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ABSTRACT

INVESTIGATION OF NO, AND SO, ADSORPTION/DESORPTION
PROPERTIES OF ADVANCED TERNARY AND QUATERNARY

MIXED OXIDES FOR DENOx CATALYSIS

ZAFER SAY

Doctor of Philosophy in Chemistry

Supervisor: Assoc. Prof. Dr. Emrah Ozensoy
November, 2015

The main premise of the current study is the design, synthesis and functional
characterization of novel catalytic materials with superior resistance against sulfur
poisoning without compromising NOx storage capacity (NSC) in their NOx Storage
Reduction (NSR) catalytic applications. BaO/TiO,-based materials are well known
systems in deNOy catalysis, exhibiting promising performance towards sulfur
poisoning. However, they suffer from limitations due to poor NSC and high affinity
towards unwanted solid state interactionsbetweenTiO, and BaO storage domains
leading to the formation of BaTiOx.The main emphasis of the current work is the
design of a novel catalytic system where ZrO, and Al.Oz act as diffusion barriers
between BaO and TiO, domains while allowing good dispersion and preservation of
the individual characteristicsof these active sites within a wide operational
temperature window. Along these lines, binary and ternary mixed oxide materials,

ZrOx/TiO2 (ZT) and AlO3/ZrO,/TiO, (AZT), and their Pt, BaO and/or K:O



functionalized counterparts in the form of Pt/ZT, Pt/AZT, Pt/BaO/AZT, Pt/K,O/AZT
and Pt/K>0-BaO/AZT with different mass loadings (i.e. 8 and 20 wt. % 20 BaO and

2.7, 5.4 and 10 wt. % K>0) were synthesized via sol-gel synthesis.

Surface structure and catalytic properties of the synthesized materials were
comprehensively investigated at the molecular level as a function of calcination
temperature, catalyst composition, nature of the gas phase adsorbates (e.g. NO2, SO,
02, H2, N2, N2O CsHsN etc.) interacting with the catalyst surface at various
operational temperatures by means of XRD, Raman spectroscopy, BET analysis, in-
situ FTIR and TPD. Current results indicate no evidence for the formation of
undesired BaTiOx and/or KTiOx. NSC of fresh monolithic catalysts was also
quantitatively measured under realistic operational conditions in a tubular flow
reactor system. These flow reactor measurements indicated that Pt/8BaO/AZT and
Pt/20BaO/AZT materials revealed promising NOx storage and sulfur regeneration
performance at low (i.e. 473 K) and moderate (i.e. 573 K) temperatures in
comparison to the conventional Pt/20Ba/Al,Oz benchmark catalyst. However, they
were found to be surpassed by the conventional Pt/20BaO/Al.O3 benchmark catalyst
at higher operational temperatures (i.e. 673 K). Therefore, activity loss at high
temperatures was alleviated by incorporating a high-temperature storage
functionality (i.e. K2O) to the catalyst structure. Upon this structural enhancement,
Pt/5.4K>0/AZT catalyst was found to reveal much higher NSC at high temperatures
(i.e. 673 K) as compared to BaO-based materials. An overall assessment of the
results presented in the current study suggests that there exists a delicate trade-off

between NOx Storage Capacity (NSC) and sulfur uptake/poisoning in NSR systems



which is strongly governed by the BaO and K>O loading/dispersion as well as the

surface structure of the support material.
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OZET

SO, VE NO, MOLEKULLERININ DENO, KATALIZORU OLARAK
KULLANILAN UCLU VE DORTLU KARMASIK OKSIT YAPILAR
UZERINDEKI EMILIM VE SALINIM OZELLIKLERININ

INCELENMESI

ZAFER SAY

Kimya, Doktora
Danisman: Dog¢.Dr. Emrah Ozensoy

October, 2015

Bu ¢aligmanin temel amaci, NOx Depolama ve Indirgeme (NDI)
uygulamalarinda kullanilmak {izere siilfiir zehirlenmesine dayanikli yeni nesil
katalizorler sentezlemek ve bu katalizorlerin focksiyonel ve karakteristik 6zelliklerini
incelemektir. TiO2-temelli malzemeler, siilfiire kars1 gostermis olduklari iistiin direng
ile NDI katalizor literatiiriinde hatir1 sayilir bir yere sahiptir. Fakat, bu 6zelligine
istinaden NOx depolama gorevini yeteri kadar yerine getirememekle birlikte, BaO
(NOx depolayict oksidik yapi) ile kuvvetli bir etkilesime girerek, yapida bulunmasini
istemedigimiz diisiikk yiizey alana sahip BaTiOx gibi tiirler olusturmaktadir. Bu
calismanin genelinde vurgulamak istenen nokta, BaO ve TiO> arasindaki etkilesimi
engelleyecek yeni bir katalitik malzeme sentezi ve bu amagla ZrO, ve Al;O3
oksitlerini iki taraf arasinda bir set olarak kullanip, genis bir sicaklik araliginda aktif
bir katalizor ortaya konulmaktadir. Bu amaclar dogrultusunda, ikili ve {i¢li metal

oksit malzemeler, ZrO./TiO2 (ZT) ve Al203/ZrO,/TiO2(AZT), sol-gel yontemi ile



sentezlendi ve bu yapilar daha sonra islak emdirme yontemi ile kiitlece farkli
oranlarda Pt, BaO ve K;O (%1 Pt; % 8 ve 20 BaO; %2.7, 5.4 ve 10.0 K0) ile
zenginlestirilerek; Pt/ZT, Pt/AZT, Pt/BaO/AZT, Pt/KoO/AZT ve Pt/BaO-K,O/AZT

katalizorleri elde edildi.

Sentezlenen biitin taban/altag/destek malzemeleri ve NOx Depolama
Indirgeme (NDI) katalizorlerinin yiizey yapilari, katalitik dzellikleri ve farkli gaz
tirlerinin  yiizeye baglanma  geometrileri, sicaklifa ve  malzemelerin
kompozisyonlarina bagli olarak XRD, Raman specktroskopisi, BET, TPD ve
Infrared Specktoskopisi yontemleri ile detayli ve sistematik bir sekilde incelendi.
Elde ettigimiz sonuclar dogrultusunda, TiO: i¢eren katalizorlerin biinyesinde BaTiOx
ve/lveya KTiOx tiirii istenmeyen yapilar gozlenmemistir.Son olarak, gercekgi
operasyonel sartlara benzer ortamlarda ve akis reaktorleri kullanilarak, mevcut
caligma kapsaminda sentezlenen katalizorlerin, NOx depolama kapasitelerinin nicel
analizi gergeklestirilmistir. Bu 0Olglimlerde elde edilen sonuglar, Pt/8BaO/AZT,
Pt/20BaO/AZT ve Pt/5.4K.0/AZT Kkatalizorlerinin 473 ve 573 K’ de, referans
katalizor olarak kullanilan Pt/20BaO/Al’dan fazla NOx depolama kapasitesine sahip
oldugunu gostermektedir. Spektroskopik Ol¢iimler, sentezlenen yeni nesil
katalizorlerin siilfire karsi gosterdikleri direncin de ticari katalizérden ¢ok daha
yiiksek oldugu gercegini ortaya koymaktadir.Bu ¢alismalar, NOyx depolama
kapasitesi ve siilflir direnci arasinda ince bir dengenin varligina isaret etmektedir.Bu
dengenin, katalizor yapisinda mevcut bulunan BaO ve K>O miktarlar1 ve bu tiirlerin
yiizey dagilimi ile yakindan ilgili oldugu goriilmektedir.Elde edilen bu olumlu ve

imit verici sonuglar, pridin ve amonyak emilim deneyleri ile de

Vi



desteklenmektedir.Bu deneyler, AZT-temelli katalizorlerin yiizey asitliklerinin ticari

katalizorden daha fazla oldugunu gostermektedir.

