Mw A L=t

Jennifer L. West, School of Engineering and Applied Science

December 2023



Acknowledgement

This whole thesis would not have been possible without a few people I would like to acknowledge.

I would like to begin by thanking my advisor, Professor Epling. First for making my dream of
pursuing a PhD come true. Thank you for trusting me, pushing me to prove my ideas, and support-
ing me even when nothing was working. But most importantly, thank you for giving me, Lai and

Yu-Ren a sense of family when we most needed it.

I would like to thank Professor Davis for everything you have taught me during these years and
for discussing with me and Bill all those weird chemisorption isotherms, kinetic or spectroscopic
data. Also, thank you for sharing with me your love for kinetics, spectroscopy, Italian food and
coffee. A special thanks also to Professor Paolucci, for being a great, really great teacher, but also
for our numerous discussions about science, but also, really, about literally everything else. Thank
you to all the catalysis professors for creating an environment where we all feel like you all are

our advisors and consider all the catalysis people in ChemE our labmates.

I'd like to extend an unconventional acknowledgment to three professors, along with their research
groups, who have deeply influenced my PhD journey: Professor Iglesia, Professor Flaherty, and
Professor Christopher. Their papers inspired me to pursue a PhD program, fired my curiosity about

catalysts and specific techniques, and taught me a lot about kinetics and spectroscopy.

Thanks to my labmates and friends at UVA who taught me a lot, scientifically and culturally, and
let me annoy them during their time at UVA and after. So, thanks to Kevin, Surya, Carlos, Fatima,
Kanika, Zexian, Henry, Colby, Dipesh, Konstantin, Keka, Anu, Anna and Jack for sharing this
amazing experience with me and for being my friends. A big thank you to Lai and Yu-Ren, for

being the best friends and labmates I could have ever asked for and for all the good moments we



spent together and for having cake for dinner with me, while we all knew it was not the best idea.
Thanks to Sugandha, without whom I would have never been able to survive these last two years.
My peas in pod. Thank you for the food and coffee dates, for doing infinite puzzles with me, for
the many laughs and the tears, for sharing the most difficult moments with me, but also the funni-
est, for accepting the weirdo in me without judging and for always protecting croissants and gua-
camole. A loving thanks to Marina, my Spanish sister, the person I started this experience with.
Thank you for making me laugh and letting me cry - just on Wednesdays - for eating gigantic
burgers with me and also for not killing me after I made you walk a lot. Thank you to Sergio, for
giving me the experience instant friendship, for the infinite laughs in the lab and outside and for
letting me be your elf. Thanks to Polimi people, Umberto, Eli and Gio, but also to Camilla and
Carmelo, for being my little Italian community here in Charlottesville and fighting with me the
battle against pineapple on pizza. Thanks to Ashley for being a wonderful friend and having wine
nights. For being so similar to me, but also different. You really made grad school way easier. I
also would like to thank my favorite roommates: Kylie, Beibei and Jing. For having dinner with
me, analyzing people’s different social traits, preparing the Christmas tree very early, doing puzzles

and making desserts at night. Thank you for making our anonymous apartment(s) a warm home.

I also would like to thank my colleagues at Ford, with a special mention to Bean, who has been a
fantastic mentor during my internship and a real role model as a researcher. I would like to thank
my colleagues at General Motors. A loving mention goes to Raneen for being my friend and intro-

ducing me to the delicious Iraqi food.

I am very grateful to have my Italian friends by my side: Arti, Pilo, Ricky, Kos, Ste, Torna, Giaggia,
Paola, Angela, Ally, Mirko, Nando, Beppe, Foppo, Lucione, Gio, Terry, Fra, Marco Sorbona,

Zuenni, Carre, Berri, Umbe, Moro, Tia, Ste, Garda, Stefo, Cisco, Taro and Costanzo. Thank you



for working with me on keeping our friendship up, despite the distance and my physical absence

in many important moments of your lives.

I also would like to thank Jonathan, for being the kind of man who opens the car door to a woman.
Thank you for cheering my successes but also being supportive during challenging times. Thank
you for giving me a little bit of your patience and being (very) patient with me while I send so

many videos of tortoises.

A huge thanks to my family: my mom, my dad, Dario, my aunt and my grandma. Thank you for
supporting me all these years and giving me the education and moral values that have shaped the

person I am today. I am deeply grateful for your selflessness as I go far away to chase my dreams.



Abstract

The three-way catalyst (TWC) is a critical component in gasoline fueled vehicles’ aftertreatment
systems, able to simultaneously convert NO, CO and unburnt hydrocarbons into less harmful prod-
ucts, when the engine works under stoichiometric conditions. The typical TWC consists of Pt-
group metals (Rh, Pt, Pd) dispersed onto alumina, along with other additives aimed at improving
both catalyst activity and stability. Rh is used because of its ability to reduce NOx, while Pt and

Pd are used because of their high activity towards oxidation reactions.

Because of increasingly stringent regulations imposed by the Environmental Protection Agency
(EPA) the TWC system continues to evolve to be more efficient and have higher stability. In addi-
tion, the price volatility that characterizes the Pt-group metals has challenged automotive compa-

nies and catalyst suppliers to seek new solutions to reduce the cost associated with TWC.

To design new catalyst formulations that are efficient, durable and less costly, a detailed under-
standing of the reaction mechanism during the TWC process is necessary. Here, we focus on the

study of two model catalysts: Rh/Al,O3 and Pd/CeQOs.

Rh plays a crucial role in the TWC, even though it is present in low amounts due to its activity, but
also high price. Rh catalysts are also characterized by high Rh mobility. The presence of reactants,
such as CO, Oz, NO and H:O, induces structural changes that influence the catalyst activity and
selectivity. Using a combination of kinetics and spectroscopic studies we investigated Rh single
atoms-nanoparticles interconversion during CO oxidation. We observed that Rh catalysts undergo
structural changes even at higher temperature under CO/O; oxidizing mixtures, affecting the Rh
nanoparticle fraction, which are the active sites for CO oxidation. These structural changes exhibit

size dependency, with smaller nanoparticles being more prone to disperse into single atoms. In



addition, the presence of water, a major component in the exhaust gas, did not have any effect on
nanoparticle disintegration. On the contrary, during the NO reduction by CO reaction, we observed
that water led to changes in reaction kinetics and product selectivities when water was present in
the feed composition. Preliminary studies suggested that ammonia might induce changes in the

fraction of Rh nanoparticle and single atoms present in the catalyst.

The final study of this work focuses on Pd/CeO; catalysts. Characterizing these catalysts via con-
ventional techniques presents challenges. For example, when using CO chemisorption, the reaction
between CO and ceria lattice oxygen results in carbonate formation, leading to an overestimation
of the CO uptake. To address this issue, we proposed a modified CO chemisorption method, which
involves CO; exposure prior to CO adsorption, with the goal of hindering further carbonate for-
mation during CO chemisorption. This technique was validated through CO oxidation kinetics and
DRIFTS studies. This study aims to facilitate the quantification of exposed metal sites on OSC
supports, which is crucial for calculating turnover frequency and comparing different catalyst for-

mulations.
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Figure 5.21: CO + NO adsorption on 0.1% Rh/Al,O; — 9.1nm using DRIFTS. The catalyst was treated in
1% O, at 500°C for 30 min, followed by Ar purge and reduced in 5% H, at 500°C for 30 min. The
temperature decreased to 265°C in Ar. The catalyst was then exposed to NO-CO mixture until no changes
in spectra were detected. CO = 5000 ppm; NO varying to obtain NO/CO = 2 (blue), 1 (green) and 0.5 (red).
(a) spectral region between 1200 and 2500 cm’!; (b) focus on the region between 1200 and 2500 cm™ . 121
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Figure 5. 24 repeated NO reduction by CO in the presence of water — NO and CO conversion and N,O and
NHj selectivity. The catalyst was reduced in 5% H for 30 min at 500°C. The reaction mixture included CO
= 1000 ppm; NO = 500 ppm; HoO = 090; c..eerviriieiieiieiieceeeeeeeeeesiee sttt 124

Figure 5.25: CO adsorption using DRIFTS on 0.05% Rh/Al,Os fresh (purple), NO CO 24 h treated at 300°C
(light-blue) and NO CO NH3 for 24 h treated at 300°C (yellow). The catalyst was exposed to the reaction
mixture including CO = 5000 ppm; NO = 2500 ppm for 24 h at 300°C and CO = 5000 ppm; NO = 2500
ppm; NH3 = 500 ppm for 24 h at 300°C. Prior to CO adsorption, the catalyst was treated in 1% O for 30
min at 500°C, followed by a purge in Ar and reduction in 5% H; for 30 min at 500°C. The temperature was
then decreased to 35°C in At and the catalysts were exposed to CO = 5000 ppm until saturation........... 125

Vii



Figure 5. 26: Ar purge after CO adsorption. using DRIFTS on 0.05% Rh/Al,Os fresh (purple), NO CO 24
h treated at 300°C (light-blue) and NO CO NHj; for 24 h treated at 300°C (yellow). The catalyst was exposed
to the reaction mixture including CO = 5000 ppm; NO = 2500 ppm for 24 h at 300°C and CO = 5000 ppm;
NO = 2500 ppm; NH3 = 500 ppm for 24 h at 300°C. Prior to CO adsorption, the catalyst was treated in 1%
O, for 30 min at 500°C, followed by a purge in Ar and reduction in 5% H for 30 min at 500°C. The
temperature was then decreased to 35°C in Ar and the catalysts were exposed to CO = 5000 ppm until
saturation. The system was finally purged with Ar until no changes in spectra were detected. ............... 127

Figure 5.27: NO + CO exposure on 0.1% Rh-Al>O3 at 300, 350 and 400°C. The catalyst was treated in 1%
O, for 30 min at 500°C, followed by a purge in Ar and reduction in 5% H> for 30 min at 500°C. The catalyst
was the exposed to a reaction mixture including CO = 5000 ppm, NO varying to obtain NO/CO = 0.5 (b);
NO/CO =1 (c); NO/CO = 2. The effect of the reaction mixtures on the surface speciation was investigated
at 300, 350 and 400°C. Spectra were taken until no changes were detected. ...........cecoeeveeneeneenieennennen. 129

Figure 6.1: STEM images of the 1%Pd/Ce0-10 nm, 1%Pd/Ce0O,-25 nm and 1%Pd/CeO,-100 nm samples

Figure 6.2: CO-DRIFTS obtained using the 1% Pd/CeO; catalysts characterized by 10 nm (purple), 25 nm
(light blue) and 100 nm (blue) ceria nanoparticles. The catalysts were treated in 1% O» at 400°C for 30 min,
followed by an Ar purge at 300°C and 5% H; for 30 minutes at 300°C. The catalysts were exposed to 5000
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Figure 6.5: CO oxidation (a) conversion profiles and (b) Arrhenius plot on 1%Pd/CeO- - 10, 25 and 100
nm. The catalysts were reduced at 300°C in 5% H, for 30 min. The catalysts were exposed to 5000 ppm
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Figure 6.6: CO oxidation Arrhenius plot on 1.2%Pd/Al,O3 aged at 650, 750 and 850°C. The catalysts were
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pretreated in 5% H at 500°C for 30 min. The temperature was changed from high to low temperature. All
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Figure C.1: C3Hs oxidation + H20O on 0.2% Pt-7.5% SrO/AL:Os. 50 mg of catalyst was diluted with 150
mg silica. Pellet size was 250-420um. The catalyst was reduced in 5% H»/N> for 45 minutes at 600°C. The
catalyst was then exposed to the reaction mixture including CsHg = 1000 ppm; O, = 4500 ppm; H,O = 6%,
diluted in N,. Total flowrate = 500 sccm. The conversions were obtained at steady-state. (a) CsHs
conversion; (b) Arrhenius plot obtained from C3;Hgs consumption rate and CO; and CO formation rates.216

Figure C.2: CsHg oxidation + NO + H>O on 0.2% Pt-7.5% SrO/Al,Os. 50 mg of catalyst was diluted with
150 mg silica. The catalyst was reduced in 5% H2/N; for 45 minutes at 600°C. The catalyst was then exposed
to the reaction mixture including CsHe = 1000 ppm; O, = 4000 ppm; NO = 1000 ppm; H,O = 6%, diluted
in N»o. Total flowrate = 500 sccm. The conversions were obtained at steady-state. (a) CsH¢ and NO
conversions; (b) N2O, NHz and NoO SeleCtiVIt. ......cecvireeieriirienierieeneeeesiese et s 217

Figure C.3: CsH oxidation + NO + H>O on 0.2% Pt-7.5% SrO/Al,Os. 50 mg of catalyst was diluted with
150 mg silica. The catalyst was reduced in 5% H2/N; for 45 minutes at 600°C. The catalyst was then exposed
to the reaction mixture including C3sHgs = 1000 ppm; Oz = 4000 ppm; NO = 1000 ppm; H>0 = 6%, diluted
in N». Total flowrate = 500 sccm. The conversions were obtained at steady-state. (a) Arrhenius plot obtained
from CsHg consumption rate and CO, and CO formation rates; (b) Arrhenius plot obtained from NO
consumption rate and N>O, NH3 and N, formation rates. N rates were obtained from N-material balance.

Figure C.4: NO reaction order at 300C — C3Hg oxidation + NO + H>O on 0.2% Pt-7.5% SrO/Al,Os. 50 mg
of catalyst was diluted with 150 mg silica. The catalyst was reduced in 5% H/N, for 45 minutes at 600°C.
The catalyst was then exposed to the reaction mixture including C3Hg = 1000 ppm; O> = 4000 ppm; NO =
720-1500 ppm; H20 = 6%, diluted in N,. Total flowrate = 500sccm. The conversions were obtained at
steady-state. (a) C3Hs order with respect of CsHg consumption rate and CO; and CO formation rates; (b)
Arrhenius plot obtained from NO consumption rate and N,O, NH3 and N, formation rates. N, rates were
obtained from N-material Dalance.........ccoeuiriiiiiiiieeieeee et 218

Figure C.5: C;Hg reaction order at 300C — C3Hg oxidation + NO + H>O on 0.2% Pt-7.5% SrO/Al;Os. 50
mg of catalyst was diluted with 150 mg silica. The catalyst was reduced in 5% H>/N, for 45 minutes at
600°C. The catalyst was then exposed to the reaction mixture including CsHs = 720-1500 ppm; O, = 4000
ppm; NO = 1000 ppm; H20 = 6%, diluted in N.. Total flowrate = 500sccm. The conversions were obtained
at steady-state. (a) CsHg order with respect of CsHg consumption rate and CO, and CO formation rates; (b)
Arrhenius plot obtained from NO consumption rate and N>O, NH3 and N, formation rates. N, rates were
obtained from N-material Dalance..........ccouiruiiiiiiiieeee et s 218

Figure C.6: O, reaction order at 300C — C3Hs oxidation + NO + H,O on 0.2% Pt-7.5% SrO/Al,Os. 50 mg
of catalyst was diluted with 150 mg silica. The catalyst was reduced in 5% H/N, for 45 minutes at 600°C.
The catalyst was then exposed to the reaction mixture including C3Hg = 1000 ppm; O, = 3500-5000 ppm;
NO = 1000 ppm; H20 = 6%, diluted in N,. Total flowrate = 500sccm. The conversions were obtained at
steady-state. (a) C3Hs order with respect of C3sHg consumption rate and CO, and CO formation rates; (b)
Arrhenius plot obtained from NO consumption rate and N,O, NH3 and N, formation rates. N, rates were
obtained from N-material Dalance...........coueiiiriiiiiieieee ettt e 219

Figure C.7: C3Hs oxidation + H,O on 0.2% Rh-7.5% SrO/ALO;. 50 mg of catalyst was diluted with 150
mg silica. Pellet size was 250-420um. The catalyst was reduced in 5% H2/N> for 45 minutes at 600°C. The
catalyst was then exposed to the reaction mixture including CsHg = 1000 ppm; O2 = 4500 ppm; H,O = 6%,
diluted in N,. Total flowrate = 500 sccm. The conversions were obtained at steady-state. (a) Cs;Hs
conversion; (b) Arrhenius plot obtained from C3;Hs consumption rate and CO, and CO formation rates.220
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Figure C.8: C;Hg oxidation + NO + H20 on 0.2% Rh-7.5% SrO/Al>O;. 50 mg of catalyst was diluted with
150 mg silica. The catalyst was reduced in 5% H2/N; for 45 minutes at 600°C. The catalyst was then exposed
to the reaction mixture including CsHg = 1000 ppm; O, = 4000 ppm; NO = 1000 ppm; H,O = 6%, diluted
in No. Total flowrate = 500 sccm. The conversions were obtained at steady-state. (a) CsH¢ and NO
conversions; (b) N2O, NH3z and NoO SeleCtiVIt. .....cceereereerieriierieeieenieesiie sttt 221

Figure C.9: C3Hg oxidation + NO + H>O on 0.2% Rh-7.5% SrO/Al>O;. 50 mg of catalyst was diluted with
150 mg silica. The catalyst was reduced in 5% H2/N; for 45 minutes at 600°C. The catalyst was then exposed
to the reaction mixture including CsHe = 1000 ppm; O, = 4000 ppm; NO = 1000 ppm; H,O = 6%, diluted
in N». Total flowrate = 500 sccm. The conversions were obtained at steady-state. (a) Arrhenius plot obtained
from CsHg consumption rate and CO, and CO formation rates; (b) Arrhenius plot obtained from NO
consumption rate and N,O, NH3 and N, formation rates. N rates were obtained from N-material balance.

Figure C.10: C3Hg reaction order at 320°C — C;Hs oxidation + NO + H,O on 0.2% Rh-7.5% SrO/Al,Os.
50 mg of catalyst was diluted with 150 mg silica. The catalyst was reduced in 5% H2/N> for 45 minutes at
600°C. The catalyst was then exposed to the reaction mixture including CsHe = 720-1500 ppm; O, = 4000
ppm; NO = 1000 ppm; H20 = 6%, diluted in N.. Total flowrate = 500sccm. The conversions were obtained
at steady-state. (a) CsHg order with respect of C3sHg consumption rate and CO, and CO formation rates; (b)
Arrhenius plot obtained from NO consumption rate and N>O, NH3 and N, formation rates. N, rates were
obtained from N-material Dalance...........couiiuiiiiiiieiieee e 222

Figure C.11: NO reaction order at 320°C — C3H¢ oxidation + NO + H>O on 0.2% Rh-7.5% SrO/Al,O;. 50
mg of catalyst was diluted with 150 mg silica. The catalyst was reduced in 5% H2/N, for 45 minutes at
600°C. The catalyst was then exposed to the reaction mixture including C3Hg = 1000 ppm; O, = 4000 ppm;
NO = 720-1500 ppm; H2O = 6%, diluted in N». Total flowrate = 500sccm. The conversions were obtained
at steady-state. (a) CsHg order with respect of C3sHg consumption rate and CO, and CO formation rates; (b)
Arrhenius plot obtained from NO consumption rate and N>O, NH3 and N, formation rates. N, rates were
obtained from N-material DalanCe...........cevererrieriirieiinieiere ettt se e et se e e be e 223

Figure C.12: O, reaction order at 320°C — CsHs oxidation + NO + H,O on 0.2% Pt-0.2% Rh-7.5%
SrO/AlO;s. 50 mg of catalyst was diluted with 150 mg silica. The catalyst was reduced in 5% H2/N> for 45
minutes at 600°C. The catalyst was then exposed to the reaction mixture including CsHe = 1000 ppm; O, =
3500-5000 ppm; NO = 1000 ppm; H>O = 6%, diluted in N,. Total flowrate = 500sccm. The conversions
were obtained at steady-state. (a) C3Hg order with respect of C3Hg consumption rate and CO; and CO
formation rates; (b) Arrhenius plot obtained from NO consumption rate and N,O, NH; and N formation
rates. N, rates were obtained from N-material balance...........cccoceviviiiiiiiiininiiniiiiccce, 223

Figure C.13: C3H¢ oxidation + H,O on 0.2% Pt-0.2% Rh-7.5% SrO/Al,Os. 50 mg of catalyst was diluted
with 150 mg silica. Pellet size was 250-420pm. The catalyst was reduced in 5% H»/N» for 45 minutes at
600°C. The catalyst was then exposed to the reaction mixture including C3Hs = 1000 ppm; O2 = 4500 ppm;
H,O = 6%, diluted in N». Total flowrate = 500 sccm. The conversions were obtained at steady-state. (a)
C3Hse conversion; (b) Arrhenius plot obtained from C3Hg consumption rate and CO and CO formation rates.

Figure C.14: C3Hs oxidation + NO + H>O on 0.2% Pt-0.2% Rh-7.5% SrO/Al,Os. 50 mg of catalyst was
diluted with 150 mg silica. The catalyst was reduced in 5% H2/N> for 45 minutes at 600°C. The catalyst
was then exposed to the reaction mixture including C3Hg = 1000 ppm; O> = 4000 ppm; NO = 1000 ppm;
H,O = 6%, diluted in N2. Total flowrate = 500 sccm. The conversions were obtained at steady-state. (a)
CsHg and NO conversions; (b) N2O, NH3 and N2O SeleCtiVILY. ..ocovvereerieerverirrieeieeseeseeseeseeseesseenees 225
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Figure C.15: C3Hg oxidation + NO + H>O on 0.2% Pt-0.2% Rh-7.5% SrO/Al;O;. 50 mg of catalyst was
diluted with 150 mg silica. The catalyst was reduced in 5% H/N, for 45 minutes at 600°C. The catalyst
was then exposed to the reaction mixture including CsHg = 1000 ppm; O, = 4000 ppm; NO = 1000 ppm;
H>O = 6%, diluted in N». Total flowrate = 500 sccm. The conversions were obtained at steady-state. (a)
Arrhenius plot obtained from C3;Hg consumption rate and CO, and CO formation rates; (b) Arrhenius plot
obtained from NO consumption rate and N>O, NH3 and N, formation rates. N rates were obtained from N-
MALETIAL DALANCE. ....eeueiiiiiiiieie ettt et b e s bt sae e st st nes 225

Figure C.16: C;Hs reaction order at 250°C — C3Hs oxidation + NO + H;O on 0.2% Pt-0.2% Rh-7.5%
SrO/Al>O;. 50 mg of catalyst was diluted with 150 mg silica. The catalyst was reduced in 5% H2/N> for 45
minutes at 600°C. The catalyst was then exposed to the reaction mixture including C3Hs = 720-1500 ppm;
0, = 4000 ppm; NO = 1000 ppm; H,O = 6%, diluted in N». Total flowrate = 500sccm. The conversions
were obtained at steady-state. (a) C3Hs order with respect of CsHg consumption rate and CO, and CO
formation rates; (b) Arrhenius plot obtained from NO consumption rate and N,O, NH3 and N» formation
rates. N» rates were obtained from N-material balance..........occoeveevierieniiniinieceeeee e 226

Figure C.17: NO reaction order at 250°C — Cs3He oxidation + NO + H»O on 0.2% Pt-0.2% Rh-7.5%
SrO/Al>O;. 50 mg of catalyst was diluted with 150 mg silica. The catalyst was reduced in 5% H2/N> for 45
minutes at 600°C. The catalyst was then exposed to the reaction mixture including CsHe = 1000 ppm; O, =
4000 ppm; NO = 720-1500 ppm; H>O = 6%, diluted in N». Total flowrate = 500sccm. The conversions were
obtained at steady-state. (a) CsHg order with respect of C3He consumption rate and CO; and CO formation
rates; (b) Arrhenius plot obtained from NO consumption rate and N>O, NH3 and N, formation rates. N
rates were obtained from N-material balance. ..........ccecerervieriineerineeieeese et 227

Figure C.18: O; reaction order at 250°C — CsHs oxidation + NO + H,O on 0.2% Pt-0.2% Rh-7.5%
SrO/Al>O;. 50 mg of catalyst was diluted with 150 mg silica. The catalyst was reduced in 5% H2/N> for 45
minutes at 600°C. The catalyst was then exposed to the reaction mixture including C3sHe = 1000 ppm; O, =
3500-5000 ppm; NO = 1000 ppm; H>O = 6%, diluted in N,. Total flowrate = 500sccm. The conversions
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Chapter 1: Introduction

In the combustion of gasoline, the ideal products should be limited to CO» and H.O. However, due
to incomplete combustion, we end up with undesired byproducts such as CO and unburnt hydro-
carbons. In addition, in the high temperature environment of the combustion chamber, nitrogen
oxides (NOx) are formed due to the N> fixation.! CO, unburnt hydrocarbons (HC) and NOx are

detrimental for human health and the environment.>>

The three-way catalyst (TWC) is the key component of the aftertreatment system used in gasoline
engine vehicles. It is able to simultaneously convert these three pollutants into less environmen-
tally harmful products, such as CO2 and N>, when the engine works under stoichiometric condi-
tions.*® The TWC has been critical in addressing emission regulations since 1975, as a part of the
Clean Air Act, enforced by the Environmental Protection Agency (EPA), which aimed to make
substantial improvements in air quality. Over the years, emissions regulations have continued to
evolve and become more stringent. This led automotive companies and catalyst suppliers to im-

prove the aftertreatment system and make TWC formulations more active and durable.

1.1 Emission regulations
The most recent emission regulations for light duty vehicles in the United States are described as
the Tier 3 standards. These standards impose a reduction in the fleet average of non-methane or-
ganic gas hydrocarbons (NMOG) plus NOx to 30 mg/mi for all vehicles by 2025, as shown in
Figure 1.1.>!° In addition, these regulations extend the catalyst durability requirements to 150,000
miles or 15 years, whichever comes first. The US standards also require a reduction of CO; emis-

sions, targeting a 25% decrease. This translates to values dropping from 202 to 143 g/mi. Meeting



these stringent requirements impose advancements not only in engine design and fuel efficiency,

but also in catalyst design.

100 - —=— | DT1
—e—LDT2, MDPV

NMOG + NOx (mg/mi)

0 T T T T T T T T T
2016 2018 2020 2022 2024 2026
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Figure 1.1: Tier 3 emission standards. Fleet average of NOx + NMOHC limits for light-duty ve-
hicles (LDT1), and LDT 2 and MDPV (medium duty trucks) up to 10,000 Ib.

The commitment to reduce emissions extends worldwide. In Europe, emission regulations have
been made more stringent with the implementation of Euro 6 standards.!! China implemented
China 6a emission standards, aligned with Euro 6, and plans to introduce China 6b, which not only
tightens the NOx and HC emission regulations, but introduces limitations on N>O emissions.® Sim-
ilarly, India adopted Bharat Stage 6 standards, which are based on Euro 6, and they aim to enforce

more stringent regulations for NOx, HC and CO emissions.%!?

To meet these strict regulations and mitigate the environmental impact of tailpipe emissions, it is
necessary to continuously develop new catalytic technologies able to comply with increasingly

demanding emission standards and to demonstrate extended durability.



1.2 Three-way catalyst
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Figure 1.2: TWC system operating window. °

The system that has successfully met the regulations imposed by the EPA is the TWC. Figure 1.2
displays the typical operation of a three-way catalyst and shows the conversion of the three main

pollutants based to the air-to-fuel ratio. The main three reactions occurring simultaneously on the

TWC are the following:
CO+% 02> CO2 (RI)
CsHg +4.5 02 > 3CO2 + 3H20 (R2)
CO+NO > CO2+ 1/2 N2 (R3)

In addition to these reactions, steam reforming and water gas shift also take place, leading to the

formation of H», which contributes to conversion of NOx to Na.

3



The TWC typically operates within a range close to stoichiometric combustion conditions. Under
stoichiometric conditions, which correspond to the O> concentration required to combust the HC
fuel and is equal to an air-to-fuel ratio by weight of 14.7 for gasoline engines, simultaneous con-
version of all pollutant can be high. When the engine works under lean conditions, with an air-to-
fuel ratio higher than 14.7, corresponding to an oxidizing environment, CO and HC conversions
are high, because of excess of O,. However, NO conversion is low, since there would be insufti-
cient reducing agents, such as CO and HC, to reduce NO. When the exhaust gas is fuel-rich and
lacks Oz, NO conversion is high, due to the abundance of reducing agents. However, CO and HC

conversions are low, because of the deficiency of oxygen, necessary for their oxidation.

The air-to-fuel ratio is controlled by an Oz sensor, which is able to detect the Oz concentration in
the exhaust gas. It then sends an electric signal to control the fuel injection, adjusting the air-to-

fuel ratio to maintain the desired combustion conditions. >

The non-ideal response of the O> sensor often leads to strong fluctuations in feed composition and
air-to-fuel ratio, resulting in reduced catalytic efficiency. To address this issue, oxygen storage
materials have been incorporated into the TWC formulation.'>!® Typically, a mixture of CeO»-
ZrOs is used as storage materials.!”?° Ceria is used as a buffer to reduce the fluctuations in con-
version during the transition between lean and rich conditions.'®?!"">3 Under reducing conditions,
with an air-to-fuel ratio lower than 14.7, ceria can supply oxygen to oxidize CO and HC, through
reaction RS. Under oxidizing conditions, with an air-to-fuel ratio higher than 14.7, the excess O2

can oxidize ceria back to its original state, as described in reaction R6.

CO + Ce-O-Ce = CO; + Ce-o-Ce (R4)
Ce-0-Ce + %2 02 =2 Ce-O-Ce (RS)

Where O is the oxygen vacancy.



Zr0; is usually included in the mixture to stabilize the ceria, preventing sintering, and to enhance
ceria redox properties.'®2%2* The increased durability of these components allows the TWC to
resist too severe of changes under the high temperature conditions experienced during its opera-

tion.

1.3 The commercial catalysts
Current commercial TWC catalysts use Pt-group metals (PGM) as active components. Pd, Pt and
Rh are the key metal sites in use. Pd and Pt are historically used because of their ability to oxidize
CO and HC, while Rh is used for its ability to dissociate NO and its high selectivity towards Na,
which is the desired product. These metals are usually deposited onto an alumina support. Due to
its high surface area, alumina ensures high metal dispersion, while its high thermal stability, me-
chanical strength and low cost make it an optimal support for TWC application, helping achieve
high catalyst performance and long durability. The support usually contains promoters, such as La,
Y, Pr, which help to stabilize and enhance the catalytic activity, and ceria to take advantage of its

redox properties.

Over the years, the catalyst design of commercial TWCs has been influenced by a combination of
factors, including the PGM price and the evolving emission regulations, which require not only
highly efficient, but also durable catalysts. In addition, catalyst formulations must adapt to new

technological innovations needed to meet environmental regulations.

1.4 PGM price
Automotive companies and catalyst suppliers carefully consider PGM prices when designing new
catalytic technologies. Given the global limited production, the price of Rh, Pt and Pd are subject

to significant volatility, which impacts the TWC cost.



For example, a previous TWC generation relied on Pd-only TWC. In fact, back in 1989, the use of
Pd was a desirable alternative to Pt and Rh, primarily because of the high cost of the latter two
metals.?>2% However, the implementation of stricter regulations required the reintroduction of Rh,
necessary for its high activity in NO reduction reactions.”® Nowadays, the prevalent configuration
of catalytic converters includes a combination of both Pd and Rh. However, as shown in Figure
1.3, over the past few years, the sharp increase in Rh price has challenged catalyst manufacturers
to explore innovative solutions aimed to minimize Rh use while preserving the catalytic perfor-
mance. Some cost-effective approaches have included the use of single atom catalysts (SACs),
which ensure 100% dispersion of active metal atoms, leading to high mass activity. The use of
SACs has been proposed to allow and consequently maximize precious metal utilization, to reduce

their content.?” 33

The utilization of Pt-Rh catalysts represents another alternative proposed to minimize the Rh con-
tent in TWC formulations.>** This strategy relies on properties of Pt-Rh alloys to optimize the

performance, while reducing the catalyst cost.
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Figure 1.3: price in $/once of Rh (purple), Pd (green) and Pt (blue)- https://www.heraeus.com
accessed on 11/18/2023

1.5 TWC formulation adapted to new configurations or to technological innovations
The new, stricter emission regulations have emphasized the need to reduce emissions during cold
start. Cold start refers to the initial phase of an internal combustion engine’s operation when the

engine is cold and the catalyst is not yet active, resulting in higher emissions of CO, HC and NO.