Anahtar Kelimeler: NSR/LNT, Al.03/ZrO./TiO2, Pt, NOx, SOx, NSC, FTIR, TPD
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Chapter 1

Introduction
1.1 Air Pollution Caused by Exhaust Emissions

The growth in worldwide population and industrialization causes an increase
in the energy demand of almost all sectors. Air pollution is one of the most
challenging problems of our ecosystem and the industrialized world. Atmosphere is
an extremely complex system where numerous chemical, physical and biological
processes take place simultaneously. NOx emission from mobile sources has serious
destructive effects on the atmosphere, global ecosystem and especially on the human
health. About one half of the total NOx emissions results from mobile sources as
illustrated in Scheme 1 [1]. For example, NOx emissions due to mobile sources

makes almost 80% of the total NOx emissions in Buenos Aires [2].

Biogenic

16%
D\ Traffic

46 %
(road traffic 32%)
/

/
Agriculture If
20% \

Y
5

Industj Power plants

% 10%

Residental fuel
Combustion 5%

Scheme 1: NO emission contribution in 15 EU countries for the last two decades [1].

While the earlier regulations in 1988 for diesel engines were only concerned
with particle emissions, other hazardous pollutants such as CO, SO, NOyx and
unburned hydrocarbons from stationary and mobile sources are also being regulated

with increasingly stringent limitations [3]-[5]. Concentrations of these hazardous



gases are highly dependent on the type of engine, fuel and driving conditions (e.g.
highway vs. urban driving cycles). These concentration values are found to be higher

in heavier vehicles and trucks. European exhaust emission standards for diesel and

gasoline engines are listed in detail in Table 1 and Table 2; respectively [6].

Diesel Date | CO (g/km) | NO, (g/km) |HC+NO, (g/km)| PM (g/km) | Total HC (g/km)
Euro 1 1992 2.72 - 0.97 0.14 -
Euro 2 1996 1.0 - 0.7 0.08 -
Euro 3 2000 0.64 0.50 0.56 0.05 -
Euro 4 2005 0.50 0.25 0.30 0.025 -
Euro5 2009 0.50 0.180 0.23 0.005 -
Euro 6 2014 0.50 0.080 0.17 0.005 -

Table 1: European exhaust emission regulations for diesel passenger cars.

Gasoline | Date | CO (g/km) | NO, (g/km) |[HC+NO, (g/km)| PM (g/km) | Total HC (g/km)
Eurol 1992 2.72 - 0.97 - -
Euro 2 1996 2.2 - 0.5 - -
Euro 3 2000 2.3 0.15 - - 0.20
Euro 4 2005 1.0 0.08 - - 0.10
Euro 5 2009 1.0 0.06 - 0.005 0.10
Euro 6 2014 1.0 0.06 - 0.005 0.10

Table 2: European exhaust emission regulations for gasoline passenger cars.

Since the environmental regulations become highly rigorous, automotive
industry is being forced to innovate new technologies to meet the legislations by
lowering the exhaust emission levels. Three-way catalysts (TWC) have been used for
the reduction of CO, NOy, and hydrocarbon (HC) emissions in gasoline powered

engines operating under air to fuel ratios (A/F) equal to 14.5 as shown in Figure 1.

On the other hand, lean burn and diesel engines have significant benefits
associated with the fuel economy and combustion efficiency as they operate at A/F =
24. However, under such oxidizing (i.e. lean) conditions, hydrocarbons and NOx

cannot be effectively reduced via conventional TWC systems.
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Figure 1. Fuel consumption and three-way performance of gasoline engines.

Reprinted with permission from ref. 4. Copyright 2000 CATTECH [4].

For lean burn engines, a promising after treatment method for the catalytic
NOxreduction from mobile sources is the NO,storage/reduction (NSR) catalyst

technology which was innovated by Toyota Motor Corporation [7], [8].

1.2 Operational Principles of NSR Catalysts

NSR catalysts, which are also called as Lean-NOx Traps (LNT), operate
under lean (oxygen rich) and rich (reductant rich/oxygen deficient) cyclic conditions
as demonstrated in Scheme 2. Cyclic NSR/LNT operation takes place via four
different steps summarized as follow:

- NO is produced as the primary gas among other NOx species upon fuel
combustion. NO(g) is initially oxidized to nitrogen dioxide NO, on PGM
sites,

- Both NO and NO gas species are stored/trapped by the NOy storage
domainsin the form of metal nitrites and/or nitrates.

- As the exhaust gas composition is switched to the rich cycle, catalyst is

exposed to these additional reductants (e.g. CO, hydrocarbons and H>)



and majority of the trapped nitrites and nitrates are released from the NOx
storage domains in the form of N2, NH3, and N20.
- These released NOx species are subsequently reduced to harmless N2 on
the PGM sites.
After the completion of the rich period, resultant catalyst is regenerated and
adsorption sites become available for the next lean period (see reaction sequence 1.1

and 1.2 below [4]).

Fr Bad
NO - NO, — Ba(NO,), 1.1
HCy
Ba(NO,), » Ba0+ NO,— N, + CO, + H,0 1.2

H,0 €O, N,

NO, t\u.@*“]m'@
A "
f \\ecot@‘\\ e \
@01\ \
\ Lean Cycle Rich Cycle /

Scheme 2: Illustration of the cyclic operational principle of a typical NSR catalyst.

It is worth mentioning that the most commonly utilized catalyst formulation

in NSR systems is Pt/BaO/Al20:s.



1.3 Mechanistic View of NOx Sorption and Reduction

Adsorption of NO2 on basic metal oxides are generally more effective as
compared to NO [9], [10]. Therefore, NO, formation as a result of NO oxidation is
one of the critical steps. This oxidation process is primarily driven by the precious

metals suggested by following steps [11]:

NO + Pt — NO-Pt 1.3
NO-Pt + Pt — N-Pt + O-Pt 14
NO-Pt + O-Pt — NO2 + 2Pt 1.5

Several reports suggested that the adsorption of NO2 molecules on storage
domains (i.e. BaO) is a sequential process where nitrite formation is followed by the
nitrate formation [12], [13]. A three-step mechanism for the NOyx sorption was

proposed by Fridell and co-workers as follows [12]:

BaO + NO2 — BaO-NO; 1.6
BaO-NO, — BaO; + NO 1.7
BaO; + 2NO; — Ba(NOz3). 1.8

On the other hand, Forzatti and co-workers proposed two different NOx
sorption routes [14], [15]. The first route was called the “’nitrate route’” where NO is
initially oxidized to NO with the help of the precious metal, followed by the NO>
spillover onto the BaO storage sites, forming barium nitrates together with the
evolution of NO into the gas phase. The second route is known as the ‘’nitrite

route’’. In this pathway, NO is oxidized on the Pt sites and directly stored on



adjacent BaO storage domains in order to form nitrites which are subsequently

oxidized to barium nitrates. These two different routes are summarized as follows

[14].
NO/O, 0,
. 'Pt BaO
NO + 0, 218 i
Nitrite species
Pt Pt/0,
NOy NO,
\

P (" BaO
Nozg I S BT

Nitrate species

Scheme 3: Reaction pathway for NOx adsorption over supported Pt—Ba catalysts.