One proposed solution included the use of close-coupled catalysts, which involves positioning the
catalyst in closer proximity to the engine. This approach allows the catalyst to reach a temperature
where reaction conversion occurs more rapidly, leading to more effective emissions control. How-
ever, the proximity to the engine can expose the catalyst to higher temperature, potentially leading
to deactivation through sintering and overall reduced durability. Therefore, catalyst design must
ensure that close-coupled TWC systems mitigate emissions without compromising catalyst per-

formance and durability.*¢

In addition, with the increasingly stringent regulations imposing limits on CO; emissions, the new

generation of engines is required to be more efficient and optimize fuel economy. This results in



lower temperature exhaust gas, which presents challenges in meeting emission standards.*’ As a
result, there is growing demand for catalytic converters with enhanced low-temperature activity

and high thermal stability.*

Another method for reducing CO: emissions involves a fuel cut, which results in lower fuel con-
sumption. During the acceleration period, the engine operates under slightly fuel-rich conditions
to increase the power. However, during deceleration, fuel cut is employed, subjecting the TWC to
highly oxidizing conditions. While oxidizing conditions restore the oxygen storage materials to
their initial state, they have negative effects on Rh in the catalysts. At high temperature and under
oxidizing conditions, Rh/Al,O3 experiences deactivation. It has been suggested that under oxidiz-
ing conditions (lean) and at temperature higher than 600°C, Rh*" ions diffuse into the alumina to

form rhodium aluminate species (RhAlOx), along with rhodium oxides, RhyOj3:#->

02,>600C
Rh/A1;O3 ——— RhAILOx

Rhodium aluminate species have been found inactive for reactions such as CO oxidation and NO
reduction. The characterization for these species has been challenging, because they have not been
observed using traditional techniques, such as XRD. However, the presence of these species was
supported by H» temperature programmed reduction (TPR) experiments, which revealed reduction
features at temperatures higher than 700°C.>! More recently, a direct observation was provided
using STEM. It was shown that Rh ions diffuse into the alumina interstitial sites and are preferen-

tially located in the octahedral sites of the cubic spinel AlOj structure.>?

While Rh aluminate may form under oxidizing conditions and high temperature, it has also been

reported that Rh can be partially restored when the catalyst is exposed to a reducing environment

at temperatures higher than 800°C, leading to the following regeneration process:>%>133



RhALOx+ H> 2 Rh + AlLO3

However, at these elevated temperatures, Rh tends to sinter, leading to a decrease in active surface

area, which represents a second Rh deactivation mode.

Efforts have been made to minimize the deactivation process occurring during severe ageing. Strat-
egies involved the stabilization of the support by adding additives such as La, promoters, such as
Pr or Y, and oxygen storage materials.’*>° Another strategy included the use of alloy catalysts. It
was shown that the addition of Pt to Rh catalysts increased the catalyst dispersion, while simulta-
neously preventing Rh from diffusing into the alumina support and maintaining activity even after

severe ageing.>*

Catalytic converters have made significant progress and are now capable of reducing 99% of emis-
sions during FTP test cycles. However, they continue to face challenges due to new stricter emis-
sions regulations, new technology advancements and fluctuating PGM prices. The next generation
of TWC must meet several demands, including being active at low temperatures, more durable and
less costly. Achieving these goals, while minimizing the PGM usage, needs a detailed understand-
ing of the reaction mechanism. This approach to catalyst design is crucial for meeting emission

standards while optimizing precious metal utilization.

This work focuses on Rh/Al2O3 and Pd/CeO: catalysts, considered model catalysts for TWC ap-

plications.

Rh catalysts are usually characterized by low loadings due to their high price and optimization in
use over the years. This results in a distribution of Rh nanoparticles and single atoms. The presence
of reactants induces changes in the distribution of nanoparticles and single atoms, which results in

changes in reaction rates. Through a combination of kinetic and spectroscopy studies we



investigated Rh restructuring and the consequences on CO oxidation activity, in Chapter 3. Further,
spectroscopy studies were carried out to understand the role of O and H,O on the CO-induced Rh
mobility and these results are presented in Chapter 4. With newfound insights on Rh restructuring,
we proceeded in Chapter 5 to explore the effects of H>O in NO reduction by CO reaction and how
the reaction products influence both the kinetics as well as the catalyst structure. Finally, Appendix
C shows a preliminary kinetic exploration of C3He oxidation in the presence and absence of NO
on a new catalyst formulation: Pt-Rh-Sr/Al>Os. This is a collaborative study involving the Univer-

sity of Central Florida, General Motors and Pacific Northwest National Lab.

The final segment of this work presented on Chapter 6 was conducted on Pd/CeO; catalysts. Given
the difficulty of quantifying surface metal sites on ceria-supported catalysts, we proposed a modi-
fied approach for measuring metal dispersion. This method was validated via kinetic and spectro-
scopic studies. The ability to count surface metal sites is essential for the evaluation and compari-

son of different catalysts.
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Chapter 2: Experimental methods

2.1 Bench scale reactor

CO oxidation and NO reduction by CO steady-state experiments and temperature programmed
desorption (TPD) experiments were performed using a lab bench scale reactor. The design, de-
picted in Figure 2.1, involved two independent manifolds: the “main” manifold which contains the
gases needed for the reaction, including N>, CO, O2, NO and CsHs; and a “secondary” manifold
which is used to pretreat the catalyst and includes gases such as, N>, O and H,. The gas concen-
trations are controlled by varying the flowrates using MKS mass flow controllers. Experiments in
the presence of water were performed using a controlled evaporator mixer (CEM), purchased from
Bronkhost, able to introduce water into the main manifold gas stream. Each line is heated and held

at 120°C to avoid water condensation.

By-pass line

Main
manifold

vent +«—j FTIR [ Microreactor

vent

— Water
system
2

‘ Secondary
‘ 0, manifold

Figure 2.1: Reactor schematic. In this representation, the main manifold is directed towards the
microreactor, while the secondary manifold is directed towards the by-pass line.

The main and secondary manifolds, each with independent lines, are connected to two four-way
valves, purchased from Swagelok. The first four-way valve directs the flow from the main
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manifold to either the reactor or the by-pass line, while the flow from the secondary manifold is
directed to the other available line. The second four-way valve, located downstream of the micro-
reactor, directs the flow to the analyzer or to the vent. The two four-way valves are controlled by
a Labview program which switches the two valves simultaneously such that the main manifold

flow is sent to the analyzer.

Certain gas concentrations were measured using a MG2030 FTIR analyzer. Before each experi-
ment, a background spectrum was taken with flowing N> and averaging 16 scans. The data are

recorded every second with a resolution of 0.5 cm™!.

The reactor consisted of a quartz tube loaded with a powder catalyst. The quartz tube has an inter-
nal diameter of 4 mm and a length of 45 mm. The powder catalyst was diluted with cordierite or
silica to avoid heat transfer limitations.! The catalyst was pelletized and sieved to obtain a pellet

size of 250-400 um or 53-177 um, depending on the experiment.

The micro-reactor was horizontally placed in a Lindberg Blue furnace. The temperature was meas-

ured using K-type thermocouples placed at the inlet and the outlet of the catalytic bed.

2.2 Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS)

DRIFTS is an infra-red spectroscopic technique used here to characterize catalyst component spe-
ciation and study the species adsorbed on the catalyst surface under reaction conditions.” As shown
in Figure 2.2, the IR beam trajectory involves the incident beam striking the sample. The diffuse
reflected light is then collected by curved and flat mirrors and reaches the detector. The optics are
designed to minimize the contribution from the reflected light, while maximizing the contribution
from the diffuse reflected light. The diffuse reflected light contains the information about the cat-

alyst.?

17



Normal specular
components

Incident
infrared

Figure 2.2: Incident beam trajectory for DRIFTS cells

DRIFTS experiments were performed with a Thermo Scientific Nicolet iS50 FTIR with an MCT
liquid nitrogen cooled detector. The catalyst was loaded in a custom-made Harrick Scientific re-

action chamber.

The custom-made reaction chamber is characterized by a low dead volume which minimizes the
gas phase species contribution. In addition, the sample holder is divided into two parts: one can be
loaded with the catalyst, while the other one with an inert/reference material. The reaction chamber
is installed on a movable stage, allowing the user to switch the position from the catalyst to the
inert material. This feature allowed us to acquire spectra from both the catalyst and the reference
material, perform a gas phase subtraction and study the surface species on the catalyst, without the

need of purging the gas phase. The reaction chamber is equipped with one ZnSe flat window.

While the reaction chamber can reach temperatures up to 910°C under an Ar flow, during our

experiments, the temperature did not exceed 500°C. The temperature is controlled using a K type
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thermocouple which communicates with a Harrick Scientific temperature controller. To preserve
the reaction chamber and the ZnSe window from overheating, the reaction chamber is equipped

with a water-cooling jacket.

The DRIFTS setup includes a series of MKS mass flow controllers to control the inlet gas compo-
sition. The reaction mixture passes through a dry-acetone or liquid nitrogen cold trap to remove
any water residue from the gas stream. The gases are introduced into the reaction chamber though
the inlet and pass through the sample from the top to underneath the sample. All the lines were
heated to 120°C to prevent water condensation. Wet experiments were performed by introducing

water into the system through a bubbler maintained at 60°C.

Before collecting the spectra, a background was taken. Each spectrum was obtained by averaging
32 scans, in a range between 4000 to 600 cm™!, with a resolution of 4 cm™. The spectra are pre-
sented in Kubelka-Munk units. Semi-quantitative analysis was performed after deconvoluting

spectra using a Gaussian function.

2.3 X-ray diffraction (XRD)

XRD is a technique which provides information on the structure of crystalline materials. It is based
on the interactions between the X-ray and crystalline materials. When the x-ray beam is directed
at a crystalline sample, the x-rays are scattered by the crystal lattice leading to the formation of a
diffraction pattern on a detector. The angles and the intensities of the diffraction contain infor-
mation about the crystal structure. XRD patterns were obtained on an Empyrean Multipurpose X-
ray diffractometer with a Cu anode (A = 0.1542 nm).

From the XRD pattern, the crystal size could be calculated using the Scherrer equation:

k2
"~ B cos6

19



where d is the average crystallite size, A is the wavelength of the x-ray source, K is the shape

constant, f is the reflection width and 8 the Bragg angle.
Generally, the detection limit for XRD is up to 100 nm particle size. +°

2.4 STEM and EDS
Scanning Transmission Electron Microscopy (STEM), integrated with Energy-Dispersive Spec-
troscopy (EDS) is a microscopy technique that allows high resolution imaging and elemental map-

ping of samples at the nanoscale, and it allows particle size measurement.

For some samples, STEM and EDS were employed to confirm particle size measurements and
were performed using a Themis 60-300 kV transmission electron microscope in high angle annular
dark field (HAADF) mode. HAADF provides contrast based on the atomic number. In the case of
catalysts, such as Pd/CeQ,, this technique was unsuccessful given the poor Z contrast between Pd

and ceria.’

2.5 Physisorption and Chemisorption

A Micromeritics ASAP2020 Plus was used to perform physisorption and chemisorption.

N2z physisorption is widely employed to characterize mesoporous catalysts surface area and poros-
ity. The working principle involves the physisorption of nitrogen on the catalyst surface through
van der Waals forces at different pressures. By measuring the quantity of N> adsorbed, we can
determine specific surface area using the Brunauer-Emmett-Teller (BET) equation.® Along with
surface area, from the adsorption isotherms it is possible to obtain pore size distribution, by using
mathematical modeling, such as Barrett-Joyner-Halenda (BJH) method, and the total pore volume,

calculated from the volume of nitrogen adsorbed.’
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Before starting the analysis, the catalyst underwent degassing, which involves a pretreatment
where heat and vacuum are applied to remove adsorbed contaminants, such as water and carbon
dioxide, which could potentially interfere with the analysis. The catalyst is then cooled under vac-
uum to -196°C and N> is dosed with incremental increases in pressure. After each dose the system
is allowed to equilibrate, and the quantity adsorbed is calculated. From the resulting adsorption
isotherm, the quantity of gas necessary to form a monolayer is measured, enabling the determina-

tion of the catalyst surface area.

Static volumetric chemisorption is a technique used to measure the metal dispersion of a catalyst.
It involves the adsorption of a probe molecule, such as CO and H», which forms bonds with the
metal surface.!® The strength of adsorption can vary, with weak adsorption usually indicated as
reversible chemisorption, and strong adsorption categorized as irreversible chemisorption. After
reducing the catalyst in Ha, the catalyst is exposed to precise doses of the probe molecule at varying
pressures, from 10 to 450 mmHg. The analysis is usually conducted at 35°C; however, exceptions
may apply, and higher temperatures can be used.!! After dosing the gas, the system is allowed to
equilibrate and the amount adsorbed is measured. Each point obtained at different pressures con-
tributes to the adsorption isotherm. The volume adsorbed increases with increasing the pressure,
until it reaches a linear regime, which corresponds to monolayer coverage. The first isotherm, also
called total isotherm, includes molecules that are physiosorbed, and strongly and weakly adsorbed.
After the first isotherm the system is evacuated, causing the desorption of weakly adsorbed probe
molecules, and a new isotherm is obtained, under the same conditions. This last isotherm is asso-
ciated with only reversible chemisorption, as the catalyst surface is already covered with strongly

adsorbed molecules. The quantity of gas required to form a monolayer coverage is obtained by
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extrapolating the linear portion of the total isotherm back to the y-axis. With the quantity of gas

adsorbed it is possible to measure the active surface atoms participating in the chemisorption:

Nsurf atoms =5 Ngas ads

Where Ngyrr aroms corresponds to the number of metal atoms active on the catalyst surface active

for the chemisorption, S is the stoichiometric factor and
Nyas ads 1s the number of molecules adsorbed. The metal dispersion is then obtained from the ratio

of the number of the exposed atoms to the total number of metal atoms in the catalyst.

The stoichiometric factor depends on the number of metal atoms involved during the adsorption

process. For example, in the case of H, which dissociatively adsorbs on metals, as:
H,+2M 2> 2M -H
the stoichiometric factor S is 2.!2

In the case of CO, there are several bonding configurations, therefore the stoichiometry can vary.

CO can adsorb on metals in the following forms:!'%!?

- Dicarbonyls, M — (CO)2, S=0.5
- Linear, M - CO, S =1

- Bridged, M2 - CO, S =2.

The choice of the adsorbate to use mainly depends on the metal and the catalyst support under
investigation and how the probe molecule and the metal interact with each other. For example, in
this work, Rh dispersion was measured via H> chemisorption, since Rh undergoes structural
changes in the presence of CO,!*!*> while in the case of Pd/CeO; catalysts, CO was used as probe

molecule to avoid the formation of Pd hydride and hydrogen spillover to the support.!!16
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Chapter 3: Rhodium catalyst structural changes during, and their im-

pacts on the kinetics of, CO oxidation

This chapter has been adapted from the article published in JACS Au: “Silvia Marino, Lai Wei,

Marina Cortes-Reyes, Yisun Cheng, Paul Laing, Giovanni Cavataio, Christopher Paolucci and
William Epling, JACS Au, 2023, 3, 2, 459—467"

3.1 Introduction

It is becoming more recognized that catalyst structure can be dynamic, changing with time on
stream and reactor and reaction conditions.! ® These catalyst structural changes can alter the cata-
lyst activity and the selectivity towards desired products.”® And they can of course also complicate
kinetic analysis due to site type and density changes. Therefore, studying catalyst dynamics under

reaction conditions is critical in understanding reactions, mechanisms and designing catalysts.

There are several literature studies that demonstrate reductant or oxidant induced mobility of cat-
alytically active sites. Structural evolution of single atoms to nanoparticles with exposure to high
temperature reducing treatments has been widely reported for Pt and Pd supported on oxide sup-
ports and zeolites. !%!112 These structural changes can also be reversible with fragmentation of
nanoparticles into isolated single atoms occurring when the catalyst is exposed to oxidizing con-

ditions and high temperature.'>!*

In some cases, adsorbate-induced structural changes have been observed under reaction conditions.
Pt restructuring was observed via IR spectroscopy during CO oxidation, where the fraction of well-
coordinated and under-coordinated sites changed.!> Operando electron microscopy was used to
track unsupported Pd nanoparticle structural changes as a function of temperature during CO oxi-
dation. At low temperature, Pd nanoparticles would present low index planes that showed low

activity towards CO oxidation, while at high temperature, the nanoparticles assumed a rounder
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surface leading to a higher CO conversion.'® Theoretical studies combined with X-ray absorption
experiments showed that in the presence of NH3, Cu ions become solvated by the NH3 and mobile,
enabling them to combine and form ion pairs that participate in the selective catalytic reduction
(SCR) redox cycle.!”!® Pd nanoparticles disintegration into single atoms on Pd/Al,Os was ob-
served during methane oxidation in an excess of O>. Pd nanoparticle redispersion caused by the
oxidative environment led to the loss of active sites and therefore to lower activity.!® In all these

cases the number of active sites changed when the catalysts were exposed to the reaction mixture.

Here, we focus on Rh structural changes occurring during CO oxidation. Changes in Rh particle
distribution have been widely reported.'!?°3! These changes have been characterized using diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS),2%3!35 temperature programmed

) 35-38
b

reduction (TPR),*® extended X-ray absorption spectroscopy (EXAFS scanning tunnel mi-

croscopy (STM),*” scanning transmission electron microscopy (STEM),* nuclear magnetic reso-
nance (NMR)* and x-ray photoelectron spectroscopy (XPS)** and predicted in theoretical stud-
ies. ¥ At low temperature, CO breaks apart Rh nanoparticles, dispersing them into single atoms.
One proposed mechanism suggests that the bond energy between CO and Rh overcomes the Rh-
Rh and Rh-support bond energies, favoring nanoparticle disintegration.>>*346 Other studies have
proposed that Rh particle disintegration involves an oxidative process where the Rh oxidation state
changes from 0 to +1 with the assistance of OH groups on the support.?*?**7 CO-induced Rh par-
ticle disintegration can be reversible, for example STM imaging and infra-red spectroscopy exper-
iments show that Rh single atoms re-aggregate into nanoparticles during CO exposure at high
temperature.’® With structural changes occurring during the reaction, when CO is present, the num-

ber of active sites may change, affecting the activity of the reaction. As a consequence, counting

active sites via ex-situ measurements may not provide an accurate representation of the system
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under study and can lead to an incorrect calculation of the turnover frequency. Indeed, some pre-
vious studies have used the rates of CO oxidation as a probe reaction to estimate the active metal

surface area, since its reaction kinetics on Pt-group metals (PGM) is well known.*$#

CO oxidation is likely the most studied reaction in heterogeneous catalysis and has been often used
to answer mechanistic and catalyst structural questions due to its relative simplicity.’*>! However,
in the case of CO oxidation on Rh catalysts, due to CO-induced Rh structural changes, quantifying
the number of active sites and therefore turnover frequency when CO is a reactant or intermediate
is challenging. Furthermore, a better understanding of the active site’s dynamics during Rh restruc-
turing under reaction conditions and its consequences on catalyst activity would allow catalyst

design optimization, which is critical in light of the recent volatility in Rh price.

Here, we monitored kinetic parameters, specifically the activation energy and pre-exponential fac-
tor, to identify when structural changes occurred during the reaction. We found that under condi-
tions with a stoichiometric excess of oxygen, Rh nanoparticles are readily dispersed into single
atoms and that the temperature at which dispersion occurs depends on the initial Rh particle size.
CO-induced nanoparticle disintegration in the presence of an excess of Oz was also observed using
DRIFTS. The concentration of oxygen in the gas mixture affects the extent of particle dispersion
caused by CO. Combining kinetic and spectroscopic studies we were able to quantify the extent

of particle disintegration and calculate the turnover frequency.

26



3.2 Material and methods

3.2.1 Catalysts

A series of Rh/AbOs3 catalysts were synthesized using the incipient wetness method. Rh(NO3)3
was used as the precursor, with the rhodium (III) nitrate solution (10% w/w Rh in >5wt% HNO3
solution) purchased from Sigma Aldrich, and was deposited onto y-Al,O3, also purchased from
Sigma Aldrich, to achieve 0.05% and 0.1% Rh weight loadings. The Rh-containing catalysts were
dried in a Thermo Scientific Lindberg muffle furnace at 120°C for 4 h in static air, and then the
temperature was ramped to 600 °C at 1 °C/min and held there for 4 h. To obtain different particle
sizes, different samples were placed in a quartz tube, which was put inside a Lindberg Blue M tube
furnace purchased from Thermo Scientific and exposed to 5% H> in Nz at 700°C for 4 h, 800 °C
for 4 h or 900 °C for 72 h. Another 0.1wt% Rh/Al>O3 catalyst provided by Ford Motor Company
was also evaluated as part of this study. This sample was synthesized by wetness impregnation
using a Rh(NO3)3 (10%w/w in 20-25% HNO3 solution) precursor, purchased from Acros Organics,
deposited onto y-Al>O3 (Puralox Sasol). The catalyst was calcined at 500 °C for 8 h. The catalyst
was then aged following Ford’s 4-mode ageing protocol,>* to simulate the performance of a high-

mileage catalyst. This sample is referred to as “Cycling Aged” below.

3.2.2 Chemisorption
H> chemisorption was performed using a Micromeritics ASAP2020 Plus. Prior to the measure-
ments, the catalysts were reduced in H» at 500 °C for 1 h, then evacuated for 2 h at 500 °C, cooled
to 35 °C and maintained under vacuum for 1 h. H> adsorption isotherms were collected at 35 °C.
The dispersion was calculated assuming a H:metal ratio = 1:1. We used the inverse of dispersion

to calculate the particle size, assuming hemispherical clusters.

27



3.2.3 CO oxidation kinetic experiments
The catalyst was placed in a quartz tube having an internal diameter of 4 mm. The tube was placed
in a Thermo Scientific Lindberg Blue M tube furnace. The inlet and outlet temperatures were
measured using K-type thermocouples purchased from Omega. Inlet and outlet stainless steel tub-
ing were maintained at 150 °C to avoid water condensation. The amount of catalyst used was 5 to
13 mg. In order to avoid heat transfer limitations, the catalyst was diluted with crushed cordierite,
originating from a Corning cordierite monolith, with a catalyst:cordierite weight ratio varying be-
tween 1:18-50. Cordierite is a common support material for monolith-supported catalysts, and typ-
ical in automotive catalysis®®. The cordierite inactivity during reaction was confirmed with results
shown in Figure S1. To avoid internal diffusion limitations, the catalysts were pelletized and sieved
to obtain 80-170 mesh (0.177 — 0.088 mm) pellets. The flowrates used were between 500 and 750
sccm, which according to our calculations, is enough to avoid external mass transfer limitations.
The absence of these transport limitations at conversions typically below 20% was confirmed us-
ing the Weisz-Prater number** and the Anderson and Mear’s criteria®>~®. N>, CO, O> and H»
flowrates were controlled with MKS mass flow controllers. Experiments that included H.O were
also performed, with 6% H>O, using a Bronkhorst controlled evaporator mixer (CEM). The cata-
lysts were pretreated in 5% Hz in N2 at 500 °C for 30 min. CO oxidation experiments were per-
formed using CO concentrations between 8400 — 13000 ppm. The O> concentration was adjusted
to maintain a target CO/Oz ratio. CO, CO; and H>O concentrations were measured using a MKS
MG2030 FT-IR analyzer. The conversions shown in the figures below were obtained under steady-

state conditions, with decreasing reaction temperature between data points.
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3.24 DRIFTS experiments
DRIFTS experiments were performed using a Nicolet iS50 FT-IR, with adsorption of CO to char-
acterize Rh speciation. The flowrate used for the pretreatments and experiments was 50 sccm. The
pretreatment consisted of exposure to 1% O; in He at 500 °C for 30 minutes, followed by a 10
minute He purge, with a final exposure to 5% H> in N> at 500 °C for 30 minutes. The temperature
was then decreased in He to 35 °C. The catalysts were exposed to 8400 ppm of CO in 16% N> and

83% He until saturation, which was verified by the unchanging spectra.

DRIFTS experiments with the goal of simulating reactor experiments were performed using the
0.1wt% Rh/Al>O3 sample that had been treated in H> at 700 °C as described above, using a custom-
made split cell design purchased from Harrick Scientific. The cell includes two sample holders,
one for the catalyst and one for a reference material. The chamber is mounted on a movable stage
that allows to switch from the catalyst position to the reference. Half of the cell was loaded with
the catalyst and the other half with inert SiC. This split cell design allowed us to subtract the gas
phase spectrum, obtained when collecting the IR signal from the inert material side, from the spec-
trum obtained when collecting from the catalyst side, at each temperature. The catalyst underwent
the pretreatment protocol described above and was then cooled to 300 °C in He. Prior to the ex-
periments, the background spectra for the catalyst and SiC were taken at each temperature in He.
The catalysts were exposed to a gas mixture containing 8400 ppm CO and 9250 ppm O: diluted in
16% N> and 82% He and the species present on the catalyst surface were analyzed every 20 °C
between 300 and 220 °C. The gas phase subtraction was performed using absorbance as intensity

units. In the plots shown, the spectra have been converted into Kubelka-Munk units.
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3.3 Results and Discussion

3.3.1 Catalyst characterization: H2 chemisorption and CO DRIFTS
Samples with a range of Rh particle sizes were synthesized by varying the Rh loading and the H»
reduction temperature, with Table 3.1 listing the particle size measurements obtained using H»
chemisorption. The values obtained from the H> chemisorption corresponds to an average value.
A separate sample was synthesized and aged at high temperature with exposure to oxidizing and
reducing conditions®®, which is labelled “Cycling Aged”, and is included to demonstrate that the
trends observed extrapolate beyond those samples exposed to simpler conditions and synthesized
with a different alumina or precursor. CO DRIFTS has been used to characterize Rh speciation,
enabling the identification of Rh oxidation states as well as distinguishing between single atoms,

20,24.27,32,5758 T characterize our

via the presence of Rh gem-dicarbonyls, and Rh nanoparticles
samples, CO adsorption spectra were obtained after reducing the catalysts in H> at 500 °C. The
spectra contain three main features, at 2030, 2060 and 2100 cm™'. The features at 2100 and 2030
cm! correspond to the IR symmetric and asymmetric stretches of single atom Rh as a gem-dicar-
bonyl (Rh*(CO),), respectively. The feature between 2040 — 2070 cm™! corresponds to CO linearly
bound to Rh nanoparticles*=>*’, displayed as Rh®-CO. The Rh’-CO peak position depends on
particle size, CO coverage and local coordination environment>-**-%2, For the catalysts with parti-
cle sizes 3.3 nm or larger, as was calculated from the H> chemisorption results, there was also a
small feature in the 1800-1900 cm™' range, indicating the presence of bridge-bound CO on Rh
nanoparticles (Rhx-CO). An example is shown in the inset for the 0.1% Rh sample aged at 900°C
for 72h. Overall, with increasing dispersion there are more Rh(CO), single atoms relative to nano-

particles. This increased Rh(CO), amount relative to nanoparticles might simply be due to the

lower reduction temperature used in synthesis or the lower Rh loading, both of which would
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normally lead to less metal agglomeration. However, it is widely reported that at low temperature,
CO is able to break apart Rh particles, dispersing them into single atoms, and that the relative
fraction of Rh single atoms and nanoparticles formed during CO exposure at low temperature
changes as a function of particle size?*?!?#2>325758 We hypothesize that CO exposure at 35°C

during the DRIFTS experiment led to an increase in Rh(CO)> amount relative to nanoparticles.

Table 3.1: Particle size measurements via Hz chemisorption

Catalyst Average particle size [nm]
0.05%Rh/Al>,03 <1
0.1%Rh/AL,0O3 1.1
0.1%Rh/A103; H2-700°C 1.6
0.1%Rh/A103; H2-800°C 33
0.1%Rh/ALO; - Cycling Aged 5
0.1%Rh/A1,03; H2-900°C - 72h 9.2
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Figure 3.1: DRIFTS spectra obtained after He purge after CO adsorption at 35 °C on
0.05%Rh/AL03, 0.1%Rh/Al,03, 0.1%Rh/Al03; Hz -700°C, 0.1%Rh/AlO; H2-800°C,
0.1%Rh/ALLO3-Cycling-Aged, and 0.1%Rh/Al2O3; H2-900°C — plotted in rank of dispersion as
measured by H> chemisorption. The CO concentration during exposure was 8400 ppm. Prior to
the CO adsorption, the catalysts were reduced at 500 °C in 5% H> for 30 min. The Kubelka-Munk
intensity of the largest peak in each spectrum was normalized to 1. For the 0.1%Rh/Al,O3 H»-
900°C sample, the KM intensity between 1950 and 1840 cm™ was multiplied by 10 and displayed
in the inset red-bordered box.
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3.3.2 CO oxidation Kinetics
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Figure 3.2: CO oxidation Arrhenius plots obtained from the 0.05%Rh/Al>03, 0.1%Rh/Al,O3 H»-
700°C and 0.1%Rh/Al,03 H2-900°C samples. CO = 8400-13000 ppm, CO/O2 = 0.9, total flowrate
= 500-750 sccm. The catalysts were pretreated in 5% H» at 500 °C for 30 min. The results shown
were obtained after reaching steady-state, with the temperature changing from high to low temper-
ature.

CO oxidation is one of the most studied reactions in heterogeneous catalysis, and the generally
accepted active site for Pt-group metals on irreducible oxide supports is the metallic phase, when
the reaction is performed under stoichiometric or slightly oxidizing conditions.’®**%_ Since it is
so well studied, and often used as a probe reaction, calculating true rates is needed, and to do so
for Rh-supported catalysts, we need to understand how the number of active sites changes under

reaction conditions. Here, we use CO oxidation rates to understand when the number of active
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sites changes under reaction conditions and, ultimately, in combination with spectroscopy to cal-

culate the true rates.

Figure 3.2 shows the Arrhenius plots originating from the experiments using the 0.05%Rh/Al,Os,
0.1%Rh/Al1,03 H2-700°C and 0.1%Rh/Al,03 H2-900°C catalysts. Results from the rest of the sam-
ples are shown in Figure S2. These catalysts have initial Rh particle sizes that span from <1 to 9.2
nm. Results are shown from an experiment with decreasing temperature; however, similar results
were obtained with increasing temperature. In the Arrhenius plots in Figure 3.2, we expressed the
rate in mol/s of CO; formed. We refrained from normalizing them by the moles of surface Rh
measured via H> chemisorption, due to the redistribution of Rh speciation and/or structure that
occurs in the presence of CO, as hinted at from the CO DRIFTS spectra in Figure 3.1 and the
literature discussed in the Introduction section. CO-induced particle restructuring makes the num-
ber of active sites unknown under reaction conditions as the number of active sites will be different

from that obtained from H> chemisorption or other ex-situ measurements.

All three Arrhenius plots in Figure 3.2 show the presence multiple regimes. At low temperature,
for all three catalysts described in Figure 3.2, and for all the catalysts tested (Figure S2), the ap-
parent activation energies are 100-110 kJ/mol. This is consistent with Langmuir Hinshelwood type
kinetics previously reported, that involves the adsorption of CO and O, the dissociation of Oz and
a surface reaction forming CO,."%7* At low temperature, the metal surface is covered by CO, re-
sulting in reaction inhibition. CO has to desorb in order to allow O> to adsorb and dissociate.”>747

As a consequence, the step limiting the reaction is the desorption of CO from the metal. The CO

oxidation activation energy is similar to the CO desorption energy, consistent with our results.®®

In the middle temperature range, the Arrhenius plot slopes increase, as the measured reaction rates

deviate from the linear fitting resulting in an activation energy of 100-110 kJ/mol. At high
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temperature, the calculated apparent activation energies are once again 100-110 kJ/mol, similar to
the values calculated in the low temperature regime. These results suggest that the rate-limiting
step at high and low temperature is the same and that the apparent activation energies in both
temperature ranges correspond to the CO desorption energy from a Rh metal particle.®® It is worth
emphasizing that heat and mass transfer phenomena were negligible under these conditions - as
mentioned in the Materials and Methods section, the absence of heat and mass transfer limitations
was confirmed by calculating the Mear’s and Anderson criteria and the Weisz-Prater number, all
of which are further described in the SI, Appendix A, section A4. The increase in the slope in the
mid-temperature range, or consistency between the low- and high-temperature ranges further ex-

cludes the presence of mass transfer limitations.

Although the apparent activation energies obtained for all the catalysts in the low and high tem-
perature regimes are similar, the derived linear fitting for each pair of temperature regimes do not
show the same y-intercept. Therefore, the pre-exponential factor differs between the high and low
temperature regimes and is higher in the high temperature regime. With the pre-exponential factor
being a function of the number of active sites, these data suggest that the number of active sites
changed between the low and high temperature regimes. As previously mentioned, at low temper-
ature CO is able to disperse Rh nanoparticles into single atoms, which leads to a decrease in the
number of active sites for CO oxidation.”” This is consistent with our results, as the catalysts show
lower pre-exponential factors at low temperature. However, with increasing temperature, the iso-
lated single atoms reaggregate into nanoparticles in the presence of CO**’®  increasing the number

of active sites for CO oxidation, and thus the pre-exponential factor.

For the 1.6 and 9.2 nm samples, there are data points in the transition, or mid-temperature regime,

between the low and high temperature regimes. In this transition temperature region, the Arrhenius
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plot slopes cannot be used to calculate an activation energy because the number of active sites is
different for each data point. Therefore, a calculated higher “activation energy” in this transition
does not represent a different rate-liming step, but simply reflects changes in rate due to changes
in the number of active sites as we move to higher temperature. The presence of a transition regime
suggests that there might be a particle size distribution, with the smaller particles dispersing to
single atoms before the larger as we decrease temperature, resulting in a decreased rate, until all
the particles that will break apart do. However, the 0.05%Rh/Al>O3 catalyst does not show this
intermediate/transition regime. Based on our interpretation of particle disruption or agglomeration
being a function of particle size, this lack of a transition regime is due to particle sizes being rela-
tively uniform such that they all disperse into single atoms between two experimental temperature

points.

The temperatures at which the Arrhenius plot slopes change in Figure 3.2 show a particle size
dependence. Figure 3.3 summarizes the temperatures at which we start to see a deviation from the
linear fitting in the high temperature region of the Arrhenius plots, which we here refer to as T
change, for all the catalysts we studied. This T change value initially decreases with increasing
particle size, reaching a plateau for samples with initial Rh particle sizes larger than 5 nm. Going
from high to low temperature, smaller particles break apart into single atoms before larger parti-
cles. A particle size dependence is consistent with previously reported computationally predicted
behavior of CO-induced disruption of Rh particles, where small particles in the presence of CO
have a lower free energy of disintegration, leading to fragmentation to single atoms, while larger
particles are more difficult to disintegrate.**** The inclusion of water, which is commonly present
in many reactions, either as a reactant or a product, was investigated during CO oxidation. As

shown and discussed in the SI (Appendix A, Section A3.3), water does not affect CO oxidation
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mechanism, because the measured apparent activation energies correspond to the CO desorption
energy, similar to the case without water. In addition, the presence of water did not alter the ob-
served changes in the slope and the T change resulted unchanged, suggesting that the interconver-

sion between single atoms and nanoparticles is not affected.

Once the T change temperature is reached, CO-induced Rh particle disintegration occurs and the
pre-exponential factor decreases due to formation of inactive single atoms. When the starting av-
erage particle size is small, disintegration occurs at higher temperatures because the particles are
not stable, due to their high surface energy and the formation of Rh(CO), single atom complexes
is more favorable — the adsorbate/Rh single atom, Rh(CO)», free energy is lower than that of the
CO bound to Rh nanoparticle structure’. At larger particle sizes, the temperature has to be lower
for CO-induced disintegration to occur because the larger particles are more stable, thus the parti-
cle cohesive energy is more competitive with the free energy of CO-induced nanoparticle disinte-

gration.

In characterizing the more traditional sintering process, the cohesive energy of a small particle is
weaker than a large particle, which means a lower temperature would lead to sintering for small
nanoparticles compared to that required for larger particles. The trend with particle size via the

adsorbate-induced disintegration observed here is opposite of the traditional sintering trend.

Since this process is reversible, one can also consider the nanoparticles-single atoms dynamics
from low to high temperature. As temperature increases, for these CO-induced changes, bigger
particles with their greater cohesive energy remain intact. Smaller particles will not form until
higher temperature since CO-induced nanoparticle disintegration free energy of the smaller parti-
cles more easily overcomes the lesser cohesive energy needed to maintain their agglomerated state.

This is consistent with theoretical studies** where with first-principle calculations on Rh/TiO», it
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was shown that the driving force that leads to particle disintegration increases with a decrease in

particle size as the free energy of disintegration shows substantially lower values.

I i I ! I ! I ! I

0 2 4 6 8 10
particle size (nm)

Figure 3.3: Summary of the temperature at which the change in CO oxidation kinetics occurs for
0.05%Rh/Al203 (<1 nm), 0.1%Rh/Al203 (1.1 nm), 0.1%Rh/AlO; H>-700°C (1.6 nm),
0.1%Rh/Al03; H2-800°C (3.3 nm), and 0.1%Rh/Al,03 H2-900°C (9.2 nm). CO = 8400-13000
ppm, CO/O2 = 0.9, flowrate = 500-750 sccm. The catalysts waere pretreated in 5% Ha at 500 °C
for 30 min.

3.33 In-situ CO + Oz DRIFTS
In order to further investigate the structural dynamics occurring during the reaction, DRIFTS spec-
tra were collected while exposing the 0.1%Rh/Al,03; H2-700°C sample, characterized by a 1.6 nm
particle size, to a CO and O mixture with CO/O2 = 0.9, a similar ratio used in the kinetic experi-

ments described above. The spectra collected in the temperature range between 220 and 300 °C
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are shown in Figure 3.4. All the spectra were normalized by the intensity of the asymmetric Rh
gem-dicarbonyl peak, centered at ~2020 cm™'. The spectra contain 4 peaks: 2070 cm™!, assigned to
the linear bound CO on Rh’, 2090 and 2026 cm™!, corresponding to the symmetric and asymmetric
gem-dicarbonyl species respectively, and 2120 cm™, corresponding to Rh(CO)(0)*’, previously
identified as a precursor to CO2 on a Rh particle®"®!. Overall, it is evident that with a decrease in
temperature, the peak assigned to CO bound to the Rh nanoparticle decreased in intensity, while
the relative intensities of the single atom features increased, providing additional evidence that CO

induces particle disintegration with decreasing temperature.

To evaluate relative changes in sites, the features in this region of each spectrum were deconvo-
luted and the areas under each peak were integrated. See Figure A8 and section A6 of the SI for an
example of the deconvolution. Figure 3.5 shows the peak area ratios for the symmetric gem-dicar-
bonyls, indicated as 2090/2026, and the linear CO-Rh, indicated as 2070/2026. The ratio of the
area of the two gem-dicarbonyl species is equal to 1, consistent with findings in the literature?,
and this ratio remains 1 throughout the experiment, within the temperature range studied here. The
ratios between the nanoparticle and the asymmetric gem-dicarbonyl are similar at 220 and 240 °C,
but increase with a further increase in temperature. In comparing the transition temperatures shown
here and that in Figure 3.3, they are similar — the 0.1%Rh/Al>03; H2-700°C sample is characterized
by an average initial particle size of 1.6 nm and its 7' change during the CO oxidation kinetic study
was 260 °C. The normalized Rh-CO area at 300 °C is 2-fold the initial area at 220-240 °C. These
results are consistent with our kinetic data and provide additional evidence that the fractions of Rh
particles and single atoms are changing during CO oxidation, and therefore the fraction of active

sites increases with an increase in temperature.
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Figure 3.4: DRIFTS spectra of 0.1%Rh/Al,03 H2-700°C during CO oxidation at 220, 240, 260,
280 and 300°C. CO = 8400 ppm; Oz = 9250 ppm. The catalyst was first exposed to 1% O, at 500
°C for 30 min, followed by He purge for 10 min and 5% Hz at 500 °C for 30 min. The spectra were
normalized by the intensity of the peak at 2026 cm™!, after applying the gas phase subtraction.
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perature investigate in the range between 220 — 300 °C
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3.34 The effect of O20n Rh speciation
The single atoms-nanoparticle interconversion during CO oxidation was observed only under con-
ditions with an excess of oxygen, relative to stoichiometric CO oxidation. In fact, CO oxidation
performed under oxygen deficient and stochiometric conditions showed a continuously linear Ar-
rhenius plot, resulting in an activation energy of 110 kJ/mol. This suggests that oxygen enhances
the oxidative process of CO-induced nanoparticle disruption. The effect of O> amount during CO
adsorption/oxidation on 0.1% Rh/Al,O3 H>-700°C was investigated spectroscopically at 260 °C,
which based on the results shown in Figure 3.3, is the single atom-nanoparticle transition region
for this sample. The following concentrations were investigated: 2000, 4200, 6500 and 9250 ppm.
The spectra in Figure 3.6 show that under stoichiometric conditions and conditions where there is
excess CO, Rh speciation is not altered, as the only features present were the linear and bridge
bound CO on Rh particles. However, when the Oz concentration increased past the stoichiometric
point, there was an increase in single atom fraction. Simultaneously, as shown in Figure A10, as
the O> concentration increased, the negative feature in the 3600-3800 cm™ OH region became more
pronounced, suggesting that OH groups on the Al,O3 surface were consumed. The increase in sin-
gle atom formation and depletion of the OH groups with an increase in Oz concentration is con-
sistent with previous reports which postulated that the OH groups are involved in the Rh nanopar-
ticle dispersion®®, These spectra indicate that oxygen favors the CO-induced oxidative disrup-
tion of Rh nanoparticles (Rh®) into Rh!(CO),. This is consistent with our kinetic experiments pet-
formed under similar conditions where a deviation from the typical linear regime of an Arrhenius

plot was not detected unless there was an excess of oxygen.
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Figure 3.6: DRIFTS spectra during CO + Oz exposure at 260 °C on 0.1%Rh/Al>,03; H2-700°C. CO
= 8400 ppm; O = 2000, 4200, 6250, or 9250 ppm. The spectra were normalized by the highest
intensity peak for comparison.

3.3.5 Bridging the spectroscopic and kinetic data
As mentioned above, the Arrhenius plots in Figure 3.2 show the CO» formation rates expressed in
mol/s, due to the challenge in counting Rh active sites with their dynamics during reaction. How-
ever, a quantitative interpretation of the spectroscopic data showed that at high temperature, the
fraction of nanoparticles, thus the active sites, is two times higher than the fraction at low temper-
ature. This information can be, and here was, used to normalize the reaction rates and obtain the

CO oxidation turnover frequency.



The black squares in Figure 3.7 display the CO oxidation rate measured at high and low tempera-
ture on 0.1%Rh/AlbO3 H2-700°C, normalized by the amount of surface Rh sites calculated via H>
chemisorption. As previously shown, from the linear fitting derived from the low and high tem-
perature, the activation energies are similar and equal to 100-110 kJ/mol, but the pre-exponential
factors are different depending on the temperature region used. However, based on the DRIFTS
results, the low temperature regime has more single atoms and less particles, with a factor of 2
calculated when comparing relative peak intensities at 220 to 300 °C. We can therefore renormal-
ize the pre-exponential factor by dividing the amount of Rh surface atoms obtained from H> chem-
isorption by 2, and use this quantity to normalize the rate measurements in the low temperature
regime. The red circles display the rate measurements normalized by two different active Rh
amounts at low and high temperature. The resulting line fitting the red squares still gives an acti-

vation energy of 100 kJ/mol, consistent with our previous measurements.

This combined in-situ spectroscopy and kinetic measurement method allows the quantification of
the extent of particle disintegration and active sites loss. The estimation of the active sites at all
temperatures during the reaction allows the calculation a true turn over frequency that otherwise
was not possible with just the reactor-based approach and ex-situ active sites measurements, which

do not track the dynamics of nanoparticle-single atoms interconversion.
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Figure 3.7: Normalized CO oxidation rates obtained on 0.1%Rh/Al2O3 H2-700°C. CO = 8400 ppm
02 = 9250 ppm; total flowrate = 750 sccm. The catalyst was reduced in 5% H> at 500 °C for 30
min. The black squares represent the reaction rates normalized by the number of Rh surface sites
obtained from the H> chemisorption measurement, the red circles are the reaction rates normalized
by the number of Rh surface sites obtained from the H> chemisorption at high temperature and the
half that amount at low temperature, based on changes observed in the DRIFTS spectra.

3.4 Conclusions
CO oxidation structure insensitivity is an important tool that can be, and has been, used to identify
and estimate the number of catalytically active sites. In this study, a combination of IR spectros-
copy and CO oxidation kinetics was used to track the structural changes occurring on Rh/Al>O3
catalysts. We showed that the ability of CO to break Rh nanoparticles reduces the number of active

sites during CO oxidation and the conditions where this occurs depends on Rh particle size. With
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decreasing temperature, smaller particles broke apart to single atoms first, and the temperature
required to break the particles decreased with increasing particle size up to 5 nm, after which the
catalysts showed similar behavior. While H>O does not affect the temperature at which the struc-
tural dynamics occur during the reaction, O> present in excess of the stoichiometric amount en-
hances CO-induced particle dispersion into single atoms. Spectroscopic studies were consistent
with this behavior in the presence of excess of O2. Rh nanoparticle features were more intense at
higher temperature compared to the IR features associated with single atoms, while at low temper-
ature the opposite was observed, implying that Rh nanoparticles were broken into single atoms at
low temperature. In addition, semi-quantitative analysis of the DRIFTS spectra was consistent with
the kinetic experiments, demonstrating that at low temperature only half of the original number of
Rh active sites are present on the catalyst surface, compared to that at high temperature. Combining
the relative changes in the DRIFTS spectra with the reactor-based kinetic experiments allowed the

turn over frequency to be calculated on an exposed surface Rh basis.
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Chapter 4: Spectroscopic investigation of Rh mobility in the presence

of CO, 0; and H,0

Spectroscopic investigation of Rh mobility in the presence of CO, O; and H,O

4.1 Introduction

Recently, research groups have been focused on studying catalyst dynamics and their impact on
reactivity and selectivity.!> When exposed to a reactive gas, metal nanoparticles can alter their
structure in various ways.>* This can involve a change in shape or exposed facets. For example,
when Pt is exposed to CO, (100) facets are reconstructed into high index facets.> Metal nanoparti-
cles can also change their size and sinter forming larger nanoparticles, resulting in a loss of active
sites, which constitutes the main deactivation mode of Pt and Pd three-way catalysts. Lastly, metal
nanoparticles can undergo structural changes leading to their redispersion into single atoms. This
particular change can influence both the activity and the selectivity of the catalyst. For example,
in the reaction between CO; and H», Rh nanoparticles are selective towards CHas, while Rh single
atoms are more selective towards CO.% In the previous chapter we showed how the reactivity to-
wards CO oxidation at higher temperature is affected by the relative fraction nanoparticles and

single atoms, with Rh nanoparticles being more active than single atoms.’

Structural changes depend on several physical parameters, including cohesive energy, surface en-
ergy of the nanoparticle, the adhesion of the nanoparticle on the support, the heat of adsorption of
the reactant with the metal particles and their surface coverage.® '° Metal nanoparticle surface and
cohesive energy are size dependent parameters. As previously described, the cohesive energy de-
creases as the particle size decreases.”!” This leads to higher instability and therefore smaller metal

nanoparticles are easier to break apart into single atoms. However, as nanoparticles become larger,
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their surface energy tends to decrease. This typically leads to the exposure of low-index surface

planes and to a higher stability, therefore reducing the possibility of particle disintegration.!!

The particle size dependence of single atoms-nanoparticle interconversion is well shown by the
CO adsorption on Rh/Al,Os3 catalysts performed at room temperature, where smaller nanoparticles
are more prone to redisperse into single atoms and form gem-dicarbonyl species, Rh*(CO),, while
larger nanoparticles are more stable, and CO simply adsorbs as mostly linear and bridge bound

CO on metal Rh.!>16

To detect structural changes, several techniques are commonly employed. In situ transmission
electron microscopy (TEM) and scanning tunneling microscopy (STM) can monitor the changes
in nanoparticle shape or size in the presence of reactants.! However, nanoparticle damage from the
beam can occur and care must be taken.!”!® X-ray spectroscopy (XAS) and in particular EXAFS
can be used to obtain more detail of the local metal structure.!®?* However, it can become less
precise as the nanoparticle increases in size." In addition, a high-flux density X-ray beam can
affect the catalyst structure and induce catalyst reduction and agglomeration, as shown for

Rh/ALO; and Ni/zeolite catalysts.?!

In this chapter, we used in-situ IR spectroscopy to study CO-induced Rh structural changes in the
presence of different feed compositions. IR-spectroscopy has been often used to study structural
changes of Rh,'>!422 Cy,2** Pd?>%¢ and Pt,>*"?® because it is a more accessible technique.?®-*°
Here we investigated the effect of water and Oz on the Rh single atom and nanoparticle intercon-
version induced by CO. In addition, considering the fluctuating feed composition during TWC

operation,*! varying from oxidizing to reducing conditions, the reversibility of CO-induced struc-

tural changes in the presence of O is also investigated.
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O; and water are significant components of gasoline exhaust gas and details on their effect on the

catalyst structure are needed to optimize the catalyst design effectively.

4.2 Material and Methods

4.2.1 Catalysts
0.05% and 0.1% Rh/A1O; were synthesized via incipient wetness impregnation. Rh(NO3)3 was
added drop by drop on a y-Al>O3 support. The catalysts were first dehydrated at 120°C for 4 h and

then calcined in static air at 600°C for 4 h, with the temperature increased at 1°C/min.

4.2.2 Characterization
H> chemisorption was performed using a Micromeritics ASAP2020 Plus. Prior to the measure-
ments, the catalysts were reduced in H» at 500 °C for 1 h, then evacuated for 2 h at 500 °C, cooled
to 35 °C and maintained under vacuum for 1 h. H> adsorption isotherms were collected at 35 °C.

The dispersion was calculated assuming a H:metal ratio = 1:1.

4.2.3 DRIFTS experiments
DRIFTS experiments were carried on an iS50 Nicolet FTIR. The catalyst was loaded in a custom-
made Harrick Scientific reaction chamber. The sample holder is divided into two parts: one part
was loaded with the catalyst and the other part was loaded with SiC, an inert material. The tem-

perature was controlled using a K-type thermocouple positioned underneath the sample holder.

Prior to each experiment, the catalysts were initially treated in 1% O»/He at 500°C for 30 min, then

purged with He and finally reduced in 5% H/He for 30 min.

The catalyst surface was studied while exposing the catalyst to 8400 ppm CO and a mixture of CO
+ O2, with CO/O2 = 0.9. The effect of water was studied by introducing water into these 2 feed

compositions. During dry experiments the gas mixtures passed through a liquid nitrogen cold trap.
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Wet experiments were carried out by introducing water using a bubbler. The surface speciation
was analyzed by exposing the reaction mixture at 200 and 300°C. Afterwards, the system was
purged with He and the desorption of the species initially adsorbed was tracked under isothermal

conditions.

Before taking spectra, a background was obtained. For wet experiments, the catalyst was first sat-
urated with water, the background spectrum was obtained and then the full feed composition was

added. Each spectrum was taken by averaging 32 scans.

4.3 Results and Discussion

4.3.1 Characterization

Table 4.1: Dispersion and particle size measurements performed on 0.05% Rh/Al,O3; and
0.1%Rh/Al,03 via H> chemisorption.

Catalyst H:Rh Particle size (nm)
0.05% Rh/AlLO3 1.5 <1
0.1% Rh/Al,03 0.9 1.1

0.05% Rh/A1>0O3 and 0.1%Rh/Al>O3 were characterized via H> chemisorption and CO DRIFTS at
35°C. Table 4.1 lists the dispersion measurements for 0.05% Rh/Al,0O3; and 0.1%Rh/AlO3 deter-
mined via H> chemisorption. Both catalysts exhibit high metal dispersion, with an average Rh
particle size of 1 nm or less. In the case of the 0.05% Rh/Al,O3 catalyst, the H:Rh ratio exceeds
unity, consistent with previous literature reporting a hydrogen-to-metal ratios larger than one for
highly dispersed Pt, Rh and Ir catalysts. These metals can indeed adsorb multiple hydrogen atoms

per metal atom.>?

57



Consistent with H, chemisorption measurements, CO DRIFTS displayed in Figure 4.1 shows the
presence on features at 2094 and 2026 cm™', corresponding to the symmetric and asymmetric

stretches of Rh(CO); single atoms, respectively.

In fact, Rh catalysts undergo structural changes when exposed to CO.!%!33338 These structural
changes involve nanoparticle disintegration into single atoms through an oxidative process involv-
ing the OH group from the support. During the disintegration process, Rh is oxidized from Rh° to

Rh". The proposed mechanism is as follow:
Rh’ + OH-Al +2CO - Rh*(CO), + 1/2 H»

Experimental and theoretical studies have demonstrated that Rh structural changes are size de-
pendent and smaller nanoparticles are more prone to be dispersed into single atoms, compared to
larger nanoparticles.®***4% Our spectra, which show only the presence of CO adsorbed on Rh
single atoms, are consistent with previous literature as this suggests that either we began with only

single atoms or we induced the total disintegration of 1 nm Rh particles.
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Figure 4.1: CO adsorption on 0.05% Rh/Al203 and 0.1%Rh/Al>,O3 at 35°C. The catalysts were
initially treated in 1% O at 500°C for 30 min, then purged with Ar and finally reduced in 5% H»
for 30 min. The catalysts were exposed to 8400 ppm CO until saturation.

4.3.2 CO adsorption at 200 and 300°C
To obtain a deeper understanding of the structural dynamics occurring during CO oxidation kinet-
ics, particularly before the system reached steady-state, we investigated via IR spectroscopy the
temporal evolution of Rh structural changes. This was achieved by exposing the 0.05% Rh/Al,0O3

catalyst to CO at 200 and 300°C.

Figure 4.2 (a) and (b) show the spectra taken during CO adsorption at 200°C over a period of time
of almost 2 h. This extended time frame was needed to stabilize the species and observe no further
changes in the spectra. In Figure 4.2 (a), we observe that Rh speciation changes over time. In the
first few minutes of CO adsorption, three features are present: two peaks centered at 2090 and

12,13

2019 cm’!, assigned to symmetric and asymmetric gem-dicarbonyl species, respectively, and a
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peak at 2055 cm™!,'* corresponding to CO linearly bound to Rh. The absence of the feature assigned
to bridge CO-Rh in consistent with the high dispersion measured via H, chemisorption. In fact,
typically, the bridge bound CO-Rh feature is observed in spectra obtained on catalysts character-

ized by nanoparticles larger than 2 nm.*!

As exposure time increases, we observe a decrease in the intensity of the feature associated with
CO linearly bound to Rhnp, while the gem-dicarbonyl species increase in intensity. This is con-
sistent with the oxidative process of Rh nanoparticle fragmentation into single atoms. Furthermore,
we observe that the gem-dicarbonyl species stretching frequencies do not change. This behavior is
a characteristic of CO adsorbed on isolated metal single atom features, as they do not exhibit a
change in peak position with varying coverage due to CO dipole-dipole coupling, unlike CO ad-

sorbed on nanoparticles.*?

Figure 4.2(b) provides a clearer difference in Rh speciation by displaying the spectra taken after 5
and 116 minutes. Here, we observe the presence of two isosbestic points at 2065 and 2038 cm™,
which suggest that Rhnp converts directly into Rhsa with no intermediates. A similar trend was
identified through energy-dispersive X-ray absorption fine structure in previous literature.** Two
1sosbestic points were also detected and were assigned to two structural changes occurring in se-
quence: the first change included the transformation from Rhio(CO), nanoparticle Rh, to Rh(CO);y,
where each Rh single atom was bound to ten CO molecules, and the second and final change was

associated the formation of Rh gem-dicarbonyl species, Rh(CO),. **
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Figure 4.2: 8400 ppm CO/He adsorption at 200°C on 0.05% Rh/Al>O3 over time until saturation.
The catalyst was initially treated in 1% O at 500°C for 30 min, then purged with Ar and finally
reduced in 5% H: for 30 min. (a) spectra taken every 5 minutes from time 0 (purple) to 116 min
(red); (b) spectra taken at 5 min and 116 showing the isosbestic points.
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A similar experiment was conducted at 300°C to study the extent of Rh particle disintegration at

higher temperature (Figure 4.3).
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Figure 4.3: 8400 ppm CO/He adsorption at 200°C on 0.05% Rh/AI203 over time until saturation.
The catalyst was initially treated in 1% O2 at 500°C for 30 min, then purged with Ar and finally
reduced with 5% H2 for 30 min. The spectra were taken every 5 minutes from time 0 to 132 min.

Similar to the spectra obtained at 200°C, also at 300°C we observe the presence of the two features
at 2090 and 2019 cm™' associated with the Rh gem-dicarbonyl species (Rhsa(CO)»), along with the
feature of CO linearly bound to a Rh nanoparticle (CO-Rhnp) at 2050 cm™. The trend in changes
in intensity is similar to the one observed at 200°C, with the intensity of Rhnp decreasing and that
of Rhsa increasing. However, unlike at 200°C, at 300°C we still observe the feature of CO-Rhnp,
suggesting that the Rh nanoparticle disintegration process is not complete. In fact, at higher tem-
perature, it was proposed that CO promotes single atom agglomeration, by reducing Rh from +1
to 0. This catalyst, as suggested by the H:Rh ratio higher than 1, primarily consists of sub nanome-

ter clusters, which have high surface energy and remain unstable in the presence of CO even at
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high temperature and tend to redisperse into single atoms.”>>* However, as expected, the extent of

particle disintegration is lower, since this process is more favored at lower temperature.'!3

4.3.3 CO + 02 adsorption at 200 and 300°C
Following the investigation of the CO-only feed, we introduced O> into the reaction mixture with
the goal of comparing the trend between the change in speciation and the activity data. In fact,
during kinetic steady-state experiments we observed a decline in conversion at fixed temperature,
as shown in Figure 4.4, where the profile of CO; concentration is plotted over time, during CO +
O2 exposure at 327°C. Based on the spectra shown in Figure 4.2 and Figure 4.3, we hypothesize
that the decline in CO; formed is associated with the reduction in the relative fraction of Rh nano-

particles, which are reported to be the active sites for CO oxidation.**
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Figure 4.4: CO; profile vs time during CO+O; reaction at 327°C on 0.05% Rh/ALO;. CO = 8400
ppm, O2 = 9200 ppm, diluted in N>. Prior to the reaction, the catalyst was reduced with 5% H> for
30 min.
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Similar to CO only experiments, we proceeded with studying the evolution of Rh speciation at

200°C and 300°C.
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Figure 4.5: 8400 ppm CO + 9200 ppm O2/He adsorption at 200°C on 0.05% Rh/Al>O3. The cata-
lyst was initially treated in 1% Oz at 500°C for 30 min, then purged with Ar and finally reduced
with 5% H> for 30 min. The temperature decreased in He to 200°C. The spectra shown were taken
during CO + O adsorption at time = 2 min (black) and 125 min (red), when saturation was reached.

CO + O2 exposure at 200°C spectra are shown in Figure 4.5 and we continue to observe the trans-
formation of Rhxp, at 2055 cm™ as CO-Rh, into Rhsa, at 2090 and 2019 cm™ as Rh(CO).. The
relative fraction of these species changes over time, with single atoms progressively increasing. In
addition, when CO and O are both present in the gas mixture, the extent of particle disintegration

is enhanced because Ox favors this oxidative process.*>*¢
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Figure 4.6: 8400 ppm CO + 9200 ppm O2/He adsorption at 300°C on 0.05% Rh/Al>O3 for 198
minutes. The catalyst was initially treated in 1% O2 at 500°C for 30 min, then purged with Ar and
finally reduced with 5% H> for 30 min. The temperature decreased in He to 300°C. The spectra
shown were taken during CO + O adsorption from time = 2 min (purple) to time = 198 min (red),
when saturation was reached.

The trend of nanoparticle disintegration persists during CO + Oz adsorption at 300°C, shown in
Figure 4.6. When the catalyst is exposed to CO + O, with CO/O2 = 0.9, once again, Rh nanopar-
ticles undergo redispersion into single atoms. The relative fraction of Rhnp detected on DRIFTS,
located at 2050 cm!, decreases in intensity as the exposure time increases. This behavior is con-
sistent with the activity data shown in Figure 4.4. Given that Rhnp is the active site for CO oxida-
tion, CO; formation decreases with time because of the redispersion of the active sites into single
atoms, which have been found inactive for CO oxidation at high temperature.** We note that the
presence of Rh particles is not readily discernable, suggesting that they are either absent or exist
in minimal quantities, making them challenging to observe due to their low extinction coeffi-

cient.®!21%47 This is consistent with the low activity observed during CO oxidation kinetics at this
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temperature, whereas higher activity is achieved at temperature higher than 320°C, because of the

single atom aggregation.

4.3.4 CO + H20 adsorption
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Figure 4.7: 8400 ppm CO + H>O/He adsorption at 200°C on 0.05% Rh/Al>:O3 for 140 minutes.
The catalyst was initially treated in 1% Oz at 500°C for 30 min, then purged with Ar and finally
reduced with 5% Hz for 30 min. The temperature decreased in He to 200°C and H2O was intro-
duced. After saturating the catalyst with water, a background was taken and CO was added in the
gas stream. The spectra shown were taken during CO + H>O adsorption from time = 2 min (purple)
to time = 140 min (red), when saturation was reached.

The effect of water on Rh mobility and interconversion between single atoms and nanoparticles
was investigated by initially saturating the catalyst with H>O and subsequently introducing CO
into the feed. During CO and H»O adsorption, shown in Figure 4.7, we only notice the presence of
CO adsorbed on Rh single atoms in the form of gem-dicarbonyl species. There is no Rhnp—CO, in

the frequency range between 2030 and 2070 cm™, where it is usually located. In this region, the
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baseline is zero, which contrasts with previous experiments, where the baseline never reaches zero,

suggesting the minimal presence of CO on Rhnp.

The position of the two gem-dicarbonyls exhibited a slight red-shift compared to the position of
the experiment without water. Experimental and theoretical studies showed that the gem-dicar-
bonyl species position is related to the coordination environment. A less hydroxylated region
causes a blue shift, while the more hydroxylated region causes a red shift.”> We can therefore
speculate that the larger presence of OH groups may cause the shift compared to the dry experi-
ments. In addition, the narrower width of Rh(CO); features suggests that in the presence of water,

the Rh coordination environment is more uniform*® as contrasted with the dry case.

After purging the CO from the gas phase, while flowing He and water, the gem-dicarbonyl species
desorbed or decomposed (Figure 4.8 a), and a new species becomes noticeable at 2170 cm™! (Figure
4.8b), where it was previously obscured by the presence of CO gas phase (2200-2050 cm™). This
species could be assigned to CO bound on Rh oxide or CO on alumina.*>! However, the latter
option appears less likely, since CO on Al,Os3 is usually only physisorbed, with weak binding en-

ergy, and usually desorbs during a He purge.
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Figure 4.8: Purge with He + H>O on 0.05% Rh/A1,Os: (a) spectra over time until stabilization; (b)
last spectrum
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Figure 4.9: Dynamics of CO + H;O adsorption on 0.05% Rh/Al,0O; at 300°C.The catalyst was
initially treated in 1% O at 500°C for 30 min, then purged with Ar and finally reduced with 5%
H> for 30 min. The temperature decreased in He to 300°C and H>O was introduced. After saturating
the catalyst with water, a background was taken, and 8400 ppm CO was added in the gas stream.
The spectra shown were taken during CO + H>O adsorption from time = 2 min (purple) to time =
108 min (red), when saturation was reached.

68



Figure 4.9 shows the spectra obtained with exposure to CO + H20 on 0.05% Rh/Al,0O3 at 300°C.
In this case, the dynamics of the species present on the catalyst surface are quite different from the
previous, dry experiments. As time progresses, we observe that the intensity of the features as-
signed to Rh(CO); centered at 2087 and 2018 cm™! initially intensify and then decline, while shift-
ing to higher wavenumber. Simultaneously, we observe an increase in intensity of the feature cor-
responding to CO linearly bound to Rh nanoparticles at 2050 cm!, along with the emergence of
the bridge bound CO on Rh nanoparticle feature, spanning from 1800 to 1950 cm™'. The dynamics
shown in Figure 4.9 can provide insights into the mobility of gem-dicarbonyl species as well as
the mechanism of single atom aggregation. The dynamics of aggregation of Rh single atoms into
nanoparticles is consistent with the CO, formation profile during CO oxidation in the presence of
water (Figure 4.10). Unlike the dry experiment, the CO> profile slowly increases before reaching
the steady-state, which is consistent with the single atom aggregation dynamics in Figure 4.9. We
can hypothesize that H>O enhances the mobility of single atoms and favors aggregation. In addi-
tion, the blueshift observed in single atom peak positions suggests that the local coordination en-
vironment influences their mobility and it further indicates that the doublets at lower wavenumber

(more hydroxylated) exhibit greater mobility in the presence of water.
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Figure 4.10: CO: profile vs time during wet CO+O> reaction on 0.05% Rh/AlO;. CO = 8400
ppm, O2 = 9200 ppm, H20 = 6%, diluted in N>. Prior to the reaction, the catalyst was reduced with

5% H> for 30 min.