Reprinted with permission from ref. 14. Copyright 2006 Elsevier B.V. [14]

On the other hand, trapped NOx species are reduced upon the introduction of
the reducing agents as the engine operates in rich conditions in order to regenerate
the catalyst for the next lean cycle. Some of the possible products generated upon
nitrate/nitrite reduction in catalytically relevant temperature window (473-673 K) are

listed below [14], [16]:

Ba(NOs) + 5H2 — BaO + N2 + 5H,0 1.9

Ba(NO3)2 + 3H2 — BaO + 2NO+ 3H20 1.10
Ba(NO3) + 4H2 — BaO + N20+ 4H,0 1.11
Ba(NOs)2 + 8H, — BaO + 2NH3z + 5H20 1.12



1.4 Critical Aspects of NSR/LNT Catalysis
1.4.1 NOy Storage Capacity (NSC)

As mentioned above, typical NSR/LNT catalysts are composed of basic metal
oxides (i.e. BaO, K0, etc.), red-ox PGM sites (i.e. Pt, Pd, Rh) supported on a high
surface area matrix (i.e. y-Al203) [3], [4], [9]. There exist numerous studies on NSR
applications, using BaO-based materials where the basic oxide loadings vary in
between 8 and 20 wt. %. While 8 wt. % BaO loading leads to a nominal surface
coverage of ca. 1.0 monolayer (ML) on y-Al20s3, higher BaO loadings (i.e. 20 wt. %)
causes the formation of bulk like structures (with a nominal surface coverage greater
than a monolayer)[17]. Moreover, Lietti and co-workers reported that three different
types of Ba-domains may exist on the Pt/BaO/Al>;O3 catalyst prepared via wetness
impregnation. These components are BaO, Ba(OH). and BaCO3z. NOx adsorption
capacity of these species decreases in the following order: BaO, Ba(OH). and BaCO3
due to the decreasing basicity of the Ba-salts [18]. Baiker et al. reported a
comprehensive study regarding the effect of BaO loading on the NOy storage
capacity (NSC). They found that NSC gradually increases up to a BaO loading of
16.7 wt.% and starts to decrease beyond this particular loading [19]. Also, it was
shown that the traditional/conventional Pt/BaO/y-Al.Oz NSR catalyst, exhibited an
optimum NOx conversion and storage performance within the temperature window

of 473-673 K [20]-[28].

However, recent engine technologies including lean burn gasoline direct
injection (GDI) systems providing high fuel economy require catalytic solutions that
can efficiently operate at a temperature above 673 K where conventional catalysts

cannot effectively function [29]. Toyota Motor Company has previously stated that



K20 and BaO are two of the most promising NOx storage domains to be used in NSR
catalysts in terms of NOy storage and hydrocarbon (HC) reduction [30]. Use of K>O-
based NSR materials attracted great interest due to their higher NSC at elevated
temperatures as opposed to BaO [31]. Other advantages of K>O storage domains are
associated with their strong basicity and the lack of significant solid-state interactions
between K>O and y-Al;O3 (i.e. absence of the existence of undesired BaAl.O4
phases) [32]. Luo et al. thoroughly studied the effect of K>O loading (i.e. 2 — 20 wt.
%) on NSC of Pt/K20O/y-Al20s. It was found out that catalyst with 10 wt.% KO
loading resulted in the highest NSC within the temperature window of 250-550 °C
[32]. NSC of other alkaline earth metals (i.e. Mg, Sr, Ca) as well as alkali metals (i.e.
Na, K) were also studied. These studies revealed that NSC was directly correlated to
the basicity of the storage oxide where NSC increased in the order of K > Ba > Sr >

Na > Ca > Rb> Cs > Li > Mg [33]-[36].

On the other hand, as well as medium and high temperature deNOy activities,
conventional NSR materials are known to exhibit fairly low deNOx efficiency in the
temperature range of 373 and 473 K. Particularly, “The New European Driving
Cycle” (NEDC) indicates that for short driving cycles (e.g. ~20 min), catalyst
temperature remains below 423 K for almost 70 % of the driving cycle. Therefore,
the ‘passive NOy traps’ are utilized to handle NOx species at low temperatures. Ag-
supported materials reveal promising activity for NO oxidation and NOx trapping at
low temperatures [37]. Moreover, Tanaka et al. [38] performed a detail analysis on
highly active Ag/Al,Oz and Ti-modified Ag/Al2Os (i.e. Ag/Ti/Al>0O3) catalysts as
passive NOx traps. Olsson et al. [39] stated that use of small concentration (i.e. 1500

ppm) of H> (g) during the lean stage yielded much better NOy trapping ability for



Ag/Al;,Oz at 473 K as compared to Pt/BaO/Al>03[40]. On the other hand, ZrO, and
TiO2 based oxide catalysts have been also studied for low-temperature LNT
applications. Machida et al. [41] illustrated that Pt/ZrO,/TiO; exhibited best deNOy
activity at 373 K and lost its efficiency at higher temperatures.

Platinum Group Metals (PGM) are other key components of NSR
applications, which are typically loaded to the catalyst within 1-2 wt. %. Pt, Pd and
Rh are commonly used PGM in NSR formulations [42], [43]. While Pt is the most
active metal for NO oxidation reactions, Pd and Rh metals are more effective in
terms of NOx reduction activity [3]. Ollson et al. has performed a comparative
mechanistic investigation on Pt/BaO/Al,O3 Rh/BaO/Al,03, Pt/Al,O3 andRh/Al203
catalysts. These results indicated that Rh-based materials had relatively lower NSC
as compared to those of Pt-based counterparts due to the lower NO oxidation
capability of the later materials [43]. On the other hand, Fridell et al. investigated
Pt/BaO/Al>O3 and Pd/BaO/Al,Os catalysts in order to compare their NSC and NO
oxidation ability at different temperatures [44]. While Pd/BaO/Al>Oz had the highest
NSC at 300 °C, Pt/BaO/Al.Os had higher NSC at 400 °C along with higher NO
oxidation activities at all of the investigated temperatures. Amiritis and coworkers
also conducted similar experiments, reporting a higher NOx reduction activity for
Pd/BaO/Al>03 within the temperature window of 250-350°C [45]. Bi-metallic PGM
systems were also studied in the literature in order to enhance the overall NSR
activity [46]-[49]. For example, NOx storage capacities and NO oxidation
capabilities of a selected set of bimetallic systems were found to increase in the
following order under lean conditions: Pt/BaO/Al>Os> Pt-Rh/BaO/Al>Os>

Rh/BaO/Al,0[47].



1.4.2 SOy Poisoning

NSR catalysts have significant challenges associated with sulfur poisoning
and thermal aging leading to the deterioration of active sites, sintering of PGM
species and the formation of unwanted phases such as BaAl,O4 or BaCeO3[24], [50]-
[53]. Sulfur is an impurity present both in the fuel as well as in engine lubricants.
Although sulfur concentration in diesel fuel has been significantly reduced over the
recent years (e.g. Ultra Low Sulfur Diesel, ULSD has only 15 ppm of total sulfur
content), complete removal of sulfur is still a technological and financial challenge

for the petroleum refining industry.