The stability of the species adsorbed on the catalyst surface was verified during the He purge, in
the presence of water, at 300°C (Figure 4.11). All the species, including CO on Rh nanoparticles,
both linear and bridged, as well as CO on Rh single atoms, completely desorb from the catalyst
surface, with CO on Rh nanoparticles desorbing faster, consistent with previous reports.>? During
the desorption process, we observe a blue shift in gem-dicarbonyl species features, suggesting
again that the gem-dicarbonyl species at lower stretching frequencies are less stable in the presence

of water. During the purge, at 300°C the feature centered at 2178 cm™ is not present, suggesting

that at 300°C this species might not be stable.
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Figure 4.11: He purge in the presence of water after CO + H>O adsorption at 300°C.
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Figure 4.12: CO + Oz + H2O adsorption 200°C on 0.05% Rh/Al,Os. The catalyst was initially
treated in 1% O2 at 500°C for 30 min, then purged with Ar and finally reduced with 5% H> for 30
min. The temperature was decreased in He to 200°C and H>O was introduced. After saturating the
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catalyst with water, a background was taken, and 8400 ppm CO and 9200 ppm O were added into
the gas stream. (a) Spectra shown were taken during CO + Oz + H>O adsorption from time = 2 min
(purple) to time = 204 min (red), when saturation was reached; (b) spectra taken during the purge
with He and water from time 0 min (purple) to time = 20 min (red)

The spectra in Figure 4.12 (a) show the adsorption of CO, O, and H>O, conditions similar to those
employed during wet CO oxidation kinetics. The only two features present are the gem-dicarbonyl
species and no CO absorbed on nanoparticles is detected. In the presence of O», the two gem-
dicarbonyl peaks exhibit positions located at lower stretching frequencies, suggesting the presence
of a coordination environment populated by OH groups. No shifts in position are observed, sug-
gesting that the coordination environment remains consistent and uniform, as also hinted by the

narrow full half max width (FHMW).

These gem-dicarbonyl species are more stable when CO is co-adsorbed with Oz and H>0, as shown
in Figure 4.12 (b), where Rh(CO); features do not decompose. This behavior is in sharp contrast
to the case where only CO and H>O are present, as shown in Figure 4.7, where the species all
decomposed. In addition, in Figure 4.12 (b), no change in frequency is observed. This suggests

that O» helps stabilize Rh(CO)., located at lower wavenumbers.
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Figure 4.13: CO + O + H0 adsorption 300°C on 0.05% Rh/Al;0s. The catalyst was initially
treated in 1% O2 at 500°C for 30 min, then purged with Ar and finally reduced with 5%H> for 30
min. The temperature decreased in He to 300°C and H,O was introduced. After saturating the
catalyst with water, a background was taken, and 8400 ppm CO and 9200 ppm O, were added into
the gas stream. (a) Spectra shown taken during CO + O; + H>O adsorption from time = 2 min
(purple) to time = 144 min (red), when saturation was reached; (b) spectra taken during the purge
with He and water from time 0 min (purple) to time = 106 min (red)

The spectra obtained at 300°C in Figure 4.13 (a) show, once again, the presence of exclusively
gem-dicarbonyl species, resembling the experiments without water. The absence of discernible
nanoparticle features is consistent with the process of nanoparticles disintegration accelerated by
the presence of oxygen. In the presence of O,, water does not have a significant influence in mo-
bilizing Rh single atoms and promoting their aggregation, consistent with the kinetics observation
in Chapter 3. In fact, we observed that during CO oxidation and in the presence of excess oxygen,
H>O does not modify the oxidative process induced by CO. The temperature at which the rates
change, associated with the Rh nanoparticle and single atom interconversion, has similar values

under dry and wet conditions.
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However, in Figure 4.13 (a) we observe that, as time progresses, during CO + Oz + H>O adsorption
the features at 2084 and 2014 cm’! initially increase in intensity, but then decrease, while shifting
their position to higher frequencies. This dynamic suggests that at 300°C there is a competitive
interaction between the stabilizing effect of Rh gem-dicarbonyls induced by O, and the mobilizing

effect of H>O.

4.3.6 Reversibility of Rh nanoparticle disintegration
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Figure 4.14: CO, CO+0O7 and CO adsorption on 0,1%Rh/Al,03 at 300°C. The catalyst was initially
treated in 1% O2 at 500°C for 30 min, then purged with Ar and finally reduced with 5% H> for 30
min. The temperature was decreased in He to 300°C.

To assess the reversibility of the enhancement of O2 on CO-assisted nanoparticle disintegration,
we exposed the catalyst to (i) CO only, (ii) CO + O», and (iii) CO only, sequentially. We chose to
perform the analysis at 300°C, because, as shown in Figure 4.3, at this temperature we could ob-

serve the nanoparticle feature. This experiment was performed with the 0.1% Rh/Al,O3 sample.
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Even though it was a different catalyst, H> chemisorption still showed a high dispersion value and
CO DRIFTS at 35°C exhibited only gem-dicarbonyl species, suggesting that 0.1 and 0.05%
Rh/Al,0O5 catalysts are both characterized by high dispersion and small particle size, and therefore

present similarities.

Similarly to CO adsorption at 300°C on 0.05% Rh/Al>Os3, after exposing 0.1% Rh/Al,O3 to CO
(Figure 4.14), we observe the presence of the symmetric and asymmetric gem-dicarbonyl species
at 2090 and 2018 cm™!, respectively, as well as a feature with small intensity at 2050 cm™!, assigned
to Rhnp-CO. In the second step, with the addition of 9200 ppm O, the gem-dicarbonyl intensity
increased, while the RhNP-CO peak disappeared, consistent with the enhanced CO-assisted disin-
tegration process. When Oz was removed from the feed composition, the two features assigned to
CO on single atoms decreased in intensity, while the CO linearly adsorbed on Rh nanoparticle
peak increases. All the features do not shift their peak position, suggesting that the coordination
environment remained unchanged. This suggests that the O> enhanced CO-assisted nanoparticle
disintegration is a reversible process, consistent with our kinetic data where we showed that the
data could be collected from high to low temperature or from low to high temperature, without

changing the Rh nanoparticle-single atoms disintegration process.

4.4 Conclusions
Structural changes induced by adsorbates can vary the activity and the selectivity of a catalyst. In
the context of a three-way catalyst, O and water are critical components of a reaction mixture, it
is important to understand their effect on the catalyst structure and gain insights on how the active

site(s) evolves with time and feed composition.

Here we investigated the impact of H>O and O at different temperatures. We observed that at low

temperature, 200°C, regardless of the feed composition, Rh nanoparticles break apart into single
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atoms during CO exposure. However, the stability of the resulting gem-dicarbonyl species is in-
fluenced by the presence of H>O and/or O>. When CO and H>O are both present in the feed, the
gem-dicarbonyl species almost completely decompose/desorb. However, when O is added, during
the adsorption process, these two features remain stable at 200°C. This indicates that the gem-
dicarbonyl species mobility varies according to their coordination environment and the presence

of OH groups may enhance their mobility.

At higher temperature, at 300°C, the mobility is enhanced in the presence of water, leading to
single atoms aggregating into nanoparticles. For any feed composition however, under wet or dry
conditions, O; always causes the formation of gem-dicarbonyl species, suggesting an enhancement

of CO-induced particle disintegration for both dry and wet environments.

The reversibility of CO-induced particle dispersion was confirmed by introducing and then remov-
ing Oz in the feed composition, which included CO. The presence of Oz enhanced the particle
disintegration process. However, when O was removed from the feed composition, and the cata-

lyst was exposed to CO alone, the catalyst returns to its initial state.

The investigation of the effects of H>O and O on the interconversion of Rh nanoparticle and single
atoms can provide insights into the single atoms mobility. This knowledge can help in the engi-
neering of the local coordination environment around the metal, leading to improved catalyst de-

sign and performance.
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Chapter 5: NO reduction by CO: H20 and NH3 effects on the Kkinetics

5.1 Introduction

NO reduction by CO is one of the three key reactions occurring on the three-way catalyst. Rh
catalysts have been recognized for being more active in reducing NO compared to Pt or Pd because
of their ability to dissociate NO and selectively reduce it to N».!* Under real-world conditions,
where water is present in the feed composition, the products resulting from NO reduction by CO
include: N2, N>O and NH3. NH3 and N>O are undesired by-products and could cause damage to
the environment and human health. NH3 contributes to ecosystem eutrophication and enhances
particulate matter formation,”’ while N>O is a powerful greenhouse gas.® A decrease in N>O and
NH3; formation, which increases N> selectivity, requires a detailed understanding of the reaction

mechanism.

However, a well-understood NO reduction by CO reaction mechanism is still lacking, even under
simplified conditions like in the absence of water. These challenges are attributed to the intrinsic
structure sensitivity of the reaction. In fact, the NO + CO activity obtained on single crystals is not
consistent with results obtained on supported catalysts. Single crystals exhibit lower activation
energies, higher rates and lower selectivity.” > Several factors have been identified as responsible
for these differences, including facets and sites present, temperature, feed composition (specifi-
cally NO/CO ratio) adsorbate-adsorbate interactions, coverage, bonding configuration, reaction
intermediates and the support contribution.'>"!7 In addition, in the case of Rh catalysts, Rh specia-
tion also plays a role in the reaction mechanism. In TWC formulations, where the Rh content in
minimal, 0.1-0.5wt%, Rh is present in the form of single atoms, nanoclusters and large nanoparti-
cles. Each of these forms has its own activity and selectivity. For example, it has been shown that

NO dissociation and high N2 selectivity is favored on large nanoparticles on supported Rh
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catalysts.'® In addition, when considering the selectivity of NO reduction by CO in the presence
of H>O, previous studies indicate that Rh single atoms, Rhsa, selectively convert NO into NHj3,
when the feed composition is CO-rich, while Rh nanoparticles, Rhnp, preferentially form N> and

N,O."

The common approach to investigate the NO reduction by CO reaction mechanism involves a
combination of kinetic and spectroscopic studies. Here, we present our preliminary study exploring
the effect of water on the NO reduction by CO kinetics under different conditions experienced by
a TWC: stoichiometric, reducing and oxidizing. We further studied the effect of NH3 on the reac-
tion rates. We then integrated the kinetic investigations with the analysis of the adsorbates present

on the catalyst surface and their mobility.

5.2 Material and Methods

5.2.1 Catalysts
0.05wt% and 0.1wt% Rh/Al>O3 catalysts were synthesized via wetness impregnation. Rh3(NO)3
precursor purchased from Sigma Aldrich was added dropwise on gamma alumina purchased from
Sigma Aldrich. The catalysts were dried in a Lindberg muffle furnace at 120°C for 4 h. Afterwards,
the temperature was increased to 550°C at 1°C/min and held at the temperature for 4 h. To increase
the particle size of the 0.1% Rh/Al>O; catalyst, it was treated in 5% H> for 72 h at 900°C. This

catalyst is described below as 0.1% Rh/A1,03-900°C.

5.2.2 Dispersion measurements
H> chemisorption was used to obtain Rh dispersion. The catalysts were reduced in H» for 1 h at
500°C. The system was evacuated at 500°C for 2 hours. The temperature was decreased to 35°C

and another evacuation was performed. The H2 chemisorption isotherms were collected at 35°C.
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The dispersion was calculated by considering the intercept derived from the linear part the total

adsorption isotherm. Rh particle size was obtained as 100/D[%], assuming an octahedral shape.

5.2.3 Kinetic experiments
NO + CO kinetic experiments were performed in a fixed bed flow reactor. The catalyst was placed
in a 4 mm quartz tube and positioned in a Thermo Scientific Lindberg Blue M furnace. The tem-
perature was monitored using K-type thermocouples, purchased from Omega, at the inlet and the
outlet of the catalyst. The amount of catalyst used was between 5 and 13 mg and was diluted with
Si0O; to obtain at a mass of 250 mg. To avoid internal mass transfer limitations the catalyst was
pelletized and sieved using 80-170 mesh size. The total flowrate was 500 sccm. Before the reac-
tion, the catalyst was reduced in 5% Hp, diluted in N> at 500°C for 30 minutes. The reaction mixture
included 1000 ppm CO and NO was varied to obtain a NO/CO ratio of 0.5, 1 and 2. The reaction
mixture was diluted in N»>. The experiments performed to evaluate the effect of NH3 on the reaction
included the addition of 100 ppm NH3 to the feed composition. Wet experiments were performed
by including 6% water, introduced using a Bronkhorst controlled evaporator mixer (CEM). CO,
NO, NHz, N2O, CO> and H>O were detected using a MKS MG2030 FT-IR analyzer. N2> concen-
trations were calculated through a N balance. CO and NO, as well as the product reaction rates,
were measured under steady-state conditions. The activation energies were caulcated by consider-

ing the slope derived from the Arrhenius plot.

5.24 DRIFTS experiments
DRIFTS experiments were performed to characterize the catalysts and analyze the surface species
under reaction conditions. The catalysts were placed in a custom-made Harrick scientific reaction

chamber designed to perform in-situ gas phase subtraction and minimize the dead volume.
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Conversion (%)

Prior to each experiment the catalysts were pretreated in 1% O2 at 500°C for 30 min, followed by

an Ar purge for 10 min and finally 5% H> at 500°C for 30 min.

CO adsorption at 35°C was performed to characterize the catalysts. After the pretreatment, the

catalysts were exposed to 5000 ppm CO, diluted in Ar.

In-situ NO + CO adsorption was performed on 0.1% Rh/AlO3 at 265°C to analyze the surface
species during the reaction. 5000 ppm CO and varying NO concentrations to reach NO/CO ratios
of 0.5, 1 and 2 were used. Experiments including NH; were performed by introducing 500 ppm
NH3 into the reaction mixture. After the adsorption phase, the system was purged until no changes

in the spectra were detected and a temperature programmed desorption was performed at 10°C/min

until 500°C.

5.3 Results and Discussion

5.3.1 NO reduction by CO: preliminary data on 0.05% Rh/AL203
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Figure 5.1: NO reduction by CO kinetics with a 0.05% Rh/A1>O3 catalyst. (a) NO (blue) and CO
(red) conversion; (b) N>O (green) and NHj3 (fuscia) selectivity; (c) Arrhenius plot of NO and CO
consumption and N>O and NH3 formation rates. The catalyst was reduced in 5% H> for 30 min at

500°C. The reaction mixture included 1000 ppm CO, 500 ppm NO and 6% H>O, diluted in N>.
The conversions shown were taken at steady-state.
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Figure 5.1(a) and (b) show NO and CO conversions, NoO and NHj3 selectivity, along with the
corresponding Arrhenius plot obtained during NO reduction by CO, with NO/CO = 0.5, in the
presence of 6% H>0O. The conversion profiles in Figure 5.1, obtained between 280 and 450°C,
exhibit an unusual behavior, with an inflection point at around 330°C, which leads to a flattening
of the conversion profile, followed by an increase in conversion at 400°C. The product distribution
included N>O, NH3 and we assume N>. NH3 is an additional product present when water is included
in the reaction mixture and the amount of NH3 formed increases as the reaction mixture has an
excess of reductant, CO.2%22 The NH3 formation rate has a positive order in CO concentration.?!
In our case, the NO/CO ratio is 0.5, therefore a higher NH3 selectivity is expected. However, the
majority of products formed are represented by N>O, which exhibits a selectivity of around 75%.
This is consistent with previous studies which reported that Rh catalysts mainly catalyze the for-
mation of N>O at low temperature and N> at higher temperature. As the temperature increases, as
well as NO and CO conversion, the selectivity towards N>O and NH3 decreases to form the desired
product, N». The Arrhenius plot in Figure 5.1 (c) follows the corresponding trend with the inflec-
tion point. Overall, three regimes are present: at low temperature, the NO activation energy is equal
to 173 kJ/mol, in the mid temperature range the apparent activation energy decreases to a value
close to zero and, finally, at high temperature it shows a higher activation energy with a value of
58 kJ/mol. The decrease in apparent activation energy in the mid temperature range is not corre-
lated with the presence of internal and external mass transfer limitations. In fact, for these data
points, the Weisz-Prater number is lower than one and the Mears criterion is satisfied. In addition,
if mass transfer was limiting the reaction rate, the Arrhenius plot would not exhibit an increase in
the values with a further increase in temperature. The reaction rates at higher temperature show an

activation energy of 58 kJ/mol. Despite this value being higher than the one in mid temperature
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range, these rates are limited by mass transfer, as the measure apparent activation energy is less
than half of that one measured in the low temperature range. In addition, the Mears criterion is not

satisfied and the Weisz-Prate number is higher than 1.

When evaluating the apparent activation energies calculated considering CO, N>O and NH3 reac-
tion rates, we notice that in the low temperature regime, NH3 and N>O apparent activation energies
are 173 and 165 kJ/mol respectively, similarly to what was measured for the NO rate. This suggests
that NO, N>O and NHj3 share the same rate limiting step. On the other hand, CO exhibits a lower
apparent activation energy, indicating that the rate limiting step might differ and may involve either
the reaction with water through the water gas shift reaction or the scavenging of adsorbed oxygen

from the catalyst surface deriving from the dissociation of NO.

The focus of this work was to investigate the cause of the inflection point in the NO and CO

conversion profiles and what leads to different apparent activation energies between CO and NO.

Several hypotheses have been proposed and they include:

- Structural changes occurring during the reaction involving the interconversion between
single atoms and nanoparticles;

- Presence of multiple rate limiting steps in the reaction;

- Deactivation process occurring via formation of stable species on the active sites surface;

- Deactivating process via sintering of nanoparticles during the reaction.

These hypotheses have been studied with the 0.1% Rh/Al>O3 catalyst via the study of NO + CO

kinetics, in the absence and presence of water, and in-situ DRIFTS.
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Figure 5.2: NO reduction by CO kinetics on 0.1% Rh/Al;0s. (a) NO (blue) and CO (red) conver-
sions and (d) N2O and N> selectivity for NO/CO = 2; (b) NO (blue) and CO (red) conversions and
(e) N2O and N selectivity for NO/CO = 1; (¢) NO (blue) and CO (red) conversions and (f) N2O
and N selectivity for NO/CO = 0.5. The catalyst was reduced in 5% H> for 30 min at 500°C. The

reaction mixture included 1000 ppm CO, NO varying to obtain NO/CO = 2, 1 and 0.5, diluted in
N». The conversions were taken at steady-state.

NO reduction by CO kinetics in the absence of water was evaluated on a 0.1% Rh/AL>O; catalyst
and the conversions of reactants were obtained at steady-state. When the catalyst was exposed to
the reaction mixture, deactivation was observed and it took several hours to reach a steady-state.
A similar behavior was observed on Rh/Al,O3, Rh/SiO; and Pt/Si0,.22* On Pt/SiO it was pro-
posed that deactivation occurred due to an accumulation of NCO and CN species in the vicinity of

Pt nanoparticles, leading to changes in the Pt electronic properties.>
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This series of experiments serves as a control experiment to gain a better understanding of the
impact of water on the reaction kinetics. Figure 5.2 shows the CO and NO conversion along with
the selectivities towards N> and N>O. The investigations involved varying the NO/CO ratio from
0.5 to 2 to simulate the different environments typically encountered in the three-way catalyst
process, such as oxidizing, stoichiometric and reducing conditions. The product selectivity shown
in Figure 5.2 for each NO/CO ratio investigated exhibited a constant selectivity towards N>O at
approximately 80%. Similar results were reported for NO reduction by CO on a Pd/Al>O3 cata-
lyst.2>2° It was shown that N>O did not depend on the reactant concentration, the gas velocity or
the catalyst temperature.?®** The remaining product formed is assumed to be N, derived from the
material balance. These results are consistent with previous studies conducted on Rh/Al>O3 and
Rh/Si0; catalysts showing that the major product of NO reduction at low temperature was N>O. It
was proposed that N2O formation strongly depends on the NO coverage. Single crystal studies
proposed that N2>O is formed via surface reaction between adsorbed N and molecularly adsorbed
NO, which was not able to dissociate. It was indeed shown that on Rh(111), at low coverages
(<0.25 ML) NO completely dissociated; at intermediate coverages (between 0.25 and 0.5 ML)
only a portion of NO dissociated and at high coverages (> 0.5 ML) NO dissociation was hindered
by the unavailability of free sites. As Rh sites become unavailable, NO dissociation is hindered,
and N>O formation is hindered. As temperature increases and more sites become available, N»
selectivity increases.’! Therefore, the rate and the selectivity primarily depend on the NO adsorp-
tion/desorption equilibrium.*? In addition, the consistent selectivity across the different NO/CO
ratio suggests that the catalyst surface remains relatively stable with varying feed composition and

is populated by similar species to similar extents.
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Figure 5.3: NO reduction by CO kinetics on 0.1% Rh/Al>,03. Arrhenius plots of NO, CO, N>O
rates. (a) NO/CO = 2; (b) NO/CO = 1; (c) NO/CO = 0.5. The catalyst was reduced in 5% H> for
30 min at 500°C. The reaction mixture included 1000 ppm CO, NO varying to obtain NO/CO = 2,
1 and 0.5, diluted in Na.

Figure 5.3 shows the Arrhenius plots derived from the conversion profiles. The apparent activation
energy derived from NO consumption had a value of 165 kJ/mol, similar to the value obtained
from the N>O formation. This similarity implies that NO consumption and N>O formation share a
common rate-limiting step, in the case of stoichiometric and reducing conditions. However, the
apparent activation energy derived from CO consumption exhibits a lower value of 135 kJ/mol,
across all NO/CO ratios, indicating a distinct reaction pathway for CO consumption. Under oxi-
dizing conditions, NO/CO = 2, the apparent activation energy derived from NO consumption is
similar to the one obtained from CO consumption. Differences among activation energies consid-
ering the same reaction were reported in literature in single crystal studies. Previous research on
NO reduction by CO kinetics performed on Rh(111) and Rh(110) single crystals reported that the
apparent activation energy measured from CO2, N>O and N formation rates were different accord-
ing to the crystal structure. COz and N>O apparent activation energy exhibited similar values on
Rh(111), while CO; and N> E,app showed similar values on Rh(110). This analysis was coupled

with the product selectivity analysis, exhibiting a larger N>O selectivity on Rh(111), compared to
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Rh(110). These results highlight the structure sensitivity of NO reduction by CO. In fact, it was
proposed that NO dissociation, which is a key factor influencing product selectivity, is more fa-
vorable on an open surface, such as Rh(110), compared to Rh(111). Therefore the selectivity to-
wards N> is enhanced on Rh(110), whereas the reaction between NO and N is favored on Rh(111),

due to challenges associated with NO dissociation.*

While the activation energy values we obtained are consistent with some of those reported in the

literature,'>'®

we did not definitively identify a single rate-limiting step. Various rate limiting steps
have been proposed: NO dissociation, N2O formation, CO> formation and N recombination to form
N». Given the complexity of the mechanism and of the structure, we refrain from assigning a spe-
cific rate limiting step. Furthermore, the difference observed in the apparent activation energy de-
rived from NO and CO consumption, suggests that multiple reaction pathways may be at play.
This is consistent with previous proposals indicating that N> and N2>O can form via different path-

ways®® and that multiple active sites are likely present. 3+

5.3.3 NO reduction by CO in the presence of water
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Figure 5.4: NO reduction by CO in the presence of 6% water over 0.1%Rh/Al,03. NO and CO
conversion and N2, N>O and NH3 selectivity. The catalyst was reduced in 5% H> for 30 min at
500°C. The reaction mixture included CO = 1000 ppm, NO varying to obtain (a) and (d) NO/CO
=2, (b)and (e) 1 (b),; and (e) and (c) and (f) 0.5, and H2O = 6%, diluted in No.

Figure 5.4 presents the conversion and the selectivity obtained on 0.1%Rh/Al203; during NO re-
duction by CO in the presence of 6% water and by exposing the catalysts to different NO/CO
ratios. The conversions were obtained in the same temperature range as the reaction performed in
the absence of water, indicating that the addition of water does not negatively impact the reaction

rate. Analyzing the selectivity data, we observed the formation of N>O, N> and NH3. Notably, NH3

is formed in the presence of water.

In contrast to the case without water where N>O and N selectivity remained the same regardless
of the different NO/CO ratios, in the presence of water, we observe a trend. As the NO/CO ratio

decreases, the selectivity towards NHj increases, while N>O selectivity decreases. The trend of

91




20222 and, as

increasing NH3 formation with reducing conditions is consistent with previous reports
previously mentioned, its formation follows a positive order dependency with respect to CO con-
centration, while N2 and N>O rates showed a negative correlation with CO concentration.?! While
it is not clear what the mechanism for NH3 formation is, several mechanisms have been proposed.
Some proposed the involvement of NCO on the support, which can be hydrolyzed by water to
form NH3.2!337 In support of this hypothesis, IR spectra showed that NCO species on the support
increased in intensity with decreasing NO/CO ratio and disappeared after exposing the catalyst to
water, while forming NH3.2!3638 A second hypothesis proposed the involvement of the water gas
shit reaction (WGS).***! It was shown that Rh single atoms catalyze the WGS reaction ** and the
Ha produced can react with NO to form NH3. During NO reduction by CO in the presence of water

and under reducing conditions, it was observed that the selectivity towards NH3 increased as the

particle size decreased and the fraction of Rh single atoms relative to nanoparticle incresed.!”

In our study, H> chemisorption revealed that the catalyst is highly dispersed, with 90% dispersion.
However, our previous work and several literature studies demonstrated that Rh is mobile and can
undergo structural changes under reaction conditions.*** For example, at low temperature, CO
adsorption leads to nanoparticle redispersion into single atoms, *¢ but at higher temperature the
agglomeration of single atoms into nanoparticles occurs.*’ In addition, the presence of NO can
influence Rh speciation by favoring Rh nanoparticle disintegration.*® These structural changes

alter the number of active sites and might impact on the reactivity and selectivity. *?

From the conversion profiles, we determined the apparent activation energies from the rates of NO

and CO consumption, as well as N>O and NH3 formation.
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Figure 5.5: NO reduction by CO in the presence of water over 0.1%Rh/Al,0s. Arrhenius plots of
NO, CO, N20 rates. (a) NO/CO =2; (b) NO/CO = 1; (¢) NO/CO = 0.5. The catalyst was reduced
in 5% Hz for 30 min at 500°C. The reaction mixture included 1000 ppm CO, NO varying to obtain
NO/CO =2, 1 and 0.5, H2O = 6%, diluted in N

The activation energies obtained from the Arrhenius plots in Figure 5.5 exhibit different values
according to the NO/CO ratio, unlike the case without water. The NO consumption activation en-
ergy increases with decreasing NO/CO ratio. While NO/CO = 2 shows similar apparent activation
energy to the dry case, 160 kJ/mol, the apparent activation energy for NO/CO = 1 and 0.5 is higher,
with values around 190 kJ/mol. Similarly, the apparent activation energies derived from CO con-
sumption and NH3 formation increase with decreasing NO/CO ratio. On the other hand, the acti-
vation energy derived from N>O formation remains constant at 170 kJ/mol for all the ratios studied,
similar to the activation energy obtained in the dry case. Based on these kinetic measurements, we
concluded that H>O affects the NO reduction by CO mechanism, except for the pathway that leads
to the N>O formation. To investigate the role of water in the NO + CO reaction mechanism, we

proceeded with studying NO reduction by CO kinetics at varying concentrations.

5.3.4 The effect of water on NO reduction by CO Kkinetics
The effect of H2O on the reaction kinetics was investigated by varying H>O concentration from

1%, the minimum value that our instrument can flow, to 6%. It was expected to observe a change
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in the activation energy value at a specific water concentration and a slight influence in the con-

version profiles.

However, by analyzing the NO conversion profiles for different water concentrations in the feed
(Figure 5.6), NO/CO = 2 and 1 do not show any changes, because all the conversion profiles over-
lap. Only a slight negative effect on the NO conversion profile was observed for the NO/CO ratio
equal to 0.5. The analysis of the product selectivity revealed no significant changes, suggesting
that H>O concentration had no substantial effect on the product distribution. Even for the selectiv-
ity towards NH3, where an increase in formation with an increase in water content was expected,
no change was detected, and all the selectivity profiles were reproducible. This might be because
1% H>0 concentration is already exceeding the threshold at which any significant changes could

be observed.
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Figure 5.6: NO reduction by CO on 0.1% Rh/Al>O3 in the absence and in the presence of water.
NO/CO =0.5, 1 and 2. NO conversion, N>O and NHj3 selectivity. The catalyst was reduced in 5%
H> for 30 min at 500°C. The reaction mixture included CO = 1000 ppm, NO varying to obtain
NO/CO =2 (a), (d) and (g), 1 (b), (e) and (h) and 0.5 (c), (f) and (i) and H,O =1 (green), 3 (red)
and 6% (blue), diluted in No.
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Table 5.1: List of apparent activation energies measured from NO, CO, N>O and NHj3 rates during
NO reduction by CO in the absence and presence of 1, 3 and 6% over 0.1% Rh/Al,03;. NO/CO =
2,1 and 0.5 The catalyst was reduced in 5% H> for 30 min at 500°C. The reaction mixture included
CO = 1000 ppm, NO varying to obtain NO/CO = 2, 1 and 0.5

Apparent activation energy [kJ/mol]
Dry Wet — 1% Wet —3% Wet — 6%
NO 168 191 187 185
N20 157 141 160 150
NO/CO =0.5

CO 134 147 150 171

NH; 190 221 195

NO 168 182 170 188

N20 165 172 169 164
NO/CO =1

CO 138 142 147 155

NH; 164 184 205

NO 139 184-110 158 161

N20 157 165 168 164
NO/CO =2

CO 134 132 139 141

NH; 145 146 161

The analysis of the activation energy derived from NO and CO consumption, as well as N>O and
NH; formation, listed in Table 5.1, reveals consistent values with changing water concentrations.
When water was co-fed for NO/CO = 2, there was no significant change in the apparent activation
energy, which remained at 160 kJ/mol. However, for NO/CO =1 and 0.5, co-feeding any concen-
tration of water resulted in an increase in the apparent activation energy, compared to the dry case.
Regardless of water concentration, the activation energy derived for NO/CO = 1 and 0.5 is higher
than the one derived for NO/CO = 2. A common characteristic between the stoichiometric and

reducing condition is the higher NH3 selectivity compared to the oxidizing conditions. Therefore,
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we further hypothesized that the increase in the apparent activation energy for NO and CO con-

sumption could be influenced by the presence of NHj3.

5.3.5 The effect of NH3 on the NO reduction by CO Kinetics
The impact of NH3 was investigated by introducing 100 ppm of NHj3 into the NO-CO feed with

varying ratios and in the presence and absence of H2O.
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Figure 5.7: Comparison of NO conversion profile during dry NO reduction by CO in the presence
and absence of 100 ppm NH3 on 0.1% Rh/Al,O3. NO/CO =1 and 0.5. The catalyst was reduced
in 5% H» for 30 min at 500°C. The reaction mixture included CO = 1000 ppm, NO varying to
obtain (a) NO/CO =1 and (b) 0.5; NH3 = 0 ppm (blue) or 100 ppm (red), diluted in N>.

NO conversions in Figure 5.7 show a comparison between the NO conversion obtained in the
presence and absence of NH3. Under stoichiometric conditions, the conversions at low temperature
are similar, but they deviate at high temperature, with the experiment performed with NH3 showing
lower conversion. Similarly, under reducing conditions, NO/CO = 0.5, the conversion obtained in
the presence of NHj3 is also lower. This deviation may be attributed to the initiating of mass transfer

limitations, a change in the mechanism or NH3 inhibition.
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Figure 5.8: Comparison of N>O selectivity during dry NO reduction by CO in the presence and
absence of 100 ppm NH3 on 0.1% Rh/Al,03. NO/CO =1 and 0.5. The catalyst was reduced in 5%
H; for 30 min at 500°C. The reaction mixture included CO = 1000 ppm, NO varying to obtain (a)
NO/CO =1 and (b) 0.5; NH3 = 0 ppm (blue) or 100 ppm (red), diluted in N».