Fuel combustion in the engine leads to the conversion of sulfur containing
compounds into SO2 which may also be subsequently oxidized into SOz upon
interaction with tailpipe catalysts. These sulfur-related species gradually accumulate
over the BaO storage components and form BaSOs [54]. Since the formation of
BaSO; is thermodynamically more stable than those of Ba(NOs3). and BaCOs, it is
not easy to regenerate the NSR/LNT catalyst at operational temperatures and the
catalyst is poisoned due to the loss of available adsorption sites [18], [55]. Therefore,
regeneration of NSR catalysts typically requires high temperatures (e.g. T > 1000 K).
However, high temperature processes cause both sintering of PGM species and the
formation BaAl>Os domains with a low SSA [50], [52]. Regeneration duration and
the type of reducing agents are other key parameters for sulfur regeneration and
PGM sintering [56]. Poulston and Anderson investigated the influence of the
reductant type on the catalyst regeneration and found out that H> is the most effective

reducing agent as compared to CO and C3Hs[57], [58].
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Since both NO2(g) and SO»(g) are acidic adsorbates toward the basic oxides,
they compete for the same adsorption sites on the catalyst surface. Therefore,
improvement of the sulfur tolerance of an NSR/LNT system needs to be
accomplished without compromising the NOx storage capacity. Along these lines,
numerous studies have been performed in order to develop an optimal catalytic
material, which is resistant to sulfur poisoning [59]-[62]. Ozensoy et al. also worked
on the design, synthesis and characterization of a variety of binary and ternary
mixed metal oxide systems, which are promoted with reducible oxides such as
Fe203/Fes04[63], TiO2[22], [53], [64]-[66], CeO2[23], [24] and ZrO.[67]. For
instance, they have demonstrated that CeO: is an effective promoter enabling a
significant improvement in the NOx reduction and sulfur regeneration of NSR/LNT

catalysts.

Recent studies in the literature demonstrated that TiO2 is a promising metal
oxide support/promoter against sulfur deactivation of LNT catalysts, enabling much
lower temperatures for sulfur removal due to its high surface acidity[50], [68]. In the
field of automotive catalysis, TiO2 was initially used by Toyota Motor Company in
Corona Premio in 1992 as a TWC promoter. However, TiO> alone exhibits limited
NOy storage capacity as compared to that of y-Al2O3 owing to its high surface acidity
and low specific surface area [69]-[71]. Moreover, in spite of the promising activity
of TiO2 in sulfur regeneration, BaO can diffuse into the TiO; lattice, leading to the
formation of complex mixed oxides such as BaTiOx and causes thermal deterioration
due loss of active BaO sites [70], [71]. However, there exists opportunities to design
novel mixed oxide systems that can simultaneously exhibit high NSC, thermal

stability and sulfur tolerance. In order to explore such prospects, ZrO2 and TiO>

11



containing complex oxide architectures can be utilized. By altering the composition
and crystal structure of such mixtures as well as by utilizing the well-known
stabilizing influence of ZrO; on TiO2[71], [72] and by increasing the surface acidity
[73]-[75], promising alternative materials can be synthesized. The preferential
choice of ZrO, as promoter is based on its reducibility and strong metal support
interaction (SMSI) which prevents PGM sintering [76]. Moreover, zirconia is a good
catalyst for on-board steam reforming reactions producing Hz (i.e. most effective

reducing agent) by utilizing CsHe and H2O in the exhaust pipeline [68].

Although, recent studies reported a higher sulfur resistance for
Pt/K/ZrO,/TiO, than that of Pt/BaO/Al,Oz, one of the critical aspects to be
considered in such efforts is the relatively low thermal stability of ZrO2/TiO, binary
mixed oxides [60], [61]. In one of our recent reports, the structural evolution of
ZrOo/TiO2 and Al203/ZrO,/TiO2, mixed oxides was followed as a function of
temperature by means of x-ray diffraction (XRD), Raman spectroscopy and N>
sorption analysis techniques [67]. While the amorphous ZrO>/TiO, material obtained
after the synthesisreadily crystallizes at temperatures higher than 773 K to form
ordered and low surface area structures such as ZrTiO4 and t-ZrO, disordered
(amorphous-like) structure of Al.O3/ZrO./TiO2 persists even at 1173 K revealing a
relatively higher NOx uptake as compared to binary ZrO>/TiO2[67]. ZrO./TiO, and
Al>03/ZrO,/TiO2-based materials were also investigated in terms of their
composition, thermal stability, NOx storage capability and sulfur uptake/regeneration
characteristics by Toyota Motor Company [77]-[79]. ZrO2/TiO, with a mass ratio of
70:30 was claimed to have the highest tolerance against sulfur poisoning [80] and the

influence of the Al,Os on NOx storage capacity, structural integrity, sintering
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resistance, and thermal deterioration has been thoroughly illustrated [77]. Studies on
the Pt/Rh/Ba/K/AZT catalyst which was comprised of a nano-composite ternary
oxide AlO3/ZrOy/TiOz-support showed excellent NSC than that of vy-
Al,03/ZrO,/TiO2-support, where the vy-Al.Oz was physically mixed with the
ZrO./TiO [77], [78]. Besides, Meng et al. [81] performed a detailed analysis on the
effect of Al.Oz doping into the ZrO2/TiO2, matrix and indicated that an Al:(Ti+Zr)
atomic ratio of 3:1 exhibited the highest NSC for fresh and sulfur-regenerated

catalysts.

However, most of these comprehensive studies included a limited number of
spectroscopic investigations on the interaction between SOx and NOx molecules and
NSR/LNT catalyst surfaces. In the scope of current work, we comprehensively
investigate the qualitative and quantitative NOx and SOx adsorption/uptake as well as
nitrate and sulfate reduction/regeneration/release properties of the Al,O3/ZrO2/TiO>
(AZT)-supported Pt/BaO/AZT and Pt/K.O/AZT NSR/LNT catalysts in comparison
to a benchmark NSR/LNT catalyst (i.e. Pt/BaO/Al>0z). Generation of surface
functional groups and their release/transformation behavior as a function of
temperature and BaO/K>O loading are systematically monitored by using in-situ
Fourier Transform Infrared Spectroscopy (in-situ FTIR) and temperature
programmed desorption (TPD). Moreover, the NSC of each investigated material
was further investigated under flow conditions at different temperatures. Discussion
in the current study provides a valuable molecular level insight regarding the
adsorption/desorption characteristics of NOx and SOx species and detailed
information regarding the delicate trade-off between NSC and sulfur poisoning

phenomena under realistic flow mode conditions.
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1.5 Structural Properties of Metal Oxides in the NSR/LNT Support

Framework

1.5.1TiO2

In TiO2, Ti** cations are coordinated to six O? atoms leading to the formation
of TiOs octahedra. This arrangement yields three major TiO2 polymorphs namely
anatase, rutile and brookite [82]. These three different crystal structures differ by the
distortions in the TiOs octahedra and the interatomic distances between Ti-Ti and Ti-
O. Moreover, upon thermal annealing and possible phase transformations can occur
between these polymorphs such as: anatase — brookite — rutile, anatase — rutile
and brookite — rutile [82]. TiO2 is an n-type semiconductor due its lattice oxygen
deficiencies. Electronic band gap of each individual structures are 3.3, 3.1 and 3.2 eV
for anatase, rutile and brookite; respectively, and TiO2 is widely considered as

indirect band gap material [83].