From the product selectivities in Figure 5.8, we observe that, generally, the experiments performed

in the presence of NH3 exhibit lower selectivity towards N>O, implying that NH3 has a promoting

effect on N> formation.

When water was introduced in the reducing feed, the inhibition on NO conversion induced by NHj3
was observed only at higher temperature. However, at low temperature the NO conversion profiles

looked similar. Similar to the dry experiments, N>O selectivity was lower in the presence of NHa.

Also in this case, NH3 hinders the formation of N>O, and favors the formation of N> and NH3, as

shown in Figure 5.9b.
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Figure 5.9: Comparison of NO conversion profile and product selectivity during wet NO reduction
by CO in the presence and absence of 100 ppm NH3 on 0.1% Rh/AlO3. NO/CO =0.5. The catalyst
was reduced in 5% Ho> for 30 min at 500°C. The reaction mixture included CO = 1000 ppm, NO =
500 ppm; H>0 = 6%; NH3 = 0 ppm (blue) or 100 ppm (red), diluted in N».(a) NO conversion; (b)
N0 and NH3 selectivity

The eftect of NH3 on the NO reduction by CO kinetics was evaluated by comparing the activation
energies measured in the presence and absence of NH3 (Table 5.2). Under reducing conditions, the
activation energies measured in the presence of NH3 are lower compared to those measured in the
absence of NHj3, in both dry and wet conditions. Under stoichiometric conditions, the apparent
activation energies exhibit similar values, while under oxidizing conditions, the values obtained in

the presence of NHj3 are larger than those obtained without NH3, under wet and dry conditions.

Table 5.2: Apparent activation energy during dry and wet NO reduction by CO in the presence and
absence of NHj3 The catalyst was reduced in 5% H> for 30 min at 500°C. The reaction mixture
included CO = 1000 ppm, NO varying to obtain NO/CO = 2, 1 and 0.5, NH3 = 0/100 ppm; 0/6%
H>O0.
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Apparent activation energy [kJ/mol]
6% H20 +
(1)

Dry Dry + NH3 6% H:20 NH:
NO 168 156 185 150
_ N20 157 148 150 143
NO/CO=0.5 CO 134 124 171 152
NH3 - - 195 180
NO 168 155 188 204
_ N20 165 158 164 172
NO/CO=1 CO 138 133 155 149

NH3 - - 205 -
NO 139 218 161 199
_ N20 157 178 164 184
NOCO=2 Teo 134 147 141 147
NH3 - 204 161 234

To further investigate the changes in reactivity in the presence and absence of NH3, we studied the

adsorbed species on the catalyst surface spectroscopically.

5.3.6 DRIFTS experiments
Before investigating the catalyst structure dynamics and the adsorbed species under reaction con-
ditions, we first performed control experiments. During these preliminary investigations, we ex-

posed the catalyst to simple feed which included: (i) CO/Ar; (i1) NO/Ar; and (iii) NH3/Ar.
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5.3.7 CO adsorption
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Figure 5.10: DRIFTS spectrum of CO adsorption on 0.1% Rh/Al2Os. The catalyst was treated in
1% O2 at 500°C for 30 min, followed by Ar purge and reduced in 5% H> at 500°C for 30 min. The
temperature was decreased to 265°C in Ar. The catalyst was then exposed to CO = 5000 ppm until
no changes in the spectra were observed. (a) CO adsorption; (b) Ar purge.

CO adsorption on 0.1% Rh/Al>O;3 is shown in Figure 5.10. In the spectral region spanning from
2100 to 1750 cm™ three distinct features are observed. The peak centered at 2093 cm™ and the
shoulder within the feature at 2033 cm! are assigned to the symmetric and asymmetric gem-dicar-
bonyl species, respectively, where two CO molecules are bound to a Rh single atom, Rhsa. #4975
The shoulder at 2040 cm™! corresponds to linear CO bound to a Rh nanoparticle, Rhnp, 4442 while
the broad feature between 1700 and 1900 cm! is assigned to Rh bridge bound to Rhyp. *4°752 The

low intensity features below 1700 cm™ are attributed carbonates on the support.

The high intensity of the linear CO bound to Rhnp suggests that at 265°C Rh mainly exists in
nanoparticle form, while only a small portion underwent the oxidative CO-assisted disintegration.
This is consistent with our previous data and with theoretical and experimental studies reported in
the literature, suggesting that at higher temperature CO favors single atoms aggregation into na-

noparticles.*’>* After purging the IR cell with Ar, all the features decreased in intensity. The peak
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containing both CO-Rhnp and the asymmetric stretch of Rh(CO), decrease their intensity much
faster compared to the peak at 2090 cm™'. This is consistent with previous studies that show that
the bonding energy of CO to Rhnp is lower than the two CO on Rhsa. In addition, the peak at 2040
cm’! shifts to lower wavenumbers, due to the dipole-dipole coupling of adjacent CO. On the other
hand, as typical for isolated metal single atoms for which no such coupling exists, the other peak

position remains fixed at 2090 cm.

5.3.8 NO adsorption
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Figure 5.11: NO adsorption on 0.1% Rh/Al:O3 using DRIFTS. The catalyst was treated in 1% O-
at 500°C for 30 min, followed by Ar purge and reduced in 5% H> at 500°C for 30 min. The tem-
perature decreased to 265°C in Ar. The catalyst was then exposed to NO = 5000 ppm until satura-
tion.

Figure 5.11 presents the temporal evolution of surface species formed during NO adsorption on
0.1% Rh/ALOs. Initially NO is adsorbed as Rh-NO', evident from the feature centered at 1650 cm”
13563 This species, located in the low wavenumber region, has been reported to be characterized

by a bent configuration, with strong bond between N and Rh, but a weaker bond between N and
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0.5%%4 Previous research has suggested that Rh-NO™ may be responsible for NO dissociation.!:6>66

The spectra in Figure 5.11 reveal two features at 1823 and 1729 cm™, assigned to Rh(NO).. This
assignment is consistent with their simultaneous increase and decrease in intensity.®’ The decrease
in intensity during NO adsorption aligns with previous literature which reported that these species
are highly unstable due to their weak bond to the metal, similar to the gem-nitrosyl species phy-
sisorbed on Ag(111).9%%° The peak that shifts from 1870 to 1910 cm™' is assigned to Rh-NO™, 3563
This species is characterized by a stronger bond between N to O and a weaker bond between N
and Rh due to the lower electron back-donation from Rh to NO.® It has been proposed that the
continuous formation of Rh-NO+ is caused by the accumulation on the metal surface of adsorbed
oxygen, derived from NO dissociation, leading to insufficient sites available for further NO disso-
ciation. Previous research also suggested that Rh-NO™ plays a role in N>O formation.®* The fea-

tures observed below 1640 cm™! are assigned to nitrites and nitrates species.
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5.3.9 NH3 adsorption

0.035

] 1245
0.030 -

0.025 -
0.020 -

0.015
2900-3500 1625

0.010

Kubelka-Munk

0.005 - 3600-3900 1470

| —
0.000

-0.005 T T T T T T T T T T
4000 3500 3000 2500 2000 1500

Wavenumber (cm™)

Figure 5.12: NH3 adsorption on 0.1% Rh/Al2Os using DRIFTS. The catalyst was treated in 1% O
at 500°C for 30 min, followed by Ar purge and reduced in 5% H> at 500°C for 30 min. The tem-
perature decreased to 265°C in Ar. The catalyst was then exposed to NH3 = 500 ppm until satura-
tion.

A DRIFTS spectrum obtained during NH3 adsorption on 0.1% Rh/Al>O3 is shown in Figure 5.12.
In the spectral region between 3600 and 3900 cm™!, we observe the consumption of OH groups on
the alumina surface and the interactions of NH3 with hydroxyls groups in the region between 2900
and 3500 cm™!'. Similar assignments were made for NH3 adsorption on a Rh/SiO» catalyst.”” The
features at 1625 and 1245 cm™ are assigned to NH3 adsorbed in molecular form on Lewis acid
sites, while the small feature at 1470 cm™ is assigned to an ammonium ion resulting from the

proton transfer from Bronsted acid sites on the alumina surface. !

NHj3 adsorption on Rh/Al>,O3 does not indicate any NH3 interaction with the metal, suggesting that

the NHj3 exclusively interacts with the alumina support.
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5.3.10NO + CO adsorption
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Figure 5.13: NO + CO adsorption on 0.1% Rh/AL,Os. The catalyst was treated in 1% O at 500°C
for 30 min, followed by Ar purge and reduced in 5% Hz at 500°C for 30 min. The temperature
decreased to 265°C in Ar. The catalyst was then exposed to a mixture of CO = 5000 and NO =
5000 ppm until saturation.

Figure 5.13 shows the spectra obtained during NO + CO adsorption at 265°C, with a NO/CO ratio
equal to 1. The spectra consist of multiple features that will be analyzed individually. In the region
spanning from 3600 to 2900 cm™!, we observe the interactions between NO species and the hy-
droxyl groups of the alumina support. The features at 2300-2200 cm™ are assigned to NCO on the
support.®®7>-7* The peaks at 2090 and 2030 cm™' correspond to the symmetric and antisymmetric
rhodium gem-dicarbonyl species, respectively. In the region between 1900 and 1630 cm’!, the ob-
served species are attributed to NO adsorbed on Rh. Finally, below 1600 cm™ the features are

assigned to C- and N- containing species on alumina.
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When analyzing the region of CO adsorbed on Rh, specifically from 2100 to 1900 cm™', the spectra
exhibit very different features compared to the spectrum shown in Figure 5.10 where CO-only was
adsorbed on the catalyst. In the presence of NO, CO adsorbs on isolated Rh single atoms. Unlike
in Figure 5.10, no linear or bridge CO on Rh is observed. This is because the presence of NO
enhances the CO-assisted Rh nanoparticle disintegration. As discussed in Chapter 3, CO-induced
Rh nanoparticle redispersion is promoted in the presence of O», even at higher temperature, as this
is an oxidative process. Similarly, both theoretical and experimental studies showed that NO can
enhance the oxidative process of particle disruption.*>’> However, despite the presence of small
Rh nanoparticles, 1.1 nm, in 0.1% Rh/AL,O3, the particle disintegration process remains incom-
plete and some Rh nanoparticles are still present in the catalyst. While we do not observe CO on
Rhnp, we observe NO adsorbed on Rh, as evidenced from the spectral region between 1910 and
1630 cm™!. This is because when a Rh catalyst is exposed to a mixture of NO and CO, NO prefer-

entially adsorbs on Rhnp, while CO preferentially adsorbs on Rhsa.”®”’
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Figure 5.14: NO + CO adsorption on 0.1% Rh/AL,Os. The catalyst was treated in 1% O at 500°C
for 30 min, followed by Ar purge and reduced in 5% H> at 500°C for 30 min. The temperature
decreased to 265°C in Ar. The catalyst was then exposed to a mixture of CO = 5000 and NO =
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5000 ppm until saturation. (a) focus on the 1200-1900 cm™' range; (b) focus on the 2150-2300 cm™
! range

In the region between 1950 and 1650 cm™', we observed the presence of Rh-NO™ at 1648 cm™, the
symmetric and asymmetric Rh(NO) at 1812 and 1711 cm™ and Rh-NO™ at 1904 cm™, as shown
in Figure 5.14. Over time, Rh-NO™ dynamics are similar to that observed in Figure 5.11. In fact,
its intensity initially increases before subsequently decreasing, consistent with the NO dissociation
process. Rh(NO); intensity remains stable, as well as Rh-NO", which, in contrast to the case of
NO-only adsorption, does not increase over time. This suggests that there may not be sufficient
available sites for NO adsorption, as a portion of them has re-dispersed into single atoms, making

them accessible for CO adsorption.

The bands at 2310 cm™! are assigned to NCO absorbed on the Al,Os. The proposed process for
NCO formation involves its formation on the metal and the consequent spillover onto the support
2478 In the inset in Figure 5.14, we notice a shoulder at 2195 cm™! that decreases over time. This
feature is assigned to NCO on Rh and it was proposed to be the precursor to NCO on the support

before it transfers to the support.”8 8!

The features centered at 1616, 1577, 1470 and 1292 cm™! are assigned to C- and N- species. It was
proposed that these species are connected to NCO species and involve the presence of H. Experi-
ments performed on Pd/Al.O3 showed that these species increase in intensity simultaneously with
the NCO species at 2300 cm™'. In addition, to demonstrate the presence of H within these species,
a NO + CO + D, mixture was adsorbed on the catalyst, which resulted in a red shift of the 1600-

1200 species.®?

The species observed during NO + CO adsorption under stoichiometric conditions were present

also under reducing and oxidizing conditions, with NO/CO ratios of 0.5 and 2. A comparison of
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all the spectra obtained at different rations is shown in Figure 5.15. While qualitatively, the spectra
look similar, we observe that under reducing conditions the NCO on alumina feature results in a
higher intensity compared to the other conditions, consistent with previous studies.?' The similar-
ities in the spectra among all the conditions under study are in line with our kinetic data showing

similar activities, selectivity and apparent activation energies.
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Figure 5.15: NO + CO adsorption — NO/CO = 2, 1 and 0.5 on 0.1% Rh/Al,Os. The catalyst was
treated in 1% Oz at 500°C for 30 min, followed by Ar purge and reduced in 5% H: at 500°C for
30 min. The temperature decreased to 265°C in Ar. The catalyst was then exposed to a mixture of
CO = 5000 and NO = vary to obtain NO/CO = 0.5 (red), 1 (green) and 2 (blue) until saturation.

Following NO + CO adsorption and Ar purge, we performed a TPD to investigate the evolution of
the adsorbed species with the temperature increased. Figure 5.16 shows the TPD spectra after NO
+ CO adsorption with NO/CO ratio = 1, focused on the Rh-CO region. Similar trends were ob-

served for different NO/CO ratios.
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The Rh gem-dicarbonyl species decrease in intensity and slightly shift to lower wavenumber dur-
ing the temperature increase. The shift might be due to varying coordination environments at dif-
ferent temperatures. The presence of OH groups on the support can modify the CO desorption
energy of each carbonyl, as was supported by experimental theoretical studies. %7738 In addi-
tion, the ratio of the two carbonyl features changes, with the area of the asymmetric gem-dicar-
bonyl, centered at 2017 cm’!, becoming larger. Previous research indicated that Rh mono-carbonyl
forms as the temperature increases and it is positioned at 2012-1999 cm™.!*#* It was indeed pro-
posed that the presence of an OH group in the Rh coordination environment modifies the CO
adsorption energy, allowing one of the CO molecules from the dicarbonyls to desorb. The other
CO molecule remains on Rh even at higher temperature due to its high adsorption energy.3* Here

we observe a plausible Rh monocarbonyl species at 500°C, centered at 2000 cm™.
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Figure 5.16: TPD after NO + CO adsorption on 0.1% Rh/Al>O3. The catalyst was treated in 1%
O at 500°C for 30 min, followed by Ar purge and reduced in 5% H> at 500°C for 30 min. The
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temperature decreased to 265°C in Ar. After the catalyst then exposed to a mixture of CO = 5000
ppm and NO = 5000 ppm and purged with Ar at 265°C, the temperature was increased until 500°C
at a ramp rate of 10°C /min.

5.3.11NO + CO adsorption in the presence of NH3
The impact of NH3 on the speciation during NO + CO adsorption was investigated using DRIFTS.
Figure 5.17 displays the time evolution of NO + CO + NH;3 with a NO/CO ratio of 0.5 adsorption.
Overall, the species present on the catalyst surface are similar to the ones in the absence of NHz:
NCO species between 2300-2200 cm™!, CO on Rh in the region between 2100-1900 cm™!, NO on
Rh between 1900-1600 and C- and N- containing species on alumina below 1600 cm™. However,
the NCO intensity at 2300 cm™ is much higher. This might be related to the greater consumption
of the OH groups in the presence of NH3, as we observe a correlation between the consumption of
the OH groups and the increasing in intensity of the NCO species. Also, the features below 1600
cm’! exhibit higher intensity, consistent with the hypothesis of these species being correlated to -
NCO species centered at 2300-2200 cm™'. However, the high intensity characterizing the features
below 1600 cm™ obscures the peaks associated with NO absorption on Rh, making them indis-
cernible. In the CO on Rh spectrum region, similar to spectra obtained in the absence of NHj3,
Rh(CO), features are observed, although with a lower intensity, which could be explained by NH3

hindering the CO-assisted nanoparticle disintegration, as revealed by previous observations.”?
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However, when the catalyst is exposed to NH3, we observe a red shift in the Rh(CO), peak position.

This suggests a change in the Rh coordination environment induced by NHs.
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Figure 5.17: after NO + CO + NHj3 adsorption on 0.1% Rh/Al>O3. The catalyst was treated in 1%
O3 at 500°C for 30 min, followed by Ar purge and reduced in 5% H> at 500°C for 30 min. The
temperature decreased to 265°C in Ar. After the catalyst then exposed to a mixture of CO = 5000
ppm; NO = 2500 ppm; NH3 = 500 ppm. and purged with Ar at 265°C, the temperature was in-
creased until 500°C at a ramp rate of 10°C /min. (a) NO + CO + NH3 adsorption; (b) Ar purge
focused on 1900-2200 cm™! region; (c) TPD focused on 1900-2200 cm™' region.

As the NO + CO + NH3 gas phase is removed (Figure 5.17b), during the Ar purge, the gem-dicar-
bonyl species exhibit a decrease in intensity and a shift to higher wavenumber, however they do
not return to the position observed in the absence of NH3. This might be due to the partial removal
of NH3 and NH/NH: species from the catalyst. The features below 1600 cm™! decrease in intensity,
while the NCO species at 2300 cm™! first increase in intensity before subsequently decreasing,
reaching a value higher than the intensity at time = 0 min. This trend suggests that the peaks in the
1200-1600cm™! region might lose the possible H atom and enrich the feature in the 2300 cm’!

region.

Interestingly, the TPD spectra resulting after NO + CO + NH3s adsorption differ from the previous
ones. After NO + CO adsorption, both the symmetric and asymmetric Rh(CO); stretches shifted

to lower wavenumber, while desorbing. In the case of co-adsorbed NHj, as the temperature
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increases, the two gem-dicarbonyl peaks shift in opposite directions. The symmetric gem-dicar-
bonyl shifts to higher wavenumber, while the symmetric gem-dicarbonyl shifts to lower wave-
number. This trend is consistent across all the NO/CO ratios studied and is more noticeable for the
NO/CO ratio equal to 0.5, shown in Figure 5.17c. The opposite shifts could be attributed to a
different coordination environment or to the presence of another species centered at higher wave-
numbers. In addition to the different shifts of the gem-dicarbonyl, we observed the increase in
intensity of a new feature at 2050 cm’!, which increases with increasing temperature. The peak
position suggests that this peak might be related to CO linearly bound on nanoparticles, as it is
consistent with other CO adsorption spectra obtained at lower temperature, when NO is not co-fed
(Figure 5.10). However, given the high temperature and the low coverage, the peak position rela-
tive to Rhnp-CO should theoretically be located at lower frequencies, as shown in previous litera-
ture.”® While the exact nature of this peak remains unknown, we can hypothesize that it could
represent a stable species that might hinder catalyst activity by blocking the active sites, as hinted

by its presence at high temperature.

In addition, unlike in the spectra obtained in the absence of NH3, where the NCO species desorbed
by 450°C, co-adsorption with NH3 results in the NCO species at 2300 cm! still being present even
at 500°C, suggesting that this species is highly stable and it might have electronic effects on the

metal, hindering the dissociation of NO, as proposed for Pt/A1,O; catalysts. 2

Based on the spectra obtained in the presence of NH3, we can conclude that NH3; might alter the

surface speciation and it might lead to a different reaction mechanism.

5.3.12 Mid chapter conclusions
From the kinetic experiments we observed that water causes an increase in the apparent activation

energy and this increase might be caused by the presence of NH3 formed during the reaction.

112



Experiments performed in the presence of NH3 showed that NH3 has an inhibiting effect on the
conversion profile under reducing conditions and on the N>O selectivity. Spectroscopic studies
conducted in the presence of NH3; showed changes in the features related to CO adsorbed on Rh
single atoms during TPD experiments. The information obtained by spectroscopy combined with

kinetics led us to formulate two hypotheses:

1- NHjs inhibits Rh single atoms mobility leading to a different amount of nanoparticles

2- NHs inhibits the NO reduction by CO kinetics

5.3.13 Hypothesis N.1: NH3 hinders Rh SA mobility
This hypothesis was based on the presence of gem-dicarbonyl species even at higher temperature

during the TPD after NO+CO+NHj3 adsorption. We approached the hypothesis in two ways:

- By analyzing how the mobility of single atoms and nanoparticles change during CO oxi-
dation in the presence and absence of NH3 using DRIFTS, with the results in the absence
of NH3 presented in Chapter 3;

- By studying the effect of NH3; on NO reduction by CO performed on a catalyst character-

ized by large Rh nanoparticles.

5.3.14In-situ CO oxidation in the presence of NH3 using DRIFTS
DRIFTS spectra were obtained on the 0.1% Rh/Al>03-700°C, used in Chapter 3 to study single
atoms-nanoparticle interconversion during CO oxidation. Figure 5.18 shows a comparison of the
spectra taken during CO oxidation in the presence (a) and absence (b) of NH3 in the temperature

range spanning from 220 and 300°C.

In the spectra in Figure 5.18 (a), we observed the presence of only Rh gem-dicarbonyls located at

2083 and 2009 cm™. The peak position of Rh(CO), is shifted to lower wavenumbers when
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ammonia is co-fed, similar to previous experiments when NH3 was co-fed during NO + CO ad-
sorption, confirming that NH3 causes a change in Rh local coordination environment.”? As the
temperature increased, the peak assigned to the linear CO bond on Rh starts increasing in intensity,
although at a slower rate compared to the case of CO + O adsorption. However, in Figure 5.18
(a), we also observe the presence of a feature at 2174 cm™!, assigned to the NCO on a Rh nanopar-
ticle. Since the Rh-NCO extinction coefficient is unknown, we cannot directly compare the aggre-
gation occurring during CO oxidation in the presence and absence of NHs. In addition, aggregation
of Rh nanoparticles still occurs, even in the presence of NH3, disproving the hypothesis that NH3

hinders the aggregation of single atoms into nanoparticles.
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Figure 5.18: in-situ CO oxidation in the presence and absence of NH3 on 0.1%Rh/A1203 —700°C
220, 240, 260, 280 and 280°C using DRIFTS. CO = 8400 ppm ; O2 = 9250 ppm. The catalyst was
first exposed to 1% O> at 500 °C for 30 min, followed by He purge for 10 min and 5% H> at 500
°C for 30 min. The spectra were normalized by the intensity of the peak at 2026 cm™!, after applying
the gas phase subtraction.(a) NH3; = 500 ppm; (b) NH3 = 0 ppm.
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While in-situ CO oxidation + NH3 spectroscopic studies remained inconclusive, we proceeded
with studying the effect of NH3 during wet NO reduction by CO on large Rh nanoparticles, along

with examining CO + NO adsorption using DRIFTS.

5.3.15 NO reduction by CO on large Rh nanoparticles
Figure 5.19 shows the NO conversion profiles obtained on 0.1 Rh/Al;03 — 1.1 nm and on 0.1 Rh/
AlO3; — 9.2 nm during wet NO reduction by CO, with NO/CO = 0.5, 1 and 2, in the presence and

absence of 100 ppm NH3.
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Figure 5.19: Comparison of wet NO reduction by CO in the presence and absence of NH3 on 0.1%
Rh/ALOs3-1.1 and 9.2 nm. The catalysts were reduced in 5% H> for 30 min at 500°C. The reaction
mixture included CO = 1000 ppm; NO varying to obtain (a) and (b) NO/CO = 2, (c) and (d) 0.5
(b), and (e) and (f) and (f) 1, NH3 = 0 (blue) or 100 ppm (fuscia) and H>O = 6%, diluted in N». (a),
(c) and (e) 0.1% Rh/Al,03; — 1.1 nm; (b), (d) and (f) 0.1% Rh/AL,O3 — 9,2 nm;
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Figure 5.20: Selectivity towards N2O and NH3 on 0.1% Rh/AlO3; — 1.1 nm and 9.2 nm. The cat-
alysts were reduced in 5% H> for 30 min at 500°C. The reaction mixture included CO = 1000 ppm;
NO varying to obtain (a) and (b) NO/CO =2, (¢) and (d) 0.5 (b), and (e) and (f) 1, NH3 =0 (dashed
line) or 100 ppm (solid line) and H,O = 6%, diluted in N». (a), (c) and (e) 0.1% Rh/Al,03; — 1.1
nm; (b), (d) and (f) 0.1% Rh/Al,O3 — 9,2 nm;

Table 5 3: Apparent activation energy measured on 0.1% Rh/Al,03; — 1.1 nm and 9.2 nm during
NO reduction by CO in the presence of water. The catalysts were reduced in 5% H> for 30 min at
500°C. The reaction mixture included CO = 1000 ppm; NO varying to obtain NO/CO = 0.5, 1 and
2, NH3 =0 or 100 ppm and H>O = 6%, diluted in No.

Apparent activation energy [kJ/mol]

0.1% Rh/Al,03 — 9.2 nm 0.1% Rh/Al203 — 1.1 nm
NO CO N20 NH3 NO CO N:20 NH3
NO/CO=0.5 180 160 170 213 185 161 150 195
NO/CO=1 208 160 189 200 193 155 164 205
NO/CO =2 215 157 205 215 161 141 164 161
NO/CO = 0.5 + NH;3 193 176 172 238 166 165 141 180
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NO/CO =1+ NH; 201 165 198 160 204 149 173 124

NO/CO =2 + NH;3 211 151 195 - 193 147 184 -

The 1.1 nm Rh catalyst exhibited an inhibition by NH3 both at low T and high temperature, result-
ing in changes in the apparent activation energy. In contrast, the 9.2 nm Rh catalyst showed no
changes in the conversion profiles. The selectivities towards N>O and NH3, shown in Figure 5.20,
follow a similar trend as that of the highly dispersed Rh. The selectivity towards NH3 increases
with NO/CO ratio varying from oxidizing to reducing conditions at the expense of N2O. However,
consistent with previous literature, the selectivity towards NH3 on the sample with an average

particle size of 9.2 nm Rh is lower than on the highly dispersed Rh."’

The apparent activation energies obtained during wet NO + CO on 1.1 nm and 9.2 nm Rh yielded
similar values, suggesting that the step limiting the reaction rate remains the same regardless of
particle size. However, due to the structural changes occurring in the presence of NO and CO,3°
the number of active sites might change and alter the turnover frequency measurement, similar to

the case of CO oxidation.

The comparison of the apparent activation energies obtained in the presence and absence of NH3
on 9.2 nm Rh catalyst does not exhibit the same behavior as observed for highly dispersed Rh. All
the values are similar to each other, suggesting that NH3 does not affect the reaction mechanism
for larger nanoparticles. Therefore, the increase in apparent activation energy might not be at-
tributed to the presence of NHs, since larger Rh nanoparticles show consistently the same high
apparent activation energy values. However, it can be hypothesized that H>,O induced an increase

in apparent activation energy values, by causing structural changes. Previous studies indeed
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showed that water can increase the fraction of step sites on Pt-Pd catalysts.®” We can then hypoth-
esize that also in the case of Rh, water might cause similar changes in the particle. This might be

explored in future work, using electron microscopy.

To better understand the similarities between the two catalysts characterized by different disper-

sions, we investigated the surface species present during NO + CO using DRIFTS.

In Figure 5.21, we show the spectra obtained during NO + CO adsorption. Overall, 4 features are
observed: NCO on the support at 2300 cm™ and the three bands related to C- and N- species below
1600 cm™'. The intensity of the species assigned to NCO on alumina at 2300 cm™ increases as the
NO/CO ratios decreases, varying from oxidizing to reducing conditions. The species below 1600

cm’! follow a similar trend, suggesting again a potential correlation between these species.

In addition, we do not find correlations between the high NCO intensity and NH3 formation. It was
proposed that NCO might be involved in NH3 formation, via NCO hydrolysis. However, this cat-
alyst, characterized by large Rh particle size does not exhibit higher NH3 formation, compared to
the smaller particle size. However, the NCO intensity is an order of magnitude larger. This suggests

that NCO is not involved, or it is not the only species involved in NH3 formation.

To investigate the species present on the Rh surface, we focused on the region between 2100 and
1600 cm™. No linear CO bound on Rh’ is observed, consistent with previous observations accord-
ing to which when the catalyst is exposed to NO and CO, NO preferentially adsorbs on the nano-
particle. Rh(CO): species are positioned at 2020 and 2090 cm™' and exhibits low intensity,. The
peaks assigned to NO on Rh are barely noticeable, most likely because they are obscured by the
high intensity features located below 1600 cm™'. However, under oxidizing conditions, with a

NO/CO ratio of 2, Rh-NO™ is observed, consistent with previous data and consistent with a Rh
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surface mainly covered by O adatoms and molecularly adsorbed NO, which cannot dissociate due

to the lack of available sites.
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Figure 5.21: CO + NO adsorption on 0.1% Rh/Al203 — 9.1nm using DRIFTS. The catalyst was
treated in 1% O3 at 500°C for 30 min, followed by Ar purge and reduced in 5% H> at 500°C for
30 min. The temperature decreased to 265°C in Ar. The catalyst was then exposed to NO-CO
mixture until no changes in spectra were detected. CO = 5000 ppm; NO varying to obtain NO/CO
=2 (blue), 1 (green) and 0.5 (red). (a) spectral region between 1200 and 2500 cm™'; (b) focus on
the region between 1200 and 2500 cm!

The kinetic and spectroscopic data on the Rh catalyst with larger particle size indicate that NH3
has no effect on the conversion profile or the activation energy, indicating that only highly dis-
persed catalysts are affected. In addition, these results suggest that NCO, which forms in large
amount on larger Rh nanoparticle catalysts, is not responsible for the change in kinetics or NH3

formation.

5.3.16 Hypothesis N. 2: negative effect of NH3 on the reaction rate
We hypothesized that the change in the apparent activation energy was due to the inhibiting effect

of NH3 on the NO + CO reaction rate. It was previously shown that product inhibition could induce
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changes in kinetic parameters.®®° Therefore, we measured the NHj reaction order on the NO

reduction rare in the presence of water and for NO/CO =2, 1 and 0.5.
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Figure 5.22: NHj3 reaction order on 0.1% Rh/Al>,O3 1.1 nm.. The catalyst was reduced in 5% H>
for 30 min at 500°C. The reaction mixture included CO = 1000 ppm; NO varying to obtain (a)
NO/CO = 2; (b) NO/CO = 1; (¢);NO/CO = 0.5, H20 = 6%; NH3 varied between 50 and 150 ppm

Figure 5.22 shows the NH3 reaction order dependency of NO and CO consumption rates as well

as the N>O formation rate. Each point took 24h to reach a steady state. Under NO/CO = 0.5, under

reducing conditions, we measured a slightly negative NH3 reaction order. For NO/CO = 1 the NH3

order was 0, while for NO/CO = 2, NHj3 has a slightly positive order on NO consumption rate,

consistent with a reaction between NO and NH3. However, it displayed a slightly negative reaction

order on N>O formation and CO consumption rates.

We also observed that under reducing conditions, the net NH3 formation decreased with increasing

NHj3 concentration. This could be attributed to two potential factors:

Negative NH3 reaction order in NH3 formation

Deactivation due to sintering or formation of stable species which block the active sites.
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NH3 (ppm)

5.3.17TPD performed after NH3 order measurement
To test the hypothesis of possible formation of stable surface species on the active sites, we per-
formed a TPD after the NH3 reaction order measurements in the presence of water (Figure 5.22).
This hypothesis was corroborated by the DRIFTS spectra obtained during TPD after NO+CO+NHj3
under reducing conditions, revealing the presence of stable surface species at 500°C. Figure 5.22
shows the desorption of NH3 (a) and CO (b) during the TPD. NHj3 exhibited two features: one at
358°C and another one at 526°C, while CO showed a desorption peak at 517°C. A quantification
analysis of the area under the CO profile, normalized by the Rh surface moles, yielded a value
higher than 1. This suggests that CO does not only desorb from the metal site but that the support

is also involved.
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Figure 5.23: TPD after NO + CO wet — NHj3 reaction order with NO/CO = 0.5. The catalyst was
reduced in 5% Hz for 30 min at 500°C. After the catalyst was exposed to the reaction mixture
including CO = 1000 ppm; NO = 500 ppm; H>O = 6%; NHj3 varied between 50 and 150 ppm,
diluted in N2, the system was purged with N> and the temperature was increased to 500°C at
10°C/min.