1.5.2 ZrO;

ZrO2 has three primary phases namely, monoclinic, tetragonal and cubic.
ZrO2 monoclinic phase can be transformed into other phases upon increase in
temperature such as: monoclinic — tetragonal — cubic. Tetragonal phase of ZrO2
structure can be stabilized by Yb203 and CeO; [84]. Unlike TiO, cations in zirconia
(i.e. Zr*") are coordinated to seven and eight O% anions in the monoclinic and
tetragonal/cubic structure; respectively which can partly be attributed to the larger
ionic radius of Zr** relative to that of Ti**[85]. Electronic band gap of ZrO, depends
strongly on the lattice structure, defects and synthesis protocols and vary between 5-7

eV [86].
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1.5.3 Al203

v-Al203 is the most commonly used oxide support in NSR formulations due
to its porous structure, high surface area, high catalytic surface activity, distinct
chemical, mechanical and thermal properties [3]. y-Al.O3 has a defective spinel
structure (space group Fq¢3m) where the aluminum cations are located in the
octahedral (On) and tetrahedral (Tq) interstitial sites identified by the face-centered-
cubic (fcc) oxygen anion sublattice [87]. At elevated temperatures, y-Al.O3 can go
through polymorphic phase transitions to form other crystal structures, which are
commonly called as the transitional alumina and eventually forms the
thermodynamically stable a-Al2Oz (corundum) phase. This process is accompanied

by a severe loss of porosity and sintering.

1.6 Coordination Chemistry of Nitrate (NO3’) lon

Under oxidizing conditions, NO2(g) molecules can oxidize upon interaction
with the metal oxide surfaces by coordinating to the metal center and the oxide ions
which can result in the formation of Ba(NO3)2, KNOs, and Al(NOz3)s. Free nitrate
ion, NOs", has the principal symmetry operators of E, Cs, Ca, on, Ssand v, generating
D3n symmetry point group. The vibrational modes of the free nitrate ion are A1’, A>”,
E’, E”’. These vibrational modes represented as v1, v2, v3and vs4 having IR frequencies
located at 1050, 830, 1350 and 715 cm™; respectively. While the A;> and A2’ are
non-degenerate, E’ and E”> modes are doubly degenerate leading to 6 vibrational
modes satisfying the expected total number of modes of a nonlinear molecule (i.e.
3N-6 total number of modes, where N is the total number of atoms in the structure).
Of the four fundamental vibrations, only two of them (A2’’, E’) are IR active and A;’

and E>’ are IR inactive.
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Free nitrates can coordinate to a metal center as monodentate, bidentate and

bridging nitrates as illustrated in scheme 4.

0 0 0 M=0
N \ " N
N=0 /N—O—M M N-0O N—O
7 N o /
0 0 0 M—0
Free Nitrate Monodentate Nitrate Bidentate Nitrate ~ Bridging Nitrate
D3h C2v C2v C2v

Scheme 4: Point group symmetries and different coordination schemes of NO3z™ ion.

Upon coordination, free nitrate ion lowers its point group symmetry from Dsp
to Coy, which is accompanied by the splitting of doubly degenerate E’mode into non-
degenerate A: and Bj; respectively. Of the six vibrational modes, A1, By, B2 are the

only IR active modes [88].

1.7 Coordination Chemistry of Sulfate (SO.%) lon

Oxidation of SO2(g) molecules on the metal oxide surfaces may form BaSOs,
K2S04, and Alz(SO4)s. Free sulfate ion, SO4%, has the principal symmetry operators
of E, Cs3, Co, a4, and Ss, generating the Tq symmetry point group. The stretching
modes are A: (non-degenerate) and T (triply degenerate). IR active irreducible
representations of the free sulfate ion is T> mode. These vibrational modes are also
represented as v and vs having IR frequencies located at 980 and 1105 cm™[89].
However, only vz modes (T>) are IR active.

The SO4% ion can coordinate to catalyst surfaces in the form of monodentate,

tri-coordinated, bidentate and bridging sulfates as illustrated in Scheme 5.
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Scheme 5: Point group symmetries and different coordination of free sulfate ion.

Upon coordination in the form of monodentate sulfate, free sulfate ion lowers
its symmetry from T4 to Csvalong with the splitting of the triply degenerate T> mode
into A1 + E modes; respectively. On the other hand, upon coordination in the form of
bidentate and bridging sulfates, the symmetry is further lowered to Cyy and the

doubly degenerate E” modes split into A1 and B, modes [88].
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Chapter 2

Experimental

2.1 Material Synthesis
2.1.1 Synthesis of Binary Oxide ZrO2/TiO, Materials

The ZrO2/TiO2 binary oxides were synthesized using a conventional sol-gel
method. For the synthesis of the binary oxides, zirconium (IV) propoxide (Sigma
Aldrich, ACS Reagent, 70 wt. % in 1-propanol) and titanium (IV) isopropoxide
(Sigma Aldrich, ACS Reagent, 97%) precursors were initially dissolved in 100 mL
of 2-propanol (Sigma Aldrich, ACS Reagent >99.5%) and stirred for 40 min under
ambient conditions. This step was followed by the drop-wise addition of 3 mL of 0.5
M nitric acid solution (Sigma Aldrich, ACS Reagent, 65%) in order to obtain a gel.
In the binary oxide materials, the composition ratio of ZrO,:TiO, was adjusted as
70:30 and 30:70 by mass and these materials will be abbreviated as ZT70 and ZT30
throughout the text; respectively. ZrO2:TiO, mass ratio of 70:30 has been reported as
the optimum composition for the highest NOx removal ability and the highest
tolerance against sulfur-poisoning [61]. Corresponding amounts of precursors were
calculated in order to synthesize batches of 6 g of each catalyst. The amounts of
precursors used during the synthesis of ZT70 were 15.27 mL and 6.86 mL of Zr- and
Ti-precursors; respectively. On the other hand, the amounts of precursors used
during the synthesis of ZT30 were 6.55 mL and 16.05 mL of Zr- and Ti-precursors;

respectively.
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2.1.2 Synthesis of Ternary Oxide Al203/ZrO./TiO2 Materials

Similarly, the synthesis of the ternary oxide was carried out by mixing
zirconium isopropoxide, titanium isopropoxide and aluminum sec-butoxide (Sigma
Aldrich, ACS Reagent, 97%) followed by the addition of 100 mL of 2-propanol.
Next, the slurry was stirred for 60 min under ambient conditions and gel formation
was achieved by drop-wise addition of 9 mL of 0.5 M nitric acid solution. Finally,
the materials were dried under ambient conditions for 48 h followed by calcination in
air within 323-1173 K. Relative nominal compositions of the ternary oxide systems
(i.e. Al203/ZrO./TiO2) by mass were 50:35:15 and 50:15:30 [23]. These materials
will be abbreviated as AZT70 and AZT30 throughout the text; respectively.
Corresponding amounts of precursors were calculated in order to synthesize batches
of 6 g of each catalyst. The amounts of precursors used during the synthesis of
AZT70 were 14.94 ¢, 7.64 mL, and 3.44 mL of Al-, Zr-, and Ti-precursors;

respectively.

2.1.3 Synthesis of Pt/Al.O3/ZrO,/TiO. Materials

1 wt. % platinum-incorporated ternary oxide materials were synthesized by
wetness impregnation method using a solution of Pt(NH3)2(NO2). (Aldrich,
diamminedinitritoplatinum(l1), 3.4 wt. % solution in dilute NHz(aq)). Prior to the Pt
addition, Al20s/ZrO2/TiO2 were initially calcined in air at 973 K for 150 min in order
to remove the organic functionalities in the precursors. Then, 50 mL of deionized
water was added onto 3g of AZT support and stirred over 8 hours at ca. 340K.
Finally, material was subsequently calcined in air at 973 K for nitrite/nitrate content

elimination and structural stabilization. Corresponding amounts of precursors were
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calculated in order to synthesize batches of 3 g of each catalyst. The amount of Pt-

precursor used during the synthesis was 1.43 mL.

2.1.4 Synthesis of Pt/BaO/Al.O3/ZrO/TiO, Materials

Pt/BaO/AZT catalysts with 8 or 20 wt. % BaO loading (i.e. Pt/8BaO/AZT
and Pt/20BaO/AZT; respectively) were prepared by wetness impregnation of
Al>,03/ZrO,/TiO2 support (which was initially calcined at 973 K for 150 min) with an
aqueous solution of barium nitrate (Ba(NO3)2, ACS Reagent, >99%, Riedel-de Héen,
Germany). The amounts of barium nitrate reagent used for the synthesis of 3 g of
Pt/8BaO/AZT and Pt/20BaO/AZT were 0.44 g and 1.28 g; respectively. Then, 50 mL
of deionized water was added and stirred for 8 hours at ca. 340K. This step was
followed by calcination at 873 K in air for 150 min to remove nitrate/nitrite content
by thermal decomposition. Next, these materials, BaO/Al,O3/ZrO,/TiO2, were
impregnated with the Pt(NH3)2(NOz)2 precursor depending on the mass of BaO/AZT
structure in order to have 1 wt.% nominal precious metal loading. Finally, obtained
samples were calcined in air at 973 K for structural stabilization as well as the
elimination of nitrate/nitrite and organic functionalities. In the text, the synthesized
ZrO2[TiO2, AlO3/ZrO2/TiOz, PY/ZrO2/TiO2, PYAIO3/ZrO./TiO2 samples will be

abbreviated as ZT, AZT, PY/ZT and PY/AZT; respectively.

2.1.5 Synthesis of Pt/K>O/Al,O3/ZrO,/TiO, Materials

Similar to the BaO-based NSR/LNT materials, the K>O-based catalysts were
prepared by wetness impregnation as well. The Pt/K>O/Al203/ZrO,/TiO, catalysts
with 2.7, 54 and 10.0 wt. % K>O loading (i.e. Pt/2.7K>0/Al203/ZrO/TiOo,

Pt/5.4K20/Al203/ZrO2/TiO2 and Pt/5.4K20/Al203/ZrO./TiO2; respectively) were
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prepared via impregnation of Al.O3/ZrO/TiO> support (which was initially calcined
at 973 K for 150 min) with an aqueous solution of potassium nitrate (KNOsz-6H20,
>09.0%, Fluka, France). The amounts of potassium nitrate reagent used for the
synthesis of 3 g of Pt/2.7K2O/AZT, Pt/5.4K,0/AZT, and Pt/5.4K>0O/AZT were 0.174
0, 0.347 g, and 0.644 g; respectively. Then, 50 mL of deionized water was added and
stirred for 8 hours at ca. 340 K. This step was followed by calcination at 873 K in air
for 150 min to remove nitrate/nitrite content by thermal decomposition. Finally,
K20/Al203/ZrO,/TiO; structure was impregnated with the Pt(NHz)2(NO-)2 precursor
depending on the mass of Ko.O/AZT structure in order to have 1 wt.% nominal
precious metal loading and calcined at 973 K for 150 min under ambient conditions.
Throughout the current text, synthesized Pt/ KoO/Al,03/ZrO/TiO> catalysts with 2.7,
54 and 10.0 wt% KO loading will be abbreviated as Pt/2.7K>O/AZT,

Pt/5.4K,0/AZT and Pt/5.4K,0/AZT; respectively.

2.1.6 Synthesis of Pt/BaO/y-Al.O3z Materials

For the synthesis of the Pt/20BaO/Al benchmark catalyst, 2.4 g of y-Al203
support (i.e. SASOL Puralox, 210 m?/g) was impregnated with an aqueous solution
of 1.02 g of barium nitrate (Ba(NOs)2,ACS Reagent, >99%, Riedel-de Héen,
Germany). Then, 50 mL of deionized water was added and stirred for 8 hours at ca.
340 K. This step was followed by calcination at 873 K in air for 150 min. Finally,
20BaO/Al,03 was impregnated with the Pt(NHs)2(NO2)2precursor (Aldrich,
diammine dinitritoplatinum(Il), 3.4 wt.% solution in dilute NHz(aq)) to obtain 1 wt.

% nominal precious metal loading, followed by calcination at 973 K for 150 min.
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Catalysts and their abbreviations together with the nominal mass percentiles of

particular components are listed in Table 3.

Materials Abbreviations |wt. % Pt|wt. % BaO | wt. % K,O | wt. % AZT

Al,O,/ZrO,/TiO, AZT 0 0 0 100
Pt/Al,0,/ZrO,/TiO, PY/AZT 1 0 0 99
Pt/8BaO/Al,0,/Zr0,/TiO, Pt/8BaO/AZT 1 8 0 91
Pt/20BaO/Al,0./Zr0,/TiO, Pt/20BaO/AZT 1 20 0 79
Pt/2.7K,0/Al,0./Zr0,/TiO, Pt/2.7K,O/AZT 1 0 2.7 96.3
Pt/5.4K,0/Al,0./Zr0,/TiO, Pt/5.4K,O/AZT 1 0 5.4 93.6
Pt/10K,0/Al,0,/ZrO,/TiO, Pt/10K,O/AZT 1 0 10 89

Table 3: Nominal loadings of the individual components in the synthesized catalysts.
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2.2 Instrumentation:

2.2.1 Experimental Setup

The IR spectroscopic measurements were carried in transmission mode in a
batch-type spectroscopic reactor. FTIR spectrometer (Bruker Tensor 27) and
customized batch mode catalytic reactor is combined with a quadruple mass
spectrometer (QMS, Stanford Research Systems, RGA 200) for temperature

programmed desorption (TPD) and residual gas analysis (RGA) experiments as

illustrated in Scheme 6.

([~
=4

TC: Temperature controller
DC: Direct current supplier
IG: lon gauge

QMS: Mass-Spectrometer
WRG: Wide-range pressure gauge
CM: Capacitance based monometer
~| RP: Rotary pump

TP: Turbo pump

GB: Gas bulb

GT: Gas tank

(]

Scheme 6: Schematics of the in-situ FTIR and TPD experimental setup [90].

In-situ FTIR data were collected using a high sensitivity Hg-Cd-Te (MCT)

mid-IR (MIR) detector operating via liquid nitrogen (LN2) cooling at 77 K. Each

GT

spectrum was obtained by averaging 128 scans with a 4 cm™ spectral resolution.
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Powder samples were pressed onto a high conductance and lithographically-
etched tungsten grid (TechEtch, USA, P/N PW10379-003) by applying ~3 tons of
pressure. W-grid is attached to copper sample holder legs mounted to an electrical
vacuum feedthrough. Sample pressed onto W-grid can be linearly heated in vacuum
as well as in the presence of gas mixtures between 300 - 1173 K via adjustable DC
power supply and a computer-controlled PID controller (Gefran 600-DRRR). In
order to monitor the temperature, a K-type thermocouple (chromel and alumel
having thickness of 0.015", Omega Engineering, Inc.) was spot-welded onto a

tantalum foil which was attached on the W-grid.

Prior to the experiments, the samples were mounted into batch-mode
customized reactor and outgassed at 403 K for ca. 12 h together while baking the
reactor walls in order to get rid of water on the catalyst surfaces as well as on the

reactor walls.

2.2.2 Characterization Techniques

Bulk/surface properties of the synthesized powder materials were investigated
by means of a multitude of characterization techniques. In this section, we will

highlight some of the primary fundamental aspects of these experimental methods.