In addition, to investigate the possibility of deactivation, we replicated the experiment of NO re-

duction by CO under reducing conditions and in the presence of water. The conversion profiles
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exhibited a shift to higher temperature, confirming an irreversible deactivation after the NH3 order
of reaction experiment. In addition, a change in product selectivity was observed. The new N>O
selectivity is similar at low conversion but higher at high conversions. N» selectivity increased at
the expense of NH3 selectivity. The reduced NH3 selectivity is consistent with both hypothesis of

deactivation due to sintering and the aggregation of single atoms into nanoparticles.
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Figure 5. 24 repeated NO reduction by CO in the presence of water — NO and CO conversion and
N20 and NHj selectivity. The catalyst was reduced in 5% Ha for 30 min at 500°C. The reaction
mixture included CO = 1000 ppm; NO = 500 ppm; H>O = 6%;

To investigate the hypothesis of deactivation due to sintering, we took several approaches:

- Particle size measurements via H, chemisorption of a 0.1% Rh/Al>Os3 after treatments un-
der several reaction mixtures including NO, CO, NH3 and H>O for 24 h at 300°C;

- Investigation of surface species during the adsorption of NO, CO (and NH3) for 24 h
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5.3.18 CO DRIFTS post NO + CO (and NH3) exposure for 24h at 300°C
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CO-NOCO
CO -NO CO NH3
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Figure 5.25: CO adsorption using DRIFTS on 0.05% Rh/AL>Os fresh (purple), NO CO 24 h treated
at 300°C (light-blue) and NO CO NHj for 24 h treated at 300°C (yellow). The catalyst was exposed
to the reaction mixture including CO = 5000 ppm; NO = 2500 ppm for 24 h at 300°C and CO =
5000 ppm; NO = 2500 ppm; NH3 = 500 ppm for 24 h at 300°C. Prior to CO adsorption, the catalyst
was treated in 1% Oz for 30 min at 500°C, followed by a purge in Ar and reduction in 5% H> for
30 min at 500°C. The temperature was then decreased to 35°C in At and the catalysts were exposed
to CO = 5000 ppm until saturation.

CO DRIFTS was performed on a 0.05% Rh/AL>O3 catalyst, characterized by 100% dispersion,
measured via Hz chemisorption. The catalyst was treated in-situ with a mixture of NO + CO and
NO + CO + NHj3 at 300°C for 24 h. Afterwards, the catalyst was reduced in 5%H>/Ar at 400°C
and exposed to CO at 35°C. In Figure 5.25, the fresh catalyst exhibits two peaks at 2098 and 2025
cm’!, assigned to the gem-dicarbonyl species. These two peaks are consistent with the CO-assisted
disintegration of Rhnp into Rhsa, especially for smaller particle size catalysts. The peak at 2095

cm’! shows a small shoulder, assigned to linear CO on Rhnp. No CO bridge bound to Rhwp is
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observed, consistent with the high dispersion measure via H, chemisorption. After the exposure to
NO and CO, we still observe Rh(CO), species, however, the peak assigned to Rhnp at 2075 cm’!
shows an increased intensity, suggesting that aggregation occurred. After exposure to CO, NO and
NH3, we observe that the feature assigned to Rhnp centered at 2070 cm™! increased in intensity,
suggesting significant aggregation has occurred. In addition, two peaks centered at 1974 and 1923
cm’! are also observed. These are assigned to CO bridge bound to Rhxp. The gem-dicarbonyl fea-
tures are still present, however, they show a blue-shift compared to the other spectra. The slight

blue shift might be related to the lack of OH groups in the Rh coordination environment.”’

Interestingly, when comparing the spectra after purging CO from the gas phase, shown in Figure
5. 26, the catalyst exposed to NO, CO and NH3 shows a peak at 2145 cm™. The peak position is
similar to the feature observed during the CO + NO exposure in Figure 5.13. This peak might be
related to NCO on Rh,*6%72 however, this hypothesis is unlikely as we do not observe the spillover
of NCO onto the alumina, typically positioned in the spectral region above 2200 cm™'. Alterna-
tively, the peak at 2145 cm™ could be attributed to oxidized Rh, given its position above 2100 cm™

!, The peak present at 2180 is assigned to CO on alumina.’!
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Figure 5. 26: Ar purge after CO adsorption. using DRIFTS on 0.05% Rh/Al>Os fresh (purple), NO
CO 24 h treated at 300°C (light-blue) and NO CO NHj3 for 24 h treated at 300°C (yellow). The
catalyst was exposed to the reaction mixture including CO = 5000 ppm; NO = 2500 ppm for 24 h
at 300°C and CO = 5000 ppm; NO = 2500 ppm; NH3 = 500 ppm for 24 h at 300°C. Prior to CO
adsorption, the catalyst was treated in 1% Oz for 30 min at 500°C, followed by a purge in Ar and
reduction in 5% H> for 30 min at 500°C. The temperature was then decreased to 35°C in Ar and
the catalysts were exposed to CO = 5000 ppm until saturation. The system was finally purged with
Ar until no changes in spectra were detected.

5.3.19 H2 chemisorption after NO CO (H20 and NH3) treatments.
To have a quantitative analysis of how NH3 and water contribute to sintering and to relate that to
the changes in kinetics and product selectivity, we exposed a 0.1% Rh/Al>O3 at 300°C for 24 h to

a mixture of gases containing:

- NO + CO/N,
- NO + CO + NH3/N2
- NO + CO + H20/N;
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- NO + CO + H20 + NH3/N»
This allowed us to study the effect of HoO and NH3s.

The effect of NO + CO + H>O for 24 h was also investigated at 350C, because it is the temperature

at which the inflection point in Figure 1 occurs.

Table 3 lists the dispersions derived from H> chemisorption. The fresh catalyst exhibited a disper-
sion of 143% dispersion. A H:Rh higher than 1 was previously reported for particle sizes smaller
than 1 nm.*? Therefore, even though 143% dispersion represents an unphysical realistic value, we
will use it to compare with the other obtained dispersions, knowing that the real dispersion is near
100% and the catalyst is characterized by sub nanometer clusters. The dispersion obtained after
treating the catalyst with NO + CO and NO + CO + NHj3 show similar values around 130%. This
suggests that exposure to NO + CO, and NHs, does not vary the particle size. The dispersions
obtained after exposing the catalyst to the wet feeds show around 90% dispersion. Also in this
case, NH3 does not affect the particle size, suggesting water is most likely the cause of the decrease
in dispersion. We can conclude that significant sintering does not occur after exposing the catalyst
to a dry NO + CO feed for 24 h. However, water causes a decrease in Rh adsorption capacity,
caused either by sintering or sites blocked by stable surface species. The decrease in Rh adsorption
capacity was further decreased after the catalyst was exposed to a mixture of NO, CO and H>O at
350°C for 24 h. Future work should focus on studying spectroscopically how the Rh changes its

structure on the 0.1% Rh/AL>O3 during NO and CO exposure in the presence and absence of water.

Table 5. 4: H> chemisorption dispersion measurements, assuming the stoichiometry of H:Rh =1:1

Catalyst Dispersion (%) Particle size (nm)
0.1% Rh/AlL,O; fresh 143 <1
0.1% Rh/Al,O03 — NO CO 300°C 128 <1
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0.1% Rh/Al,O3 — NO CO NH;3; 300°C 127 <1
0.1% Rh/ALl,O3 — NO CO H20 300°C 92 1.1
0.1% Rh/AL,O3 — NO CO H20 NHj3 300°C 94 1.1
0.1% Rh/AL,O3 — NO CO H20 350°C 72 1.4

5.3.20 DRIFTS during NO + CO exposure
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Figure 5.27: NO + CO exposure on 0.1% Rh-Al,O3 at 300, 350 and 400°C. The catalyst was
treated in 1% Oz for 30 min at 500°C, followed by a purge in Ar and reduction in 5% H: for 30
min at 500°C. The catalyst was the exposed to a reaction mixture including CO = 5000 ppm, NO
varying to obtain NO/CO = 0.5 (b); NO/CO =1 (¢); NO/CO = 2. The effect of the reaction mixtures
on the surface speciation was investigated at 300, 350 and 400°C. Spectra were taken until no
changes were detected.

Figure 5.27 shows the preliminary spectra obtained after exposing the catalyst at 300, 350 and
400°C, under NO/CO ratio = 0.5, 1 and 2. We mainly focus the analysis in the region between
2200 and 1800 cm! since it is the region that showed the clearest differences. With NO/CO = 0.5,
under reducing conditions, we initially observe the gem-dicarbonyl species. As the temperature
increases, Rh(CO); species decrease in intensity, while a feature at 2117 cm™! increases in intensity.
A similar feature is observed under stoichiometric conditions, NO/CO = 1, at a slightly higher
frequency. However, under stoichiometric conditions, Rh(CO)> species remain present until

400°C, even though their intensity is decreased. Under oxidizing conditions, at 300°C we observe

129



the presence of Rh(CO): species and Rh-NO", suggesting a lower extent of particle disintegration.

At higher temperature, we do not observe the presence of gem-dicarbonyl species, but we still

observe Rh-NO", suggesting that NO still preferentially adsorbs on Rh nanoparticles. Unlike the

other ratios under investigation, we cannot distinguish the presence of the species at high wave-

number. It could be related to NCO on the metal surface or some Rh oxide species, given the

location at frequencies higher than 2100 cm™'.

5.4 Conclusions

The investigations into NO reduction by CO reactions remain inconclusive. However, we can sum-

marize our findings as follows:

The presence of water induces a change in the apparent activation energy, leading to an
increase in its value;

NH;3 effect was investigated to explore its role in altering the kinetics. NH3 exhibited a
slight negative order during NO reduction by CO reaction in the presence of water. How-
ever, the observed decrease in reaction rates with an increase in NH3 concentration might
be indicative of catalyst deactivation;

Spectroscopic studies showed that NH3 causes changes in the gem-dicarbonyl species be-
havior during temperature programmed desorption;

Two potential causes of catalyst deactivation were explored: sintering and the presence of
stable surface species. H2 chemisorption confirmed a decrease in Rh adsorption capacity
after the catalyst was exposed to NO, CO and H2O, with NO/CO ratio = 0.5, at 350°C for
24 h, while spectroscopic studies confirmed the presence of a surface species located at

higher wavenumber, which still remains unassigned.
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More work is required to understand the identity and the role of this species during the reaction.
In addition, the cause of the lower adsorption capacity showed by the chemisorption needs

further investigation.
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Chapter 6 : Adapted CO chemisorption technique to measure metal

particle dispersion on ceria-containing catalysts

This chapter has been adapted from the article: “Silvia Marino, Raneed Taha, Yuntao Gu and
William Epling, Adapted CO chemisorption technique to measure metal particle dispersion on
ceria-containing catalysts” (submitted)

6.1 Introduction
The turnover frequency (TOF) is an important parameter in describing a catalytic reaction, provid-
ing a measure of catalytic activity and mechanistic insight for improved catalyst design or process
development, and allows for the evaluation and comparison of catalysts. ! By definition, TOF is
defined as the moles of product formed per active site per unit time. For metal supported catalysts,
TOF is determined as the reaction rate normalized by the number of active sites, which are assumed
to be the number of exposed metal atoms. !> Therefore, determination of the active metal surface
area is key to quantifying a reaction rate via TOF and studying fundamental catalytic properties of

metal supported catalysts.

Several methods are often used to calculate the number of active sites and common techniques
include chemisorption, X-ray diffraction (XRD) and transmission electron microscopy (TEM).
However, for some catalysts, these traditional techniques present challenges. For example, in the
case of Pd/CeO; catalysts, the use of TEM can be difficult because of the poor Z contrast between
ceria and Pd. * Cerium is a heavier element than Pd; therefore, Pd particles are indistinguishable
in images because they are obscured by the support. X-ray diffraction (XRD) can be used to esti-
mate the metal crystallite size characterized by particles on average larger than 3 nm. >¢ However,
with smaller particle size, there is less crystallinity leading to weak, or no, diffraction patterns and
peak broadening could be difficult to discern in the ceria scattering pattern. > Another commonly
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employed method for determining metal catalyst active surface area is chemisorption of probe
molecules such as CO or Ha. ” However, again, the accuracy of such measurements performed on
Pd/CeO; catalysts is compromised. H> is known to be soluble in Pd nanoparticles at room temper-
ature, leading to the formation of beta-phase palladium hydride. ®° The ability of Ha to diffuse into
Pd bulk affects the H» uptake during H, chemisorption, leading to a higher than actual dispersion
measurement. This phenomenon does depend on Pd particle size, with increasing H» solubility
with increasing Pd nanoparticle size. >!° The formation of beta-phase PdH can be overcome by
performing the analysis at 100°C, which is above PdH decomposition temperature. Yet, on ceria
supported Pd catalysts, exposure to H» at higher temperature leads to a reaction between H> and
the mobile lattice oxygen of ceria, again leading to a dispersion measurement higher than the actual
value. "3 CO chemisorption also results in an overestimation of the active surface area, often
exceeding unity. This is attributed to the interaction between CO and the support via the formation
of carbonates. '*'® This phenomenon primarily involves the catalyst support; therefore, it remains

consistent even when metals other than Pd are deposited onto the ceria.

Challenges in measuring metal dispersion are not limited to Pd/CeO; catalysts. Similar difficulties
are encountered with other metals and supports. For example, structural changes occurring during
probe molecule adsorption on metals can lead to inaccurate dispersion measurements. This has
been reported for Rh- and Ir-supported catalysts. Upon CO adsorption at room temperature, Rh
and Ir nanoparticles are redispersed into single atoms via the formation of gem-dicarbonyl species,
which is characterized by two CO molecules per isolated metal single atom. '"-2? These structural
changes lead to a change in the stoichiometric factor used to quantify dispersion, and of course the

measurement itself changes the dispersion of the metal in comparison to that under reaction
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conditions. Since this process is size dependent, with smaller nanoparticles being more susceptible
to particle disintegration into single atoms, the use of CO as a probe molecule for these metals
introduces uncertainty in dispersion measurements. Also, phenomena such as H» spillover have
been observed with other catalysts characterized by oxygen storage material supports and can alter
dispersion measurements. 2*2° Considering these complexities, the use of conventional techniques

to measure exposed metal sites can become challenging.

Identifying a technique able to measure ceria-supported catalyst dispersion is important given ce-
ria’s widespread use in catalysis.?6? Ceria is well-known for its ability to store and release oxygen,
which can play a role in enhancing reaction rates.!> When combined with a noble metal, ceria can
provide oxygen vacancy and defect sites that facilitate the activation of reactants and promote
catalytic reactions.’® Furthermore, strong-metal support interactions between the active metal and
a reducible support can lead to higher catalytic activity.’! This interaction also can promote metal
nanoparticle dispersion, improve stability and enhance resistance to sintering. *> Due to these prop-

erties, ceria is an excellent support material for various catalytic applications, such as gasoline

33-35 36-38 37,38

engine aftertreatment systems, catalysts for H> production, oxidation reactions, and

CO; hydrogenation.*

Several metal dispersion characterization methods have been proposed for ceria supported cata-
lysts that circumvent the challenges noted above; nonetheless, these are often less accessible or
may still lead to complexities in correlating to reaction conditions. For example, colloidal synthesis
offers the possibility of gaining deeper understanding of the catalytic properties of a material by

precisely controlling the shape and size of catalysts nanoparticles. However, this advantage is
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counterbalanced by the use of surfactants that might negatively affect the catalytic activity unless
carefully and fully removed.** And changes in particle size and morphology often occur during
reaction, or during simulated or real aging protocols that lead to heterogeneous particle size distri-
bution or morphology.'”*! H, or CO chemisorption at -78/81°C has been proposed as a viable
technique to count active sites. **** At such low temperature, H (or CO) spillover, which normally
occurs at ambient temperature and contributes to unrealistically high CO/H» uptake, is hindered.
However, the longer time required to attain this low temperature allows impurities, such as oxygen,
to contaminate the sample and alter the oxidation state of the catalyst that exists in a reduced
state.** Additionally, the use of structural insensitive reactions kinetics, such as alkene hydrogena-
tion, is an option, even though in some cases it could require a longer time for an accurate analysis,
or catalyst deactivation through coke formation occurs influencing available site measurements.*’
Also, the turnover frequency of a structure insensitive reaction at a specific temperature is needed
to obtain the total number of exposed metal atoms, This requires the availability of a catalyst with

a well-defined dispersion which allows that measure of TOF.

Takeguchi at al.*® previously proposed a CO pulse chemisorption method that allowed the deter-
mination of Pt dispersion on a Pt/CeO; catalyst after a sequential pretreatment involving exposure
to Ha, O, CO; then H» again. Through IR spectroscopy, the authors showed that the CO; pre-
adsorption step led to carbonate formation on ceria and during the subsequent CO pulse no further
carbonate formation occurred. Without carbonate formation during the CO exposure, or bound CO
formation on Pt during the prior CO2 exposure, only the metal sites were available for CO adsorp-
tion, leading to a reliable CO uptake. However, in the case of Pd-supported catalysts, the last H

pretreatment step can be detrimental due to the formation of Pd hydrides, as previously mentioned.
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Here, we present a modified method proposed by Takeguchi for quantifying surface Pd at room
temperature through static chemisorption, a technique that is more readily available. The modified
method involves the exposure of the catalyst to CO» before performing CO chemisorption, remov-
ing the intermediate H» reduction. As previously shown, CO> exposure causes the formation of
carbonates on the support, leaving the metal site accessible for CO adsorption. This prevents the
CO uptake from being influenced by carbonate formation. We evaluated the effectiveness of this
technique across different ceria particle sizes as well as Pd/Al>O3 catalysts and confirmed its reli-

ability through spectroscopic studies and CO oxidation kinetics.

6.2 Material and Methods

6.2.1 Catalysts synthesis
1 wt% Pd/CeO: catalysts with different CeO: support particle sizes were prepared via incipient
wetness impregnation. PA(NO3)2 (10 wt% in 10% HNOs3 solution) purchased from Sigma Aldrich
was used as a precursor. Different ceria supports were used in the synthesis process. CeO2 nano-
particles with advertised sizes of 10 and 100 nm were purchased from US Research Nanomaterials.
A material with advertised 25 nm CeO> nanoparticles was purchased from Sigma Aldrich. After
Pd deposition, the catalysts were dried using a Thermo Scientific Lindberg muffle furnace at 120°C
for 4h in static air. The temperature was then increased to 550°C at a rate of 1°C/min and held for
4h. Separately, CeO, with a nominal particle size of 1 um was impregnated with Pd(NO3)2*2H,0,
purchased from Sigma Aldrich to obtain 0.2, 0.8 and 1.2 wt% Pd loadings. The catalysts were dried
at 120°C for 10h and calcined at 550°C for 4h. Ceria supported catalysts are denoted as ceria,

followed by the advertised ceria particle size. For example, a catalyst labeled as 1%Pd/CeO»-100
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nm indicates that ceria is characterized by 100 nm particle size. A Pd/Al>,Os reference catalyst with
nominal 1.2% Pd weight loading was synthesized via wetness impregnation. Al,O3 was provided
by BASF and contained 10% La to stabilize the Al,O3 in the gamma phase. The catalysts were
dried at 120°C for 10h and calcined at 550°C for 4 h. Following the calcination, the Pd/Al>,O3
catalyst underwent an aging treatment to increase the Pd particle size. The aging treatment was
performed by exposing the catalyst for 50h to a gas mixture that cycled through neutral, reducing
and oxidizing conditions. In each cycle, there was a sequence of 40s of 10% CO> and 10% H-O,
followed by 10s of 3% CO, 1% Ha, 10% CO2 and 10% H>0, and another 10s of 3% O, 10% CO>
and 10% H»O, all diluted in N». The ageing treatment was carried out at 550, 650, 750 and 850°C.

This diverse set of samples was used to validate the technique and when it needed to be used.

6.2.2 Physical characterization
Ceria particle sizes were verified via scanning transmission electron micrographs (STEM), col-
lected on a Themis 60-300 kV transmission electron microscope in HAADF mode. Ceria was also
characterized using X-ray diffraction (XRD), using an Empyrean Multipurpose X-ray diffractom-
eter with a Cu anode (A = 0.1542 nm). Ceria particle sizes from the XRD patterns were estimated

using the Scherrer equation.

Catalysts and support surface areas were measured with N> physisorption isotherms obtained at -

196°C. The analysis was performed on a Micromeritics ASAP2020 Plus using the BET method.

Ha chemisorption was performed on a Micromeritics ASAP2020 Plus. The catalysts were reduced

with Hz at 300°C for 1h and then the system was evacuated for 2h. The temperature was then

144



decreased to 35°C, and the system was evacuated for another hour before H, exposure. H» adsorp-
tion isotherms were obtained at 35°C. The dispersion was measured from the total adsorption iso-

therm, by assuming a H:Pd ratio 1:1.

6.2.3 CO and CO2-CO chemisorption
Dispersion measurements were performed using a Micromeritics ASAP2020 Plus, using CO as a
probe molecule. Two experimental procedures were used to validate the effectiveness of the mod-

ified CO chemisorption method.

Method 1 — conventional CO chemisorption: Prior to CO adsorption, the catalysts were reduced in
pure H» at 300°C for 1h then evacuated at 300°C for 2h. The temperature was then decreased to

35°C, where the system remained under evacuation for 1h.

Method 2 — CO»2-CO chemisorption: The catalysts underwent a reduction treatment in pure H> at
300° for 1h, followed by evacuation for 2h at 300°C. The temperature was then decreased to 35°C
and the system remained under evacuation for 1h. Afterwards, the catalysts were exposed to pure

COg; for 1h and evacuated for 1h to remove any residual CO: from the system.

CO adsorption isotherms were collected at 35°C. The dispersion, obtained from the total chemi-

sorption, was calculated by assuming a CO:Pd ratio of 1:1. The particle sizes were calculated using

the inverse of the dispersion, assuming hemispherical shaped nanoparticles.
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6.2.4 Diffuse reflectance infra-red Fourier transform spectroscopy (DRIFTS)
DRIFTS experiments were performed using a Nicolet iS50 FT-IR spectrometer. The catalyst was
loaded in a custom-made Harrick Scientific cell with low dead volume that minimizes gas phase
interference. A more detailed description on the DRIFTS cell is described elsewhere. *” CO was
used as a probe molecule to assess the extent of carbonate formation on the support and the metal
speciation. All the inlet gases first flowed through an isopropanol-dry ice cold trap to remove any
residual moisture. The catalysts were pretreated in 1% O2/Ar at 400°C for 30 minutes to clean the
catalyst surface. The temperature was then decreased to 300°C, the cell purged with Ar and then a
reduction was performed with 5% Ha/Ar at 300°C for 30 minutes. After cooling in Ar, the catalyst

was exposed to 5000 ppm CO at 35°C until saturation.

To evaluate the efficacy of the CO2-CO chemisorption, following the treatment described above,
the catalysts were exposed to 1% COz/Ar. The system was then purged with inert gas until no
changes in the spectra were detected. A new background spectrum was recorded before exposing

the catalysts to 5000 ppm CO, diluted in Ar, until saturation.

6.2.5 CO oxidation kinetics
The catalyst was placed in a 4 mm quartz tube, which was placed in a Thermo Scientific Lindberg
Blue M tube furnace. Inlet and outlet temperatures were measured using K-type thermocouples
purchased from Omega. The amount of catalyst used was between 4 and 8 mg and was diluted
with SiO> to achieve a catalyst:SiO2 ratio of 1:20-40, to help prevent heat transfer limitations. To
avoid internal mass transfer limitations, the catalyst was pelletized and sieved to an 80-170 mesh

size. The total flowrate was 500 sccm. The catalysts were pretreated in 5% H> diluted in N> at
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300°C for 30 minutes. The reaction mixture included 5000 ppm CO and 2500 ppm O, diluted in
N>. The gases were metered using MKS mass flow controllers. Wet experiments were performed
with the Pd/Al,O3 catalysts and included 6% H>O, which was introduced using a Bronkhorst con-
trolled evaporator mixer (CEM). The CO, CO> and H>O concentrations were measured using a
MKS MG2030 FT-IR analyzer. CO oxidation rates were measured at steady-state and obtained
from high to low temperature. The turnover frequency (TOF) was ultimately calculated by nor-
malizing the reaction rates to the metal perimeter sites, as follows:

reaction rate [mTol]

TOF =

mol Pd perimeter sites
The number of perimeter sites was calculated as 0.25d' as previously reported[47,48], where d
is the average diameter measured via CO2-CO chemisorption. The TOF was also obtained by nor-
malizing the reaction by the fraction of surface and corner sites (SI section 3), calculated according

to the same geometric model reported in the literature. 444°

6.3 Results and Discussion

6.3.1 Physical characterization

1%Pd/CeO, — 10 nm 1%Pd/CeO, — 25 nm 1%Pd/CeO, — 100 nm

Figure 6.1: STEM images of the 1%Pd/CeO2-10 nm, 1%Pd/Ce02-25 nm and 1%Pd/CeO>-100 nm
samples

147



STEM images were used to verify the ceria particle size. Figure 6.1 shows STEM images captured
from 1% Pd/CeO; with nominal 10, 25 and 100 nm ceria support particle sizes. The ceria particle
size on 1% Pd/CeO2-10 nm was found to range from 8 to 10 nm. A wider range of ceria particle
sizes was observed with 1%Pd/Ce0O;-25 nm, spanning from 5 to 30 nm. Similarly, 1% Pd/CeO,-
100 nm showed a broad particle distribution, ranging from 20 to 100 nm. Additional images cap-
tured at various sample locations are provided in the SI (Appendix B, Figures B1-B6). The dimen-
sions acquired from the STEM images were compared with the average crystallite size derived
from the XRD pattern, shown in Figure B7, using the Scherrer equation and they were consistent
for the 10 and 25 nm samples, listed in Table 1. However, discrepancies between the two tech-
niques were found for the 100 nm sample. This might be attributed to the fact that STEM images
capture only a limited portion of the catalysts, while the XRD provides bulk analysis. We note that
due to the low contrast between Pd and CeO,, it was not possible to visualize any Pd particles.
There was one exception, for the 1% Pd/CeO2-25 nm sample, as shown in Figure S3, where one
1-1.5nm particle was detected and confirmed by EDS analysis. The dark spots observed on the 1%
Pd/Ce0»-10 nm and 1% Pd/Ce0O,-100 nm supports do not correspond to Pd nanoparticles, as con-
firmed by EDS in Figure B5. These dark spots might be pores inherent of the ceria structure or
evidence of oxygen vacancies around the metal sites, similar to what was observed on a Pt/Fe3O4

catalyst. >

Table 6.1: Ceria particle sizes obtained using the Scherrer equation. The particle sizes were ob-
tained by averaging the results from the features at 28, 32, 47 and 56°

Catalyst Ceria size [nm]
1% Pd/CeO2-10 nm 7.9
1% Pd/Ce0O2-25 nm 17
1% Pd/Ce02-100 nm 28
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Surface areas measured via BET analysis on the 1%Pd/CeO; samples and the corresponding bare
supports are listed in Table Al. Overall, the surface area increases as the ceria particle size de-

creases, for both bare ceria and Pd/CeQO; catalysts.

6.3.2 CO DRIFTS

14. 1%Pd/CeO2 - 10 nm
. 1%Pd/Ce02 - 25 nm
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Figure 6.2: CO-DRIFTS obtained using the 1% Pd/CeO; catalysts characterized by 10 nm (pur-
ple), 25 nm (light blue) and 100 nm (blue) ceria nanoparticles. The catalysts were treated in 1%
O2 at 400°C for 30 min, followed by an Ar purge at 300°C and 5% H> for 30 minutes at 300°C.
The catalysts were exposed to 5000 ppm CO/Ar at 35°C.

CO chemisorption has been found unreliable in measuring the number of active metal surface sites
on ceria-supported catalysts, due to the interactions between CO and the ceria support. CO adsorbs
on the metal site as intended, but carbonates form on the support through reaction between CO and

ceria lattice oxygen and increase the CO uptake >'.
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To characterize and confirm the interaction between CO and ceria-supported catalysts, we spec-
troscopically evaluated CO adsorption on 1% Pd/CeO: catalysts using DRIFTS. The results shown
in Figure 6.2 were obtained from the 3 catalysts with ceria particle sizes ranging from 10 to 100
nm. The peaks at 2080 cm™! correspond to CO linearly adsorbed on Pd, while the broad features
spanning from 2000 to 1800 cm™! are assigned to bridge bound CO on Pd. >3 The features below
1700 cm™ correspond to carbonates on the support.>* By comparing Figure 6.2 and Figure BS,

where bare ceria was exposed to CO, carbonate formation on ceria is promoted by the presence of

Pd.46’55

In comparing the carbonate bands in Figure 6.2, and noting the similarities in the intensities of the
linear Pd-CO bands between the 3 samples, the relative intensity of the carbonate bands increases
with a decrease in ceria nanoparticle size. Among all the catalysts studied, the Pd/CeO2 10 nm
sample results in the most carbonate formed, and Pd/CeO; 100 nm led to the smallest. This trend
could be related to the increase in oxygen mobility and the facile formation of oxygen vacancies
with decreasing ceria size. Theoretical studies have demonstrated that the energy to form an oxy-
gen-vacancy decreases as the ceria size decreases.’®>® As a consequence, the so-called reverse
spillover, which describes oxygen transfer from the support to the metal site, is enhanced for
smaller ceria nanoparticles, while it was found to be energetically unfavorable on single crystal
ceria.’® Furthermore, it has been shown that with interaction between the metal and ceria nanopar-
ticles, electron transfer from ceria to the metal takes place leading to partial oxidation of the metal
and a reduction of Ce*' to Ce**, which usually has a high energy cost on extended surfaces. How-

ever, theoretical studies showed that this cost decreases on undercoordinated sites, such as edges
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and corners, and the fractions of these sites increase with decreasing particle size.**°¢ During CO
adsorption, a reduction of Ce*" to Ce*" occurs with simultaneous reaction between the spilt-over
oxygen and CO. This results in carbonate formation on the support.®’%° A similar process was
proposed to occur during H> reduction on a Pt/CeO> catalyst, where lattice oxygen migrates onto
the metal and it continuously reacts with H», reducing the metal and forming water which de-
sorbs.”® The enhanced oxygen mobility with decreasing ceria particle size has also been confirmed

experimentally via CO-TPR and Raman spectroscopy.™

In addition, the higher surface area that characterizes the 10 nm and 25 nm particles might con-
tribute to the more intense carbonate bands observed. This is consistent with CO> adsorption
DRIFTS spectra shown in Figure B9, performed on CeO; of 10 and 100 nm nominal particle sizes.
Even in the absence of the metal site, more carbonate formation on the 10 nm ceria was observed.
Therefore, this might be attributed not only to the higher lattice oxygen mobility, as mentioned

above, but also to its higher surface area compared to the 100 nm sample, as shown in Table B1.

As previously suggested, carbonate formation on ceria-supported catalysts can undermine the re-
liability of both static and dynamic CO chemisorption, leading to an overestimation of the CO
uptake. ! During a typical chemisorption analysis, the catalyst is exposed to a probe molecule, in
this case CO, until an adsorbed monolayer on the metal is achieved. At this point, the metal is
saturated and is not able to adsorb additional gas. In the case of ceria-supported catalysts, when
CO interacts with ceria’s lattice oxygen, carbonate can form directly on the support and also at the
metal-support interface. The latter can then move to the support, and as this CO migrates to the

support, the metal site is available for more CO adsorption. This is consistent with the CO DRIFTS
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spectra in Figure 6.2 and S8. Overall, this results in a higher CO uptake, which often leads to an
erroneous CO:Pd ratio higher than 1. However, as shown in the DRIFTS spectra in Figure 6.2, we
can hypothesize that the CO uptake is affected to different extents depending on ceria particle size.
The CO uptake on Pd supported on small ceria nanoparticles is larger than the Pd supported on
larger ceria nanoparticles, as a result of a higher oxygen mobility and therefore more carbonate

formation.