2.2.2.1 X-ray Diffraction (XRD) Patterns

X-ray diffraction (XRD) is one of the most common techniques in structural
characterization of heterogeneous catalysts, allowing the identification of crystalline
phases and average particle sizes. X-ray diffraction originates from the elastic
scattering of X-ray photons from lattice planes and a constructive interference of the

scattered photons via Bragg’s Equation:
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nl = 2dsinf 2.1

where: ‘A’ is the wavelength of the X-rays; ‘d’ is the distance between the repeating
lattice planes; ‘6’ is the angle between the incoming X-rays and the normal to the
reflecting lattice plane and ‘n’ is the order of X-ray and positive integer.

Before the XRD measurements herein, powder samples were packed into a
glass holder and the XRD patterns were collected using a Rigaku diffractometer,
equipped with a Miniflex goniometer and an X-ray source (CuKo radiation, at 1 =
1.54 A, 30 kV and 15 mA) The patterns were collected between 26 = 10-80° with a

scan rate of 2 “minL.

2.2.2.2 Raman Spectroscopy

Raman spectroscopy is a vibrational spectroscopic technique which relies on
the inelastic scattering of a monochromatic light. In this vibrational method, as the
laser photon interacts with the material, various vibrational modes are excited to a
virtual state upon deformation of the electrical field as a function of molecular
polarizability. As the photons from the monochromatic laser are scattered by the
sample, they lose (stokes Raman shift) or gain (anti-stokes Raman shift) energy
during this excitation. This energy lost is considered as a change in wavelength of
incident beam. This energy loss is characteristic for a particular bond in the Raman
active modes.

The spectroscopic Raman analysis of the investigated materials were carried
out by using a HORIBA Jobin Yvon LabRam HR 800 instrument. This instrument
was equipped with a confocal Raman BX41 microscope, including a CCD detector.
The Raman spectrometer has a Nd:YAG laser which had a wawelenght of A = 532.1

nm. Throughout the Raman measurements, laser power was fine-tuned to 20 mW in
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order to minimize the sample damage caused by sample heating. The diffraction
grating of a spectrometer determines the wavelength range and the optical resolution.
In our setup, the incident light source was dispersed by a holographic grating with a
600 grooves/mm. The groove frequency of the grating (1800 grooves/mm)
determines the spectrometer’s wavelength coverage and the spectral resolution.
Incident laser beam was focused onto the sample by using a 50X objective.

Prior to analysis, calibration of the equipment has been made by calibration
of the grating to ‘zero’ or using benchmark Si as the reference, 520.7 cm™. The
powder samples were physically dispersed onto a single-crystal Si holder for the
Raman measurements and all Raman spectra were acquired within 100-4000 cm™
using an acquisition time of 100 s and a spectral resolution of 4 cm™. The confocal
hole and the slit entrance were set at 1100 um and 200 pum; respectively, in order to
achieve optimum optical settings, which determine the quantity of incident photon

flux.

2.2.2.3 BET Surface Area Analysis

Specific surface area measurements of the samples (which were initially
dehydrated at 573 K for 2 h in vacuum) were determined by N2 adsorption at 77 K
via conventional 5-point BET (Brunauer, Emmett, and Teller) method by using a N2

sorption analyzer (Micromeritics TriStar Surface Area and Porosity Analyzer).

2.2.2.4 FTIR Spectroscopy

Infrared spectroscopy is one of the most popular spectroscopic techniques
used in catalysis research. Infrared radiation falls into three different categories

depending on the IR photon frequency as illustrated in Table 4.
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Region |Wavelength (um)|Energy (meV)| Energy (meV) Detection of
Far 1000-50 1.2-25 10-200 Lattice Vibrations
Mid 50-2.5 25-496 200-4000 Molecular Vibrations
Near 2.5-1 496-1240 4000-10000 Overtones

Table 4: Classification of Infrared Radiation Frequencies [91]

While lattice vibrations fall into ‘Far’ infrared range, molecular vibrations
and overtones fall into ‘Mid’ and ‘Near’ infrared regions; respectively. There are
various types of IR spectroscopic acquisition/excitation methods as demonstrated in
Figure 2. Transmission IR spectroscopy is one of the most commonly used

techniques among others.

e a4
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Attenuated Total Reflection Absorption

I Reflection
Emission
E, E, - hv
e e
light light
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Sum Frequency Electron Energy Loss

Raman Scattering GefiEration

Figure 2: Types of Infrared Spectroscopy. Copyright Wiley-VCH Verlag GmbH &

Co. [91]

Vibrational and rotational energy levels are discrete in a molecule.

Transitions in between these energy levels take place upon absorption of photons
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with frequency in the MIR range. Vibrational potential energy in a chemical
oscillator can be approximated using the harmonic oscillator. This model is
acceptable for small deviations around the equilibrium distance where the

corresponding energies are given by equation 2.2:

E = %k[r—rujz 2.2

Here, k is force constant and ro is equilibrium internuclear distance. This
equation implies that the potential energy symmetrically increases irrespective of the

distance between two atoms.

In classical mechanics, vibration frequency of a diatomic molecule can be expressed

in equation 2.3:

1 |k

Vyip = E ; 2.3

where ‘u’ is reduced mass and equals to (m1.m2)/(m1+my). This equation indicates
that the vibrational frequency of the harmonic oscillator increases linearly with the

square root of the force constant and inverse of the square root of the reduced mass.

On the other hand, unlike in classical harmonic oscillator, vibrational energies
in a molecule are quantized and expressed via the following equation corresponding

to a quantum mechanical oscillator:
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E=(n+$)—|— hv 2.4

where ‘n’ is an integer (i.e. vibrational quantum number). The lowest vibrational
energy is equal to E = 4hv for n=0 which is also called the zero-point energy. The
relationship between quantized energy levels and distance for a quantum mechanical

harmonic oscillator is illustrated in Figure 3.

pot

Figure 3: Potential energy change as a function of the interatomic distance in a

harmonic oscillator.

It should be noted that, molecules do not exactly behave like two masses
connected by a spring as described by a harmonic oscillator and can be modelled
more successfully using an anharmonic oscillator model. This anharmonic oscillator
model also allows bonds to be broken upon stretching beyond a limiting distance.
Morse potential can be utilized to mathematically define an anharmonic oscillator

potential:
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v(r)=D(1— e=r—)) _p 2.5

where ‘r’ is the interatomic distance, ‘r’ is the equilibrium separation, ‘D’ is the
bond dissociation energy and ‘a’ is a parameter associated with the steepness or

depth of the potential well [91].

In this potential, energy levels are no longer equidistant and overtones

become allowed as illustrated in Figure 4.

pot |

00

Figure 4: Potential energy change as a function of interatomic distance in

anharmonic oscillator.

2.2.2.5 Temperature Programmed Desorption (TPD)

TPD is another commonly used technique in heterogeneous catalyst

investigations where desorbing gas molecules from single or polycrystalline samples

are collected by a mass spectrometer. In the typical TPD analysis of powder

catalysts, the sample is heated with a linear ramp rate of 5-30 K/min and
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concentrations of desorbing species are analyzed via a quadrupole mass spectrometer
(QMS). Heating rate plays a significant role in the characteristics of the desorption
line shape. As the heating rate increases, peak width of the desorption signals
become narrower. Moreover, pumping speed is also an important parameter.
Pumping of the desorbing species should be sufficiently rapid in order to prevent re-
adsorption of the gas phase species back to the catalyst surface. Low pumping speeds
cause a broadening of the desorption lines towards higher temperatures. Finally,
mass spectrometer should be mounted directly in front of the catalyst. A typical

schematic illustration of a conventional TPD set-up is demonstrated in Figure 5.
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Figure 5: Experimental Setup for TPD Experiments. Copyright Wiley-VCH Verlag

GmbH & Co.[91].
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2.2.3 Experimental Procedures

2.2.3.1 NOx adsorption via FTIR

NO2(g) was prepared by mixing NO(g) (Air Products, 99.9%) and excess
O2(g) (Linde GmbH, Germany, 99.999%). Freeze-thaw-pump cycles were applied
for the removal of contaminations and unreacted gases in NO2(g). Before the FTIR
experiments, material surfaces were initially flushed with 1.0 Torr of NO2(g) for 5
min and subsequently annealed to 973 K with a 12 K/min heating rate under vacuum.
Then, for the FTIR analysis, material surfaces were exposed to NO2(g) at 323 K in a
stepwise fashion from low to higher pressures where each exposure (0.1 torr) took 1
min. Finally, a surface saturation was achieved by the introduction of 5.0 Torr
NO2(g) over the samples for 10 min at 323 K followed by evacuation to a pressure

lower than 107 Torr.