This hypothesis is further supported when comparing the varying carbonate band intensities on
ceria catalysts with different ceria sizes and the features observed during CO adsorption on the
reference Pd/Al>Os fresh catalyst. Figure B10 shows the CO adsorption spectra on Pd/Al>O; cata-
lysts. The spectrum has a feature at 2088 ¢cm!, assigned to linear Pd-CO, and a broader feature
between 2000 and 1800 cm™, corresponding to bridge Pdyx-CO. The features below 1700 cm™! cor-
respond to carbonates formed on the support, and for the fresh catalyst their intensity is comparable
to the CO-Pd features intensity. It is known that the carbonate formation on irreducible supported
catalysts, such as Al2Os3, is usually minimal. In this case, the presence of 10% La could lead to
some enhancement in carbonate formation, as reported for Al,O3 supports doped with alkali earth
metals.”>’* However, these carbonates formed on the alumina support are not expected to influ-
ence the measured dispersion from CO uptake during CO chemisorption, in the case of the fresh
catalyst. This is attributed to the fact that Al,O3, unlike ceria, does not easily lose oxygen atoms
that can react with CO.”” Therefore, since carbonate formation observed on the alumina-supported
catalyst exhibits comparable intensities to the ones relative to Pd-CO bands, we can then further

hypothesize that if the carbonate intensity on some other sample is similar to that of the Pd-CO
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features, the CO chemisorption measurement likely will not be overestimated. This is confirmed

below.

6.3.3 CO2-CO DRIFTS
CO» pre-adsorption was previously proposed as a step prior to CO adsorption, to saturate the ceria
surface via carbonate formation and leave the metal sites available for CO adsorption.*® The pre-
vious method included a H» treatment at room temperature between the CO, and CO exposure to
reduce the metal site. Since exposing Pd/CeO; catalysts to H> at room temperature could cause
beta Pd hydride formation, here, we propose a modified method without the intermediate reduction
and verify it via DRIFTS CO;-CO exposure. Figure 6. 3 shows the spectra taken after CO, adsorp-
tion, an Ar purge and subsequent CO adsorption on 1% Pd/CeO; 25 nm. We reiterate that at the
end of the purge after CO, adsorption and before CO adsorption, a new background spectrum was
taken. This was done to better observe any changes in the portion of the spectrum between 1700
and 750 cm™!. The first spectrum was obtained after saturating the catalyst with CO,. CO; exposure
caused carbonate and bicarbonate species formation, represented by the features below 1700 cm
134 The lack of features between 2100 and 1700 cm™', associated with CO adsorbed on Pd, con-
firms that there was no CO> dissociation and subsequent CO adsorption on the Pd sites. After
purging the catalyst with Ar, carbonate species bands decreased in intensity, suggesting a partial
decomposition/desorption of weakly adsorbed species on/from the ceria surface. The time evolu-
tion of the carbonate species is shown in detail in Figure B11. Despite the partial loss, the remain-
ing carbonate species are stable on the ceria surface, suggesting that the ceria surface is at least
partially covered by C-containing species. CO adsorption performed after CO> pre-adsorption
shows that exclusively Pd metal sites are available for CO adsorption. Only features between 2100

and 1800 cm™! are observed. The feature at 2078 cm™! is assigned to CO linearly adsorbed to Pd,
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while the broad peak in the 2000-1700 cm™' range is assigned to bridge bound CO on Pd, charac-
terized by different coordination environments.’>> No peaks above 2100 cm™ were observed,
confirming that the catalyst retained its metallic state and the CO; did not dissociate and partially
oxidize the metal. No peaks below 1800 cm™ were detected, showing that no further carbonates
are formed upon CO exposure. The spectra shown in Figure 6. 3 indicate that CO, pre-adsorption
is able to passivate the ceria surface, leaving Pd sites available for CO adsorption. As previously
suggested, CO, reacts with lattice oxygen at the metal-support interface to form carbonates,” in-

hibiting any further reaction upon CO adsorption.

This experiment was also performed on 1% Pd/CeO; with 10 and 100 nm ceria as the support
(Figure B12), along with Pd/CeO; with 1 um ceria characterized by different Pd loadings (Figure
B13). Additionally, CO>-CO adsorption was validated using a 1.2% Pd/Al>O; catalyst (Figure B14
(a)), which was selected as a reference catalyst due to the lack of oxygen storage capacity associ-
ated with the support and therefore its inability to form a large amount of carbonates. As shown in
the DRIFTS spectra in Figure B12, during CO exposure after CO> saturation none of the catalysts
showed new carbonate formation, except for 1% Pd/CeO2 10 nm. In the case of the 1% Pd/CeO>
with 10 nm ceria particles, we hypothesize that the small amount formed will not significantly
affect the CO-uptake following CO; pre-adsorption. This is based on the intensity relative to the
carbonates formed on the support being comparable to the intensity of Pd-CO features, similar to
the carbonates observed on the fresh Pd/Al>Os3 catalyst in Figure B10 as discussed above. Despite
not knowing the extinction coefficient to quantify the amount of carbonates on the support, we
assume that carbonates on Al2O3 and ceria supports with similar intensities to Pd-CO features do

not significantly affect the CO uptake during CO chemisorption. These results suggest that CO-
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pre-adsorption successfully hinders carbonate formation upon CO adsorption, while also not mod-
ifying the metal sites. This step should allow CO-uptake measurements without carbonate inter-
ference. The DRIFTS spectra collected on the catalysts under investigation consistently show that
the modified CO>-CO adsorption method is effective across the sizes of ceria spanning from 10
nmto 1 pm.

Similar to the observations from the CO-DRIFTS spectra, the intensity of carbonates formed on
the ceria surface during CO; adsorption depends on the ceria particle size, with the intensity in-
creasing with decreasing ceria size. Ceria size influences the mobility and accessibility of lattice
oxygen at the metal-support interface. However, CO> saturation effectively hinders any further
reaction between CO and ceria lattice oxygen for all the ceria sizes under study (Figure B12). The
effect of metal loading was also investigated. Using the same ceria support, as the Pd loading
increases, carbonate formation on ceria decreases, as shown in Figure B13. Also in this case, var-

ying the Pd loading does not negatively impact the efficacy of the CO>-CO adsorption method.

In conclusion, the modified CO> pre-adsorption followed by CO adsorption method represents a
viable method to reduce carbonate formation during CO adsorption and reduce interference on CO
uptake. This method can be used on catalysts characterized by different CeO: particle sizes and
different Pd loadings. Additionally, as shown by the DRIFTS spectra in Figure 6.2, carbonate for-
mation more significantly affects the CO uptake on smaller ceria particles, because of the higher
oxygen mobility and reactivity with CO. As a consequence, CO; pre-adsorption should have a

more pronounced effect on smaller ceria particles compared to larger ones.
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Figure 6. 3: DRIFTS spectra obtained during the CO»-CO adsorption experiment using the 1%
Pd/CeO: - 25 nm sample. The catalyst was treated in 1% O for 30 min at 400°C, purged in Ar and
reduced in 5% H> for 30 min at 300°C. The catalyst was exposed to 1% CO2 at 35°C until
saturation. This was followed by purging in Ar until carbonate decomposition/desorption stopped,
then a new background was taken, and finally the sample was exposed to 5000 ppm CO.

6.3.4 CO and CO2-CO chemisorption

Table 6.2: CO2-CO and CO chemisorption results: dispersion and particle size. The dispersion was
obtained using the total chemisorption isotherm, and the particle size was calculated as 100/D[%].
The ceria-containing catalysts were reduced in H> at 300°C, while the Pd/Al,Os catalyst was re-
duced in H> at 400°C.

CO,-CO chemisorption CO chemisorption
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Catalyst Dispersion Particle size Dispersion Particle size
[Ye] [nm] [Ye] [nm]

1.2%Pd/Al,03 39 2.6 34 3
1%Pd/CeO; - 100 nm 41 2.5 37 2.7
1%Pd/CeO; - 25 nm 64 1.55 81 1.2
1%Pd/CeO: - 10 nm 67 1.55 148 <1
1.2%Pd/CeO; - 1um 10 9.8 8.2 12
0.8%Pd/CeO; - Ipum 10 9.9 10 9.9
0.2%Pd/CeO; - Ipum 29 3.5 23 4.3
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Figure 6.4: Comparison between the dispersion measurements obtained via CO and CO,-CO
chemisorption on 1% Pd/Ce0,-10, 25 and 100 nm, 0.2% Pd/CeO,-1pm, 0.8% Pd/CeOz-1um, 1.2%
Pd/CeOs-1pum and fresh 1.2% Pd/Al>Os.

Dispersion measurements were performed on Pd/CeO» catalysts with different ceria particle sizes,
along with a Pd/Al,O3 sample, used as a reference catalyst. Table 6.2 lists the results obtained by

performing both CO,-CO and CO chemisorption.

The modified CO>-CO chemisorption method was initially validated on the Pd/Al,O; reference
catalyst. As expected, the dispersions measured on the fresh 1.2% Pd/Al>O3 catalyst using both
CO,-CO and CO chemisorption exhibit similar values, with differences falling within what we

consider an acceptable 5% experimental error. These results confirm our previous assumption,
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based on the analysis of DRIFTS spectra in Figure B10(a) and previous literature reports, that
carbonate formation on Pd/Al,O3 does not have an effect on dispersion measurements. In addition,
the similar dispersions obtained from both methods confirm that COx> is not affecting the metal site
and causing any structural changes. As further support to this statement, DRIFTS spectra in Figure

S14 also show that CO-Pd features obtained with and without CO pre-adsorption are similar.

For ceria-containing catalysts, the dispersion obtained via CO chemisorption increases with de-
creasing ceria particle size, with the 10 nm resulting in a physically unrealistic 147% value. Typi-
cally, the CO uptake obtained from CO chemisorption on metals dispersed on non-reducible sup-
ports, such as Al2O3 or Si0O», is indicative of metal dispersion, however, as previously discussed,
CO chemisorption on reducible support catalysts is susceptible to errors due to carbonate for-
mation, which leads to an overestimation of the CO uptake and consequently to an overestimation
of dispersion measurements. Therefore, the observed increase in dispersion with decreasing ceria
nanoparticle size measured by CO chemisorption is attributed to two factors: (i) a higher dispersion
of Pd metal nanoparticles and (ii) carbonate formation on ceria enhanced by the high mobility of
lattice oxygen. These reasons lead to unphysical values such as those measured on 1% Pd/CeO»-

10 nm, where the dispersion exceeded 100%.

CO; adsorption prior to CO chemisorption should limit the influence of carbonate formation on
CO uptake. This is achieved by hindering the reaction between CO and lattice oxygen, as shown
by the CO,-CO adsorption DRIFTS spectra in Figure 6. 3, B12 and B13. The dispersions measured
using CO2-CO adsorption are lower than those determined via CO chemisorption, with the excep-

tion of Pd/CeO; catalysts with ceria nanoparticles larger than 100 nm.
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While with CO2-CO chemisorption, the 1% Pd/CeO; on 10 and 25 nm ceria particles show similar
dispersion, the CO chemisorption shows higher dispersion for the smallest ceria NP under study,
consistent with the CO DRIFTS results that showed the highest carbonate formation. This suggests
that carbonate formation is not only related to the metal-support interface,’® which, in this case is

similar between the two catalysts, but also to the oxygen mobility of ceria.

However, in the case of Pd/CeO> with ceria nanoparticles larger than 100 nm, the dispersions
measured with the two methods are similar. This implies that the amount of carbonates formed on
larger ceria nanoparticles is insufficient to significantly impact the CO uptake during CO chemi-

sorption, similar to what was observed in the fresh Pd/Al>Os catalyst.

Overall, the dispersions obtained via CO2-CO chemisorption show higher Pd dispersion as the
ceria particle size decreases. This trend aligns with previous literature reporting that smaller ceria
nanoparticles exhibit stronger metal support interactions, resulting in higher metal dispersion.
Smaller nanoparticles are indeed characterized by a higher fraction of defect sites where the metal

clusters bind more strongly.”’

In addition, the dispersion measurements are consistent with CO-DRIFTS spectra in Figure 6.2.
From the comparison of the linear CO-Pd peak position of the Pd/CeO> 10 and 100 nm samples,
with ceria purchased from the same supplier, it is located at a higher wavenumber for the Pd/CeO-
100 nm compared to the Pd/CeO2 10 nm sample, characterized by smaller Pd particle size. This is

consistent with the Blyholder model which states that the stretching frequency depends on the n-
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back donation, which is also related to the particle size.”® As the particle size decreases, the back-
bonding donation from the metal to CO increases, resulting in a red shift in the metal-CO stretching
frequency. The catalyst with ceria purchased from a different supplier (Pd/CeO> 25 nm) exhibits
broader linear and bridged Pd-CO features, potentially caused by a different coordination environ-

t,”” a broader distribution of particle sizes and facets, having a very distinct cubic shape, and/or

men
the lack of darker spots, as hinted from the observed particle heterogeneity in STEM images (Fig-

ure 6.1 and Figure B3).

CO»2-CO chemisorption results show that the CO; pre-adsorption step results in a lower count of
exposed metal sites supported on ceria supports characterized by smaller ceria particle size. Figure
6.4 shows that CO chemisorption values obtained with the 25 nm ceria particle catalyst has a dis-
persion around 30% higher than that from the CO2-CO chemisorption, while for the 10 nm ceria
particle sample, the traditional CO chemisorption results in a value two-times higher than that of
the modified method. However, the measurement difference decreased with the larger ceria nano-

particles as the amount of carbonate formed is not large enough to significantly affect CO uptake.

H> chemisorption at 35°C was also performed to compare to the results obtained from the CO»-
CO chemisorption analysis. Due to the small Pd particle size measured via CO2-CO chemisorption,
the formation of palladium hydrides would be impeded because of the low H> solubility in small
particles.® In addition, previous literature reported that a H pretreatment at temperatures lower
than 400°C could suppress hydrogen spillover on a ceria-zirconia supported catalyst.3’ Given our

reducing temperature of 300°C, it might therefore be possible that H spillover could be eliminated.
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However, as shown in Table B2, the measured dispersion measurements exceeded the H:Pd of 1,

giving unphysical results.

The 136% dispersion obtained via Hz chemisorption on the 1.2% Pd/CeO»-1 um catalyst can at
least be partially explained by Pd hydride formation, as evidenced by the adsorption isotherm
shown in Figure B15. This catalyst, characterized by an average Pd particle size of 10 nm, meas-
ured via CO2-CO and CO chemisorption (Table 6.2), would have Hz solubility, as suggested by
literature.®! However, we attribute the high dispersion measured on the Pd/CeO>-10 and 25 nm
samples to hydrogen spillover from the metal particles to the support. This is supported by the
absence of the typical isotherm shape indicative of Pd hydride formation, instead displaying the
typical Langmuirian isotherm, as shown in Figure B16. Typically, for particles smaller than 2.8
nm, hydrogen will “simply” adsorb on the catalyst surface and not participate in the formation of
the hydride. This is because with decreasing particle size, there is a decrease in the number of
interstitial sites relative to the surface sites and therefore a lower number of sites where hydrogen
can diffuse.!? Finally, in the case of Pd/CeO2-100 nm, which exhibited the highest dispersion value,
we speculate that the high H uptake could be a result of both Pd hydride formation and hydrogen

spillover processes occurring at the same time.

CO0,-CO chemisorption was also performed on the Pd/Al,O; catalysts exposed to high tempera-
ture. The comparison between the results obtained via CO2-CO and CO chemisorption is listed in
Table B3. From the CO DRIFTS spectra (Figure S10), we observed that carbonate band intensities
increase relative to the Pd-CO intensity as the ageing temperature increases. This is consistent with

a decrease in Pd surface area due to the sintering induced by the ageing treatment. However, as the
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particle size exceeds 10 nm, and there is only a small amount of CO uptake on the large metal
particle, the dispersions obtained via CO chemisorption may become unreliable due to increasing
relative interference caused by the CO associated with formation of carbonates on the support,
similar to what was observed on ceria-supported catalysts. To overcome this issue, we employed
the CO2-CO chemisorption method. From the comparison of the two methods, the dispersions
obtained via CO chemisorption show a higher CO uptake, which correlates again with more car-
bonates observed, relative to CO bound to the metal site. For the 1.2% Pd/Al>Os3 catalyst aged at
650°C, we compared the result from the CO>-CO chemisorption and the result of the average Pd
crystallite size calculated with the Scherrer equation (Figure B17). The results show similar values,
implying that the CO,-CO chemisorption could be used on catalysts with non-reducible supports
which are characterized by larger metal particle sizes, such as those that underwent an ageing
treatment. The 1.2% Pd/ALO; catalysts aged at 750 and 850°C resulted in a lower dispersion
when using the CO,-CO chemisorption in comparison to the measurement obtained via CO chem-

isorption, however, the values approach the 5% error measurement.

The modified CO2-CO chemisorption technique is able to measure the metal site surface area,
avoiding carbonate interference which particularly affects ceria containing catalysts. However, this
method can also be expanded and employed with catalysts with irreducible supports but charac-
terized by large particle size, since CO chemisorption might become affected by a relatively in-

creasing carbonate interference.

163



6.3.5 CO oxidation Kkinetics
To validate the accuracy of the particle size measurements obtained via CO2-CO chemisorption
we used CO oxidation kinetics. CO oxidation on ceria-supported catalysts has been extensively

studied and a consensus on the mechanism and the active site has been established.

On Pd/CeO> catalysts, CO oxidation reaction rates exhibit a particle size dependence, with the
reaction rates increasing with decreasing metal nanoparticle size. Previous studies indeed demon-
strate that the reaction occurs at the interface between the metal nanoparticle and the support,
where CO adsorbed on the nanoparticle reacts with oxygen from the support.®>3% A decrease in
particle size correlates with an increase in the fraction of perimeter sites, as shown in Figure S19,
and an increase in activity. The fraction of perimeter sites, along with the surface and corner sites,
was obtained using reported correlations based on a geometric model which was developed from
HRTEM images assuming an octahedral shape for metal nanoparticles.***> Based on these find-
ings, we expect that the CO oxidation turnover frequencies (TOF), obtained by normalizing the

reaction rates by the perimeter sites, are the same for all the Pd/CeO; catalysts studied.

Figure 6.5 shows the CO oxidation Arrhenius plot obtained from the 1% Pd/CeO: catalysts. The
measured apparent activation energy for all the catalysts was ~50 kJ/mol, consistent with previ-
ously reported activation energies ranging between 40 and 70 kJ/mol. CO oxidation on reducible
oxide-supported catalysts often follows a Mars-van Krevelen mechanism.>’ In this case, the sup-
port is directly involved in the reaction by providing reactive oxygen atoms. Here, CO reacts with
a lattice oxygen from the ceria, forming CO,.24 The process leads to formation of an oxygen

vacancy, resulting in a change in the ceria stoichiometry from CeO: to CeO».x and a change in the
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formal oxidation state from Ce*' to Ce**. The catalytic cycle concludes with ceria reoxidation from
3+ to 4+ using molecular oxygen, which is able to refill the oxygen vacancy and restore the initial
state of the support.”>! According to the proposed mechanism, the reaction rate was found to
follow a 0™ order dependency on CO partial pressure, and 1% order dependence on 0».* This
indicates that CO is not able to suppress the reaction by hindering O» adsorption and dissociation,
which is the prevalent mechanism occurring on irreducible oxide-supported catalysts.”? Due to the
presence of the metal, the reducibility of the support is enhanced through the contact between the
metal and the oxide. Therefore, it is easier to extract an oxygen. This is why, as mentioned above,

CO oxidation occurs at the metal-support interface, where it is easier to remove the oxygen.*3

Although there is evidence that very small ceria particle sizes can lead to changes in the reaction
mechanism, for the range of particle sizes we evaluated, there appears to be no change in the CO
oxidation mechanism, with evidence stemming from the same activation energy measured on all

the catalysts with varying ceria nanoparticles.

The TOFs derived by the normalization of the reaction rate by the total number of Pd surface sites,
estimated from chemisorption, is shown in Figure S20 and exhibits decreasing TOF with increas-
ing Pd particle size. Note that CO oxidation rates obtained on Pd/CeO»-10, and 25 nm are over-
lapping, due to their similar dispersion, confirming the validity of CO2-CO chemisorption method.
However, if we normalize the reaction rates by the fraction of perimeter sites, and derive the Ar-
rhenius plot, shown in Figure 6.5, the turnover frequencies for all the catalysts under study overlap.
In addition, we normalized the reaction rates by the fraction of corner sites, as shown in Figure

B21. The TOFs overlap suggesting that corner sites could also be assigned as the active sites. This
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is consistent with a previous study, where it appears that rate measurements for metal nanoparticles
smaller than 3 nm show that corner sites could be the most active.*’ This suggests that both corner
and perimeter sites play a role, and their relative fractions change with particle size as shown in
Figure B19. Corner sites activity appear to be predominant on smaller nanoparticles, while perim-

eter sites become predominant as the metal size increases.®’

The CO2-CO chemisorption validity on aged Pd/Al>O3 catalysts was also verified using CO oxi-
dation. In the case of metals dispersed on irreducible oxides, CO oxidation follows a different
mechanism from the one previously described for ceria-supported catalysts. CO oxidation on
Pd/ALLO; follows the Langmuir-Hinshelwood kinetics, and the mechanism includes CO initially
adsorbs on the metal site, hindering adsorption and dissociation of O2. CO has to desorb to allow
O dissociation and the surface reaction between CO and 0.”>% For this reason, it is widely re-
ported that the CO oxidation apparent activation energy corresponds to the CO desorption energy.
Figure 6.6 shows the CO oxidation Arrhenius plot on Pd/Al,O3 aged catalysts. The TOF was ob-
tained by normalizing the reaction rate by the number of surface active sites, measured via CO»-
CO chemisorption. The apparent activation energy derived was similar to the CO desorption en-
ergy from Pd metal. In addition, the TOFs are similar across all the catalysts, suggesting that the
CO»-CO chemisorption provided a good particle size estimate, including for metal supported cat-

alysts with metal nanoparticles larger than 10 nm.
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Figure 6.5: CO oxidation (a) conversion profiles and (b) Arrhenius plot on 1%Pd/CeO; - 10, 25
and 100 nm. The catalysts were reduced at 300°C in 5% Hb> for 30 min. The catalysts were exposed

to 5000 ppm CO and 2500 ppm O», balanced in N». The rates were taken at steady-state. The rates
were normalized by Pd perimeter sites.
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Figure 6.6: CO oxidation Arrhenius plot on 1.2%Pd/Al,0O53 aged at 650, 750 and 850°C. The cat-
alysts were reduced in 5% Hz for 30 min at 400°C. The catalysts were exposed to CO = 5000 ppm,
02 = 2500 ppm, H2O = 6% balanced in N». The rates were taken at steady-state. The rates were
normalized by Pd surface sites measured via CO2-CO chemisorption.

6.4 Conclusions
Characterizing ceria-supported catalysts via CO chemisorption is challenging due to the interac-
tions between CO and the support. In fact, CO reacts with ceria lattice oxygen leading to carbonate
formation, which contributes to an overestimation of the CO uptake and, consequently, metal dis-
persion. The extent of carbonate formation depends on the ceria particle size with smaller ceria
nanoparticles showing the most carbonate formation, while larger particle sizes less. This trend is

consistent with the higher oxygen mobility as the ceria size decreases.’’8%
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We show that ceria nanoparticles larger than 100 nm exhibit minimal carbonate formation, similar
to the case of irreducible oxide-supported catalysts. This leads to a negligible effect on the CO
uptake and a reliable dispersion measurement. However, as the ceria particle size decreases, the
dispersion measurement becomes impacted by the growing carbonate formation, often providing

unphysical results with CO:Pd ratios exceeding 1.

To reduce carbonate formation during CO adsorption, CO> pre-adsorption was added as an addi-
tional step in the static CO chemisorption procedure. DRIFTS experiments confirmed that CO;
interacts with lattice oxygen forming carbonates and prevents any further reaction between CO
and ceria lattice oxygen during CO exposure. We validated the dispersion measurements obtained
through CO2-CO chemisorption by performing CO oxidation kinetics. The turnover frequencies
obtained by the normalization of the reaction rate by the number of perimeter sites — the active site
for CO oxidation — were similar, confirming that CO2-CO chemisorption can provide a good par-

ticle size estimate.

Despite this work being mainly focused on Pd/CeO:> catalysts, this CO2-CO chemisorption also
proved useful when measuring CO uptake on Pd/Al,O; samples characterized by larger Pd parti-
cles, as the relative amount of CO on the metal vs the amounts of carbonates formed shifted to the

latter, ultimately being enough to alter the dispersion measurement.
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Chapter 7: Conclusions and future work

7.1 Conclusions

The three-way catalyst is the key component of gasoline vehicle aftertreatment systems. Despite
its high efficiency for todays’ regulatory cycles, the TWC must adapt to new technologies and
improve in low-temperature performance and durability to comply with increasingly stringent
emission regulations. Along with the challenges posed by these new emission regulations, auto-
motive manufacturers and catalyst suppliers must consider the catalyst cost. The high volatility of
PGM price has prompted extensive research aimed at optimizing catalyst formulations. Effort has
been directed towards reducing the precious metal content and developing new catalyst formula-
tions. To accomplish these goals, a detailed understanding of the reaction mechanism is needed. In
this work we focused on Rh/Al,O3 and Pd/CeOs, considered as model catalysts representative of
TWC. Both catalysts face similar challenges, particularly in accurately measuring active site

amounts.

On Rh/Al,O3 we investigated CO oxidation and NO reduction by CO kinetics. Our main goal was
to gain insights into the mobility of the active sites. Rh catalysts exhibit high mobility and can
change their structure when exposed to varying feed compositions and temperature. Rh structural
changes during the reaction introduce uncertainty in active site quantities, measured via ex-situ
characterization techniques, such as H> chemisorption. We showed that the Rh nanoparticles un-
dergo redispersion into single atoms when the catalysts are exposed to oxidizing mixtures of CO
and O, with CO/O» < 2. The structural changes during CO oxidation lead to a lower activity in
the low temperature region, where particle disintegration is favored. However, at higher tempera-
ture, CO-assisted single atoms aggregation occurs, resulting in a larger amount of nanoparticles -

the active sites for CO oxidation - and therefore a higher activity. CO oxidation kinetics showed
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that the temperature at which these structural changes occurring during the reaction depend on the
Rh particle size, with smaller nanoparticles being more prone to disintegration and maintaining
the single atoms form to higher temperature. In addition, the presence of water did not show any
effect on the nanoparticle-single atoms interconversion. Spectroscopy studies played a crucial role
in reconciling the differences in turnover frequencies measured at low and high temperatures, in-
dicating that the differences lie in the amount of active sites, with less nanoparticles in the low

temperature regime compared to the high temperature one.

Spectroscopy studies also showed that the mobility of nanoparticles and single atoms in the pres-
ence of CO, O> and water influences the conversion profile observed before reaching a steady
state. Under dry conditions, oxygen leads to an enhancement in Rh nanoparticles redispersion into
single atoms, promoting the oxidative process which changes the metal oxidation state from 0 to
1. In the presence of water, which modifies the Rh coordination environment, O> also stabilizes
Rh single atoms formed during the nanoparticle redispersion process. These spectroscopic anal-
yses provided more insights into how variation in the feed composition and the presence of hy-

droxyl groups in the vicinity of the metal cation modify Rh mobility.

After a detailed investigation on the effect of CO, Oz and H20 on the Rh structure, we proceeded
to explore the NO reduction by CO kinetics in the presence and absence of water. NO reduction
by CO is indeed one of the main reactions in the TWC and a consensus on the reaction mechanism
has not been reached. Our findings indicate that H>O influences the kinetics by increasing the
apparent activation energies under reducing, stoichiometric and oxidizing conditions. Our study
stood on the hypothesis that NH3 was the cause of the change in activation energy, leading to a
form of catalyst deactivation. Our study remained inconclusive, and more work is needed to elu-

cidate the cause of the change in kinetics and deactivation.
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The concluding part of our work is dedicated to Pd/CeQO,. Ceria-supported catalysts presents dif-
ficulties in the active site surface area measurements when using traditional techniques, compli-
cating the determination of turnover frequencies. In our work, we proposed a modified CO chem-
isorption method to measure metal dispersion, using static chemisorption. Conventional CO chem-
isorption results in an overestimation of the CO uptake, because of the reaction between CO and
mobile lattice oxygen leading to carbonate formation. Pre-adsorbing CO; and forming carbonates
before CO chemisorption can hinder further carbonate formation, ensuring good dispersion meas-
urement estimations. This method validated via spectroscopic studies and CO oxidation kinetics
using Pd/CeO; catalysts characterized by different ceria sizes. We showed that the degree of over-
estimation in CO uptake depends on ceria size. Small ceria nanoparticles exhibit high oxygen mo-
bility, facilitating carbonate formation. In contrast, ceria nanoparticles larger than 100 nm form
carbonates to an extent that does not impact dispersion measurements. A comparison between CO
and CO2-CO chemisorption highlights this distinction. Larger nanoparticles showed similar dis-
persion measurement values obtained with both methods, while smaller nanoparticles showed a
larger difference in the dispersion measurements obtained with the two methods. This approach
can allow dispersion measurements on new catalyst formulations which include ceria and other
promoters which increase the oxygen storage capacity and can alter the dispersion measurements

obtained with traditional CO chemisorption.

7.2 Future work
Based the work presented in this thesis, the following recommendations for future research are

listed below:

- Future work should focus on understanding the Rh single atoms aggregation mechanism

occurring at high temperature. While a mechanism of nanoparticle dispersion in the
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presence of CO at low temperature has been suggested and involved a WGS-like mecha-
nism, a mechanism for Rh single atoms aggregation at high temperature is still lacking.
The single atoms aggregation can be investigated using catalysts with the more homoge-
neous supports. This approach could allow the determination of the coordination environ-
ment surrounding the metal ions and provides insights into how the support and the envi-
ronment can influence the single atoms mobility towards nanoparticle formation.

The NO reduction by CO kinetics and the effect of water and NH3 have not provided con-
clusive results. The cause of the deactivation observed in the conversion profile obtained
on the 0.05% Rh/Al>Os3 catalyst under reducing conditions and in the presence of water
remains unknown. The cause could be attributed to deactivation, such as sintering or the
presence of stable surface species acting as site blockers. Electron microscopy could be
employed to assess the presence of larger nanoparticles or an adsorbate overlayer/oxide
layer on the nanoparticles.

The factors contributing to the increase in activation energy in the presence of water need
further elucidation. The identification of the rate-limiting step and the development of a
kinetic model can be helpful to gain understanding of the mechanism involved.

Rh single atom activity is still unclear. Modulation excitation spectroscopy could be used
as a tool to evaluate Rh single atoms activity in the NO reduction by CO in the presence
and absence of water.

Regarding the Pd/CeO: catalysts, the proposed method can be used to measure the active
surface area of newly formulated catalysts which include additives and promoters intended

to increase TWC activity. Future work will include the comparison of the turnover
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frequency measured on these catalysts to determine if they can replace the current formu-
lation in use.

The kinetic data presented in the appendix will be incorporated in a more extensive study,
including further characterization of these catalysts, using XRD, STEM/EDS and XAS.
This will help understand the role of SrO in the catalyst formulation in slowing the catalyst
deactivation and whether it has an impact on hindering the formation of Rh aluminates or

preventing sintering.
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Appendix A - Supporting Information of Chapter 3: Rhodium cata-

lyst structural changes during CO oxidation
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Section A1l. Dispersion measurements

Table A.1: Dispersion and particle size measurements on Rh/Al,Oj3 catalysts

Catalyst Dispersion Particle size
0.05%Rh/Al>03 150 <1
0.1% Rh/Al>O3 96 1.1
0.1% Rh/Al,03 H> -700 64 1.6
0.1% Rh/Al,O3 Ha -800 30 33
0.1%Rh/ALOs - Cycling Aged 18 5.5
0.1% Rh/Al,O3 Ha -900 10.5 9.2

All the dispersions listed in Table A.1 were calculated considering a H:Rh ratio 1:1. The 0.05%
Rh/ALOj catalyst resulted in a dispersion higher the 100%. This is due to the hydrogen-to-metal
ratio exceeding 1 for highly dispersed Rh catalysts'. Therefore, we infer that the particle size of

this specific catalyst is lower than 1 nm.
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Section A2. Cordierite activity
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Figure A.1: CO oxidation conversion from cordierite. CO = 8400 ppm, CO/O> = 0.9, total flowrate
= 500. Cordierite = 250 mg. The cordierite was pretreated in 5% Hz at 500°C for 30 min. All the
data were obtained after reaching steady-state.
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Section A3. CO oxidation Arrhenius plots

A 3.1 CO oxidation
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Figure A.2: CO oxidation Arrhenius plots obtained from the 0.05%Rh/Al>03, 0.1%Rh/ALO3,
0.1%Rh/AL203; H2-700°C, 0.1%Rh/Al203 H2-800°C and 0.1%Rh/Al,03 H2-900°C samples. CO =
8400-13000 ppm; CO/O2 = 0.9, total flowrate = 500-750. Catalyst weight = 5-13 mg. The catalysts
were pretreated in 5% H» at 500°C for 30 min. The temperature was changed from high to low
temperature. All the rate measurements were obtained at steady-state.
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A 3.2 CO oxidation in the presence of water
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Figure A.3: CO oxidation Arrhenius plots obtained from the 0.05%Rh/Al,03, 0.1%Rh/Al>O3,
0.1%Rh/AL203; H2-700°C, 0.1%Rh/Al203 H2-800°C, 0.1%Rh/Al>O3 Ford aged and 0.1%Rh/Al>03
H»2-900°C. CO = 8400-13000 ppm; CO/O2 = 0.9, H20 = 6%, total flowrate = 500-750. Catalyst
weight = 5-13 mg. The catalysts were pretreated in 5% H:z at 500°C for 30 min. The temperature
was changed from high to low temperature for all the samples with the exception of the
0.1%Rh/ALO3, for which the temperature was changed from low to high temperature. All the rate

measurements were obtained at steady-state.

A33 Internal mass transfer check

2
robspcath

Nwp =
YP="ub,c,

Tops = Measure reaction rate [mol g™! s7!]
Pear = catalyst pellet density [g cm™]
dp = pellet diameter [cm]
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e D, = gas diffusivity [cm? s7!]
e (C, = gas concentration [mol cm™]

A34 External mass transfer check
robspcath <015
kg Cy
Where:

e 71,,s = measure reaction rate [mol g! 5]

®  pcar = catalyst pellet density [g cm™]

e dp = pellet diameter [cm]

® k, = external mass transfer coefficient [cm s

e (, = gas concentration [mol cm™]

A 3.5 Internal heat transfer check

(_AH)robspcat d123

< 0.05
601, T
Where:
e AH reaction enthalpy [J mol™']
e 7,,s = measure reaction rate [mol g s!]
®  p.ar = catalyst pellet density [g cm™]
e dp = pellet diameter [cm]
e 1. = heat conductivity [W cm™ s71]
e (, = gas concentration [mol cm™]
A 3.6 External heat transfer check
(_AH)robspcath < 0.05

6hy Ty

e AH reaction enthalpy [J mol™']

e 71,,s = measure reaction rate [mol g s7!]

e pcq: = catalyst pellet density [g cm™]

e dp = pellet diameter [cm]

e hg, = heat transfer coefficient between gas and pellet [W cm™ s7']

e (C, = gas concentration [mol cm™]
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All the experiments met the criteria listed above. The Weisz-Prater number was lower than 1, the
external mal transfer ratio lower than 0.15 and the internal and external heat transfer ratios were

lower than 0.05.

When the criteria were not met and the reaction was not under kinetic regime, the flowrate and/or

the CO and O> concentrations were adjusted in order to meet the criteria.
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Section A.4. Water effect on CO oxidation

Figure A4 shows the Arrhenius plots obtained during CO oxidation in the presence and absence of
water. The rates were normalized by the amount of catalyst used. The rates of the experiment in
the presence of water are higher compared to the dry CO oxidation, suggesting water affects the
single atoms agglomeration and therefore the amount of active sites. However, the T change is not

affected and it occurs at 300°C

8 = w/oH,0
01 =
~ o T change ° w/H,0
(\\J
= 9 .
o o
2 o
[e)
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2 S °
o e A
£ 114 ~ s
- -
‘\
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12 -
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Figure A.4: CO oxidation Arrhenius plot obtained from the 0.1%Rh/A1,O3. CO = 10000 ppm, H.O
= 6%, total flowrate = 500. Catalyst weight = 5 (w/ H2O) and 13 (w/ H2O) mg. The catalysts were
pretreated in 5% H> at 500°C for 30 min. All the rate measurements were obtained at steady-state.
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Figure A.5: CO> formation during Temperature Programmed Reaction on 0.1%Rh/Al>O3 and
0.1%Rh/AL203 H2-900°C. CO = 8400 ppm, H20 = 6%, total flowrate = 500. Catalyst weight =13
mg. The catalysts were pretreated in 5% H at 500°C for 30 min. The temperature was increased

by 10°C/min.
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Figure A6 shows CO and H>O consumptions during temperature programmed reaction of CO ox-
idation in the presence of 0.8%H>0 in the temperature range of interest (200-350°C). As CO con-
centration decreases, H>O concentration remains stable at 0.8%. This result suggests that the CO

is oxidized by O and water gas shift has little or no effect.

o
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Concentration (%)
o
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0.4 -
——CO
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Figure A.6: CO and H;O consumption during Temperature Programmed Reaction on
0.1%Rh/Al,03 . CO = 8400 ppm, O2 = 9250 ppm, H2O = 0.8%, total flowrate = 500. Catalyst
weight = 13 mg. The catalyst was pretreated in 5% Hz at 500°C for 30 min.
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Section AS. DRIFTS Spectra

A 5.1 CO + 02 at 260°C on 0.1% Rh/AL2O3 — H2700°C
The deconvolution of the overlapping features of each spectrum corrected at different temperature
during in-situ CO oxidation was carried out using Gaussian functions. Figure A.7 represents an

example of a deconvolution performed on 0.1% Rh/Al,O3 — H2 700°C.
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] —— Rh-(CO)(0)
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' —— Rh-CO
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] —Fit
0.00008 -

0.00006 -

Kubelka-Munk

0.00004

0.00002

0.00000

T T T T T T T T T T T T T
2200 2150 2100 2050 2000 1950 1900 1850
Wavenumber (cm-1)

Figure A.7: DRIFTS spectrum of 0.1%Rh/Al203 H2-700°C during CO oxidation at 260°C. CO =
8400 ppm; Oz = 9250 ppm. The catalyst was exposed to 1% O> at 500°C for 30 min, followed by
He purge for 10 min and 5% H; at 500°C for 30 min.
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Figure A.8: DRIFTS spectra of 0.1%Rh/Al2O3 H2-700°C during CO adsorption at 220, 240, 260,
280, 300°C. CO = 8400 ppm. The catalyst was exposed to 1% Oz at 500°C for 30 min, followed
by He purge for 10 min and 5% H> at 500°C for 30 min
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Figure A.9: DRIFTS spectrum of 0.1%Rh/Al,03; H2-700°C during CO oxidation at 260°C. CO =
8400 ppm; O2 = 2000, 4200, 9250 ppm. The catalyst was exposed to 1% O at 500°C for 30 min,
followed by He purge for 10 min and 5% H> at 500°C for 30 min
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Appendix B - Supporting information of Chapter 6: Adapted CO
chemisorption technique to measure metal particle dispersion on ce-

ria-containing catalysts
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Section B1: Physical characterization

Figure B.2: STEM images of 1% Pd/CeO2 25 nm

197



Figure B.3: STEM images and EDS of 1% Pd/CeO2 25 nm

Figure B.4: STEM images of 1% Pd/CeO2 100 nm
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[inasor |

Figure B.5: EDS of 1% Pd/CeO> 100 nm

100 nm

Figure B.6: STEM image of 1.2% Pd/CeO> 1 pm
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From XRD analysis, particle size estimates were determined using the Scherrer equation:

L K2
~ B cosé

where: d is the average crystallite size, A is the wavelength of the x-ray source, K is the shape

constant, [ is the reflection width and 6 the Bragg angle.
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Figure B.7: XRD pattern of the 1% Pd/Ce0O»-10, 25 and 100 nm samples

Table B.1: BET surface areas measured on bare 10, 15 and 100 nm ceria and 1% Pd/CeO> 10, 25
and 100 nm

Catalyst Surface area [m%/g|
CeO2 10 nm 78
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CeO7 25 nm 51
CeO, 100 nm 34
1% Pd/CeO> 10 nm 60
1% Pd/CeO; 25 nm 60
1% Pd/CeO> 100 nm 31

Section B2: CO and CO: adsorption on bare CeO:2

Figure S8 shows the CO adsorption spectra spectra obtained on ceria 10 and 100 nm. The features
centered at 2173 and 2188 cm! arising during CO adsorption on CeO> 10 and 100 nm, respectively,
are assigned to CO adsorbed on Ce*" [1-3]. After purging the catalysts with Ar, CO desorbs from
the two ceria surfaces, indicating weak CO adsorption on Ce**. The features below 1800cm™ are
assigned to carbonates on the ceria. The carbonates formed on ceria 10 nm exhibit an intensity one
order of magnitude higher compared to the ones on ceria 100 nm. However, for both ceria 10 and
100 nm the carbonate formation is limited because of the absence of the metal sites which promote

the carbonate formation.
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Figure B.8: CO adsorption on (a) CeO2 10 nm; (b) CeO> 100 nm; the materials were treated in 1%
O2/Ar for 30 min at 400°C, purged in Ar and reduced in 5% Haz/Ar for 30 min at 300°C. Finally,
the two materials were exposed to 5000 ppm CO at 35°C until saturation.
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Figure B.9: CO; adsorption on (a) CeO: - 10 nm and (b) CeO; - 100 nm; the materials were treated
in 1% O2/Ar for 30 min at 400°C, purged in Ar and reduced in 5% Hz/Ar for 30 min at 300°C. The
two materials were then exposed to 1% CO; at 35°C until saturation.
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Figure B.10: CO adsorption using DRIFTS over 1.2% Pd/Al20s- fresh, and 650, 750 and 850°C
aged samples. The catalyst was treated in 1% Oo/Ar for 30 min at 400°C, purged in Ar and reduced
in 5% Ha/Ar for 30 min at 400°C. The catalysts were exposed to 5000 ppm CO until saturation at

35°C.

203



1.6

{—— 1 min
1.4 4——5 min
{——10 min Carbonates
« 1.2 1 15 m!n
g 1—20 min
S 1.0 - 25 min
© 30 min
= 081 35 min
-g 1—— 40 min
¥ 0.6H——45min
1—— 50 min
0.44——55min
1—— 60 min
0.24 64 min &
0.0 A L

2200 2000 1800 1600 1400 1200 1000 800
Wavenumber (cm™)

Figure B.11: Time evolution of carbonate species decomposing/desorbing from 1% Pd/CeO;-25
nm during the Ar purge after CO2 exposure.
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Figure B.12: DRIFTS spectra obtained during the CO,-CO adsorption experiment over (a) 1%
Pd/Ce0>-10 nm and (b) 1% Pd/CeO>-100 nm. The catalysts were treated in 1% O2/Ar for 30 min
at 400°C, purged in Ar and reduced in 5% H2/Ar for 30 min at 300°C. The catalysts were exposed
to 1% CO; at 35°C until saturation and purged until no changes in the spectra were detected. A
new background was collected before the sample was exposed to 5000 ppm CO until saturation.
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Figure B.13: DRIFTS spectra obtained during the CO,-CO adsorption experiment over (a) 1.2%
Pd/CeO; 1um, (b) 0.8% Pd/CeO> lum, (c) 0.2% Pd/CeO, 1um. The catalysts were treated in 1%
O2/Ar for 30 min at 400°C, purged in Ar and reduced in 5% H/Ar for 30 min at 400°C. The
catalysts were exposed to 1% CO; at 35°C until saturation and purged until no changes in the
spectra were detected. A new background was collected before exposure to 5000 ppm CO until

saturation.
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Figure B.14: DRIFTS spectra obtained during the CO2-CO adsorption experiment over 1.2%
Pd/ALxOs3 (a) Fresh, (b) 650°C aged, (c) 750°C aged and (d) 850°C aged. The catalysts were treated
in 1% O2/Ar for 30 min at 400°C, purged in Ar and reduced in 5% H2/Ar for 30 min at 400°C. The
catalysts were exposed to 1% CO; at 35°C until saturation and purged until no changes in the

spectra were detected. A new background was collected before exposure to 5000 ppm CO until
saturation.
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Figure B.15: H> chemisorption isotherms on 1.2% Pd/CeO: lum. The catalyst was pretreated at
400°C in H» for 1h. The analysis was performed at 35°C
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Figure B.16: H> chemisorption isotherms of 1% Pd/CeO2 10 nm. The catalyst was pretreated at
400°C in H» for 1h. The analysis was performed at 35°C.
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Figure B.17: XRD pattern of 1.2% Pd/Al,O3 that underwent the cyclic ageing treatment at 650°C
for 50h

Pd crystallite size was determined using the Scherrer equation. The crystallite of the Pd(111) peak
at ca. 40° resulted in 10.6 nm, consistent with the particle size obtained from the CO2-CO chemi-

sorption.
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Figure B.18: DRIFTS spectra obtained during CO adsorption on 1.2, 0.8 and 0.2% Pd/CeO; Ium.

Section B3: CO and H: chemisorption

Table B.2: Dispersion measurements via H> chemisorption at 35°C on 1% Pd/Ce0O»-10 25, 100
nm and 1.2% CeO;-1pm

Catalyst Dispersion [%]
1% Pd/CeO2 10 nm 224
1% Pd/CeO2 25 nm 206
1% Pd/CeO2 100 nm 361
1.2% Pd/CeO2 1 um 136
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Table B.3: Dispersions obtained via CO2-CO and CO chemisorption. The catalysts were reduced
in H» at 400°C for 1h. The analysis was performed at 35°C.

Catalyst CO2-CO chemisorption CO chemisorption
1.2% Pd/Al,O3 38.6 33.5

1.2% Pd/Al,O3— 650°C aged 9.1 19.5

1.2% Pd/Al,O3 — 750°C aged 7.4 8.8

1.2% Pd/Al,O3 — 850°C aged 4 6.9
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Section B4: CO oxidation kinetics

The fractions of surface, perimeter and surface sites were calculated as follows[4]:
Xsurface = 0.82 d-0.9:(:0,1

Xperimeter = 0.25 d1:9%0-2

Xeomer = 0.08 d26%02

where d is the diameter measured via CO2-CO chemisorption.
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Figure B.19: Fraction of surface, perimeter and corner sites based on a geometric model
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Figure B.20: CO oxidation Arrhenius plot over 1% Pd/CeO; 10, 25 and 100 nm. The turnover
frequency was obtained by normalizing the reaction rates by the number of total Pd surface sites.
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Figure B.21: CO oxidation Arrhenius plot over 1% Pd/CeO: 10, 25 and 100 nm. The turnover
frequency was obtained by normalizing the reaction rates by the number of Pd corner sites.
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Appendix C - Kinetic studies of C3Hg oxidation in the presence and

absence of NO on newly formulated TWC catalysts

Section C1 0.2% Pt —7.5% SrO/AL203

Cl11 CsHs oxidation + H20 Kkinetics
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Figure C.1: CsHg oxidation + H>O on 0.2% Pt-7.5% SrO/Al,03. 50 mg of catalyst was diluted
with 150 mg silica. Pellet size was 250-420pm. The catalyst was reduced in 5% H2/N» for 45
minutes at 600°C. The catalyst was then exposed to the reaction mixture including C3Hs = 1000
ppm; Oz = 4500 ppm; H20 = 6%, diluted in N». Total flowrate = 500 sccm. The conversions were
obtained at steady-state. (a) C3He conversion; (b) Arrhenius plot obtained from C3Hg consumption
rate and CO2 and CO formation rates.
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Figure C.2: C3Hg oxidation + NO + H>O on 0.2% Pt-7.5% SrO/Al>O3. 50 mg of catalyst was
diluted with 150 mg silica. The catalyst was reduced in 5% H2/N2 for 45 minutes at 600°C. The
catalyst was then exposed to the reaction mixture including C3H¢ = 1000 ppm; Oz = 4000 ppm;
NO = 1000 ppm; H2O = 6%, diluted in N». Total flowrate = 500 sccm. The conversions were
obtained at steady-state. (a) C3He and NO conversions; (b) N2O, NH3 and N>O Selectivity.
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Figure C.3: C3Hs oxidation + NO + H>O on 0.2% Pt-7.5% SrO/Al,O3. 50 mg of catalyst was
diluted with 150 mg silica.The catalyst was reduced in 5% H2/N> for 45 minutes at 600°C. The
catalyst was then exposed to the reaction mixture including C3Hs = 1000 ppm; Oz = 4000 ppm;
NO = 1000 ppm; H20 = 6%, diluted in N>. Total flowrate = 500 sccm. The conversions were
obtained at steady-state. (a) Arrhenius plot obtained from C3He consumption rate and CO> and CO
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formation rates; (b) Arrhenius plot obtained from NO consumption rate and N>O, NH3z and N>
formation rates. N> rates were obtained from N-material balance.
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Figure C.5: C;Hs reaction order at 300C — CsHg oxidation + NO + H20 on 0.2% Pt-7.5%
SrO/AL203. 50 mg of catalyst was diluted with 150 mg silica. The catalyst was reduced in 5%
H2/N> for 45 minutes at 600°C. The catalyst was then exposed to the reaction mixture including
C3Hg = 720-1500 ppm; Oz = 4000 ppm; NO = 1000 ppm; H>0 = 6%, diluted in N». Total flowrate
= 500sccm. The conversions were obtained at steady-state. (a) C3Hs order with respect of C3Hg
consumption rate and CO; and CO formation rates; (b) Arrhenius plot obtained from NO consump-
tion rate and N>O, NH3 and N» formation rates. N; rates were obtained from N-material balance.
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Figure C.4: NO reaction order at 300C — C3Hs oxidation + NO + H20 on 0.2% Pt-7.5% SrO/ALOs.
50 mg of catalyst was diluted with 150 mg silica. The catalyst was reduced in 5% H>/N> for 45
minutes at 600°C. The catalyst was then exposed to the reaction mixture including C3Hs = 1000
ppm; O2 = 4000 ppm; NO = 720-1500 ppm; H20 = 6%, diluted in N». Total flowrate = 500sccm.
The conversions were obtained at steady-state. (a) C3He order with respect of C3Hg consumption
rate and CO; and CO formation rates; (b) Arrhenius plot obtained from NO consumption rate and
N20, NH3 and N formation rates. N> rates were obtained from N-material balance.
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Figure C.6: O reaction order at 300C — C3Hs oxidation + NO + H20 on 0.2% Pt-7.5% SrO/Al>Os.
50 mg of catalyst was diluted with 150 mg silica. The catalyst was reduced in 5% H2/N; for 45
minutes at 600°C. The catalyst was then exposed to the reaction mixture including C3He = 1000
ppm; O2 =3500-5000 ppm; NO = 1000 ppm; H>O = 6%, diluted in N». Total flowrate = 500sccm.
The conversions were obtained at steady-state. (a) CsHe order with respect of C3Hs consumption
rate and CO; and CO formation rates; (b) Arrhenius plot obtained from NO consumption rate and
N0, NH3 and N» formation rates. N; rates were obtained from N-material balance.

219



Section C2 0.2% Rh —7.5% SrO/AL2O3
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Figure C.7: C3Hs oxidation + H20O on 0.2% Rh-7.5% SrO/Al,03. 50 mg of catalyst was diluted
with 150 mg silica. Pellet size was 250-420um. The catalyst was reduced in 5% H2/N> for 45
minutes at 600°C. The catalyst was then exposed to the reaction mixture including C3Hs = 1000
ppm; O2 = 4500 ppm; H20 = 6%, diluted in N». Total flowrate = 500 sccm. The conversions
were obtained at steady-state. (a) C3Hs conversion; (b) Arrhenius plot obtained from C3Hg con-
sumption rate and CO; and CO formation rates.
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C2.2 Cs3Hs oxidation + NO + H20
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Figure C.8: CsHs oxidation + NO + H>O on 0.2% Rh-7.5% SrO/Al>,0s3. 50 mg of catalyst was
diluted with 150 mg silica. The catalyst was reduced in 5% H2/N2 for 45 minutes at 600°C. The
catalyst was then exposed to the reaction mixture including C3He = 1000 ppm; Oz = 4000 ppm;
NO = 1000 ppm; H20 = 6%, diluted in N». Total flowrate = 500 sccm. The conversions were
obtained at steady-state. (a) C3He and NO conversions; (b) N2O, NH3 and N>O Selectivity.
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Figure C.9: CsHs oxidation + NO + H>0 on 0.2% Rh-7.5% SrO/ALOs. 50 mg of catalyst was
diluted with 150 mg silica. The catalyst was reduced in 5% H2/N: for 45 minutes at 600°C. The
catalyst was then exposed to the reaction mixture including C3Hs = 1000 ppm; O2 = 4000 ppm;
NO = 1000 ppm; H>O = 6%, diluted in N». Total flowrate = 500 sccm. The conversions were
obtained at steady-state. (a) Arrhenius plot obtained from C3Hg consumption rate and CO; and CO
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formation rates; (b) Arrhenius plot obtained from NO consumption rate and N>O, NH3z and N>
formation rates. N» rates were obtained from N-material balance.
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Figure C.10: CsH¢ reaction order at 320°C — C3Hs oxidation + NO + H2O on 0.2% Rh-7.5%
SrO/AL203. 50 mg of catalyst was diluted with 150 mg silica. The catalyst was reduced in 5%
H2/N> for 45 minutes at 600°C. The catalyst was then exposed to the reaction mixture including
CsHg = 720-1500 ppm; Oz = 4000 ppm; NO = 1000 ppm; H>O = 6%, diluted in N». Total flowrate
= 500sccm. The conversions were obtained at steady-state. (a) C3Hs order with respect of C3Hg
consumption rate and CO; and CO formation rates; (b) Arrhenius plot obtained from NO consump-
tion rate and N>O, NH3 and N» formation rates. N; rates were obtained from N-material balance.
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Figure C.11: NO reaction order at 320°C — C3Hg oxidation + NO + H>O on 0.2% Rh-7.5%
SrO/AL203. 50 mg of catalyst was diluted with 150 mg silica. The catalyst was reduced in 5%
H2/N> for 45 minutes at 600°C. The catalyst was then exposed to the reaction mixture including
C3Hg = 1000 ppm; O2 = 4000 ppm; NO = 720-1500 ppm; H20 = 6%, diluted in N». Total flowrate
= 500sccm. The conversions were obtained at steady-state. (a) CsHes order with respect of C3He
consumption rate and CO; and CO formation rates; (b) Arrhenius plot obtained from NO consump-
tion rate and N>O, NH3 and N; formation rates. N rates were obtained from N-material balance.
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Figure C.12: O; reaction order at 320°C — C3Hs oxidation + NO + H20 on 0.2% Pt-0.2% Rh-7.5%
SrO/Al203. 50 mg of catalyst was diluted with 150 mg silica. The catalyst was reduced in 5%
H2/N> for 45 minutes at 600°C. The catalyst was then exposed to the reaction mixture including
CsHg = 1000 ppm; O2 =3500-5000 ppm; NO = 1000 ppm; H>O = 6%, diluted in N». Total flowrate
= 500sccm. The conversions were obtained at steady-state. (a) C3Hs order with respect of C3Hg
consumption rate and CO; and CO formation rates; (b) Arrhenius plot obtained from NO consump-
tion rate and N>O, NH3 and N» formation rates. N; rates were obtained from N-material balance.
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Section C3: 0.2% Pt-0.2% Rh-7.5% SrO/Al2O3

C3.1 CO oxidation + H20
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Figure C.13: C3Hs oxidation + H2O on 0.2% Pt-0.2% Rh-7.5% SrO/Al,0s. 50 mg of catalyst was
diluted with 150 mg silica. Pellet size was 250-420um. The catalyst was reduced in 5% H2/N for
45 minutes at 600°C. The catalyst was then exposed to the reaction mixture including CsHs = 1000
ppm; O2 = 4500 ppm; H20 = 6%, diluted in N>. Total flowrate = 500 sccm. The conversions were
obtained at steady-state. (a) C3He conversion; (b) Arrhenius plot obtained from C3Hg consumption
rate and CO2 and CO formation rates.
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C3.2 CO oxidation + NO + H20
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Figure C.14: C3H¢ oxidation + NO + H>0 on 0.2% Pt-0.2% Rh-7.5% SrO/Al,0s. 50 mg of catalyst
was diluted with 150 mg silica. The catalyst was reduced in 5% H2/Nz for 45 minutes at 600°C.
The catalyst was then exposed to the reaction mixture including C3Hs = 1000 ppm; O> = 4000
ppm; NO = 1000 ppm; H20O = 6%, diluted in N2. Total flowrate = 500 sccm. The conversions were
obtained at steady-state. (a) C3He and NO conversions; (b) N2O, NH3 and N>O Selectivity.
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Figure C.15: C3H¢ oxidation + NO + H>0 on 0.2% Pt-0.2% Rh-7.5% SrO/Al,0s. 50 mg of catalyst
was diluted with 150 mg silica. The catalyst was reduced in 5% H>/N> for 45 minutes at 600°C.
The catalyst was then exposed to the reaction mixture including C3Hs = 1000 ppm; O> = 4000
ppm; NO = 1000 ppm; H20 = 6%, diluted in N». Total flowrate = 500 sccm. The conversions were
obtained at steady-state. (a) Arrhenius plot obtained from C3Hg consumption rate and CO; and CO
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formation rates; (b) Arrhenius plot obtained from NO consumption rate and N>O, NH3z and N>
formation rates. N» rates were obtained from N-material balance.
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Figure C.16: CsHs reaction order at 250°C — C3Hs oxidation + NO + H20 on 0.2% Pt-0.2% Rh-
7.5% SrO/Al>O3. 50 mg of catalyst was diluted with 150 mg silica. The catalyst was reduced in
5% H2/N; for 45 minutes at 600°C. The catalyst was then exposed to the reaction mixture including
C3Hg = 720-1500 ppm; Oz = 4000 ppm; NO = 1000 ppm; H>0 = 6%, diluted in N». Total flowrate
= 500sccm. The conversions were obtained at steady-state. (a) C3Hs order with respect of C3Hg
consumption rate and CO; and CO formation rates; (b) Arrhenius plot obtained from NO consump-
tion rate and N>O, NH3 and N» formation rates. N; rates were obtained from N-material balance.
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Figure C.17: NO reaction order at 250°C — C3Hg oxidation + NO + H>O on 0.2% Pt-0.2% Rh-
7.5% SrO/AlO3. 50 mg of catalyst was diluted with 150 mg silica. The catalyst was reduced in
5% Ha2/N> for 45 minutes at 600°C. The catalyst was then exposed to the reaction mixture including
C3Hg = 1000 ppm; O2 = 4000 ppm; NO = 720-1500 ppm; H>0 = 6%, diluted in N». Total flowrate
= 500sccm. The conversions were obtained at steady-state. (a) CsHeg order with respect of C3He
consumption rate and CO; and CO formation rates; (b) Arrhenius plot obtained from NO consump-
tion rate and N>O, NH3 and N; formation rates. N rates were obtained from N-material balance.
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Figure C.18: O; reaction order at 250°C — C3Hs oxidation + NO + H20 on 0.2% Pt-0.2% Rh-7.5%
SrO/AL20s. 50 mg of catalyst was diluted with 150 mg silica. The catalyst was reduced in 5%
H2/N> for 45 minutes at 600°C. The catalyst was then exposed to the reaction mixture including
CsHg = 1000 ppm; O2 = 3500-5000 ppm; NO = 1000 ppm; H20 = 6%, diluted in N. Total flowrate
= 500sccm. The conversions were obtained at steady-state. (a) C3Heg order with respect of C3He
consumption rate and CO; and CO formation rates; (b) Arrhenius plot obtained from NO consump-
tion rate and N>O, NH3 and N, formation rates. N» rates were obtained from N-material balance.
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Section 4: 0.2% Pt-0.2% Rh/ALLO3

C4.1 CsHs oxidation + H20
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Figure C.19: C3Hg oxidation + H>O on 0.2% Pt-0.2% Rh/Al,Os. 50 mg of catalyst was diluted
with 150 mg silica. Pellet size was 250-420pm. The catalyst was reduced in 5% H2/N» for 45
minutes at 600°C. The catalyst was then exposed to the reaction mixture including C3Hg = 1000
ppm; O2 = 4500 ppm; H20 = 6%, diluted in N>. Total flowrate = 500 sccm. The conversions were
obtained at steady-state. (a) C3Hs conversion; (b) Arrhenius plot obtained from C3Hg consumption

rate and CO; and CO formation rates.
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C4.2 Cs3Hs oxidation + NO + H20
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Figure C.20: C3Hs oxidation + NO + H2O on 0.2% Pt-0.2% Rh/Al203. 50 mg of catalyst was
diluted with 150 mg silica. The catalyst was reduced in 5% H2/N> for 45 minutes at 600°C. The
catalyst was then exposed to the reaction mixture including C3Hs = 1000 ppm; Oz = 4000 ppm;
NO = 1000 ppm; H20O = 6%, diluted in N». Total flowrate = 500 sccm. The conversions were
obtained at steady-state. (a) C3He and NO conversions; (b) N2O, NH; and N2>O Selectivity.
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Figure C.21: C3Hg oxidation + NO + H>O on 0.2% Pt-0.2% Rh/AlO3. 50 mg of catalyst was
diluted with 150 mg silica.The catalyst was reduced in 5% H2/N2 for 45 minutes at 600°C. The
catalyst was then exposed to the reaction mixture including C3Hs = 1000 ppm; Oz = 4000 ppm;
NO = 1000 ppm; H20 = 6%, diluted in N>. Total flowrate = 500 sccm. The conversions were
obtained at steady-state. (a) Arrhenius plot obtained from C3He consumption rate and CO> and CO
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formation rates; (b) Arrhenius plot obtained from NO consumption rate and N>O, NH3z and N>
formation rates. N» rates were obtained from N-material balance.
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Figure C.22: C3Hs reaction order at 260°C — C3Hs oxidation + NO + H2O on 0.2% Pt-0.2%
Rh/AL2O3. 50 mg of catalyst was diluted with 150 mg silica. The catalyst was reduced in 5% H2/N:
for 45 minutes at 600°C. The catalyst was then exposed to the reaction mixture including C3Hs =
720-1500 ppm; Oz = 4000 ppm; NO = 1000 ppm; H2O = 6%, diluted in N». Total flowrate =
500scem. The conversions were obtained at steady-state. (a) C3Hg order with respect of C3Hg con-
sumption rate and CO; and CO formation rates; (b) Arrhenius plot obtained from NO consumption
rate and N>O, NH3 and N> formation rates. N rates were obtained from N-material balance.
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Figure C.23: NO reaction order at 260°C — Cs3Hg oxidation + NO + H2O on 0.2% Pt-0.2%
Rh/AL2O3. 50 mg of catalyst was diluted with 150 mg silica. The catalyst was reduced in 5% H2/N:
for 45 minutes at 600°C. The catalyst was then exposed to the reaction mixture including C3Hs =
1000 ppm; Oz = 4000 ppm; NO = 720-1500 ppm; H>O = 6%, diluted in N». Total flowrate =
500sccm. The conversions were obtained at steady-state. (a) C3Hs order with respect of C3Hgs con-
sumption rate and CO; and CO formation rates; (b) Arrhenius plot obtained from NO consumption
rate and N>O, NH3 and N> formation rates. N> rates were obtained from N-material balance.
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Figure C.24: O; reaction order at 260°C — C3Hg oxidation + NO + H20 on 0.2% Pt-0.2%
Rh/Al2O3. 50 mg of catalyst was diluted with 150 mg silica. The catalyst was reduced in 5% H2/N:
for 45 minutes at 600°C. The catalyst was then exposed to the reaction mixture including C3Hs =
1000 ppm; Oz = 3500-5000 ppm; NO = 1000 ppm; H20 = 6%, diluted in N». Total flowrate =
500sccm. The conversions were obtained at steady-state. (a) C3Hs order with respect of C3Hgs con-
sumption rate and CO; and CO formation rates; (b) Arrhenius plot obtained from NO consumption
rate and N>O, NH3 and N> formation rates. N> rates were obtained from N-material balance.
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