2.2.3.2 NOx Desorption and Reduction via FTIR

Nitrate reduction experiments for the Pt-free materials were carried out by
exposing the NO2(g)-saturated material surface to 15.0 Torr of Hz(g) (Linde GmbH,
Germany, >99.9%) at 323 K, followed by gradual heating at a constant rate of 12
K/min until a desired temperature. For the Pt-containing materials, 15.0 Torr of Hx(Q)
was introduced over the NOz-saturated material at 323 K and the time-dependent
FTIR spectra were acquired for 2 h. After 2 h of reduction at 323 K, sample was
heated to 473 K in the presence of Hz(g) for the complete reduction and removal of

adsorbed NOx. All of the FTIR spectra given in this study were obtained at 323 K.
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2.2.3.3 SOx adsorption via FTIR

Sulfur adsorption/poisoning characteristics of each material was investigated
by exposing the catalyst surfaces to a 2.0 Torr SO2+0> gas mixture (SO2:02 = 1:10)
at 323 K (SO purity >99%, Air Products, O purity > 99.999%, Linde GmbH). After
the introduction of SOx mixture at 323 K, samples were annealed to different
temperatures, such as 373, 473, 573 and 673 K for 5 min. FTIR spectra of these
sulfated surfaces were acquired after cooling to 323 K in the presence of the gas
mixture. After the acquisition of the FTIR spectra for the annealing at 673 K, SOx
mixture in the reactor was evacuated to a pressure lower than 107 Torr. Here, it
should be specified that the concentration of SO> content in 2.0 Torr SO2+0O. gas
mixture is roughly equal to 270 ppm which is significantly higher compared to the
sulfur content (15 ppm) in Ultra Low Sulfur Diesel (ULSD). Therefore, sulfur
poisoning experiments performed herein correspond to severe and accelerated
poisoning experiment where the catalysts can reveal their utmost sulfur uptake and

release characteristics.

2.2.3.4 SOxdesorption via FTIR

Prior to SOx desorption experiments, materials were sulfated as mentioned
above by collecting a series of spectra in the presence of the aforementioned SOx
mixture as a function of temperature until 673 K. After the sulfur poisoning, gases in
the reactor were evacuated to a pressure lower than 10 Torr, followed by the
introduction of 15.0 Torr of Hz(g) (H2 purity > 99.999%, Linde GmbH) at 323 K.
Subsequently, sulfated materials were annealed under hydrogen atmosphere at 473,

673, 773, 873 and 973 K for 5 min.
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2.2.3.5 NOx desorption via TPD

In NOx-TPD experiments, each material was initially saturated by 5.0 Torr
NO2(g) for 10 min. After the saturation of the catalysts, gases in the reactor were
evacuated to a pressure lower than 107 Torr. Subsequently, materials were heated in
vacuum with a constant rate of 12 K/min to 973 K. In-situ FTIR spectra were

acquired before and after TPD analysis.

2.2.3.6 SOx desorption via TPD

In SOx-TPD experiments, material surfaces were initially exposed to a 2.0
Torr SO2+02 gas mixture (SO2:0, = 1:10) at 673 K for 30 min. Then the IR
spectroscopic reactor was evacuated to a pressure lower than 10 Torr followed by
heating under vacuum to 1173 K with a linear heating rate of 12 K/min. In the TPD
experiments, m/z= 32 (corresponding to O2(g) desorption and S(g) formation due to
the impact ionization-induced fragmentation of desorbed SO2(g) species in QMS)
and m/z = 64 (corresponding to SO2(g) desorption) channels were monitored via

QMS.

2.2.3.7 Pyridine Adsorption via FTIR

Pyridine adsorption experiments were carried out by vapor adsorption at 298
K for 15 min, followed by subsequent evacuation to a pressure less than 5x102 Torr
in order eliminate gas phase and weakly adsorbed species. In these experiments, self-

supported pellets on W-grids were used.

2.2.3.8 Ammonia Adsorption via TPD

In order to obtain a deeper understanding of the overall basicity of the Pt-

based catalysts, NHs-TPD measurements were performed in a Setaram Sensys DSC
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(Digital Scanning Calorimeter). Two quartz tubes were mounted inside the DSC. In
one tube, ca. 60 mg of catalyst powder was placed on a sintered plate, while the other
tube was used as a reference. The outlet products were analyzed in the Hiden HPR-
20 QUI Mass spectrometer. The total flow used in all experiments was 20 ml/min,
which was taken from a larger gas flow and the excess gas was sent to the
ventilation. Argon was used as an inert balance gas in all experiments. Catalysts were
first de-greened at 923 K, followed by the same experimental de-greening procedure
used in the flow reactor system. After de-greening, the catalysts were oxidized and
reduced at 873 K by exposing their surfaces to 8% O for 30 min and 0.9 % H> for 1
h; respectively. Argon was flushed through the reactor between these two steps. NH3
TPD experiments were done after the pretreatment and the catalysts were exposed to
2000 ppm NHs at 323 K for 8 h. Then, the samples were treated with Argon for 30
min and the temperature was increased to 1073 K with a ramp rate of 5 °C/min under

inert conditions.

2.2.3.9 Monolith Preparation for Flow Mode Catalytic Performance Tests

The cordierite monoliths were wash-coated with the calcined powder
catalysts for the activity measurements in the flow reactor system. The monoliths
(length = 20 mm, diameter = 21 mm and cell density of 400 cells per square inch,
cpsi) were cut from a commercial honeycomb cordierite structure and calcined at 773
K for 2 h. Then, the monoliths were immersed into a slurry which consisted of a
liquid phase (with equal volumes of distilled water and ethanol) and a solid phase
(with 5 wt. % boehmite-Disperal D and 95 wt. % powder catalyst). The solid in the
slurry was 20 wt. %. The excess liquid was gently blown away and the monolith was

dried at 363 K for 2 min. The immersing, blowing away and drying were repeated
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several times until the weight of washcoat was about 700 mg, corresponding to ~20
% wiw of the total monolith followed by their calcination at 823 K for 2 min in air.

Finally, the washcoated monoliths were calcined at 873 K for 2 h.

2.2.3.10 Flow Reactor Measurements

NOy storage capacities of the investigated materials were also quantitatively
studied in detail using monolith samples in a flow reactor system. These experiments
were carried out in a horizontally mounted quartz tube flow reactor heated by a
heating wire controlled by a Eurotherm temperature-controller. The temperature of
the reactor was measured and controlled by a thermocouple positioned about 10 mm
in front of the monolith, while the catalyst temperature was measured by another
thermocouple inserted in a center channel of the monolith. The inlet gas feed was
regulated using several Bronkhorst mass flow controllers. The water in the form of
steam was introduced into the reactor by a controlled evaporation and mixing system
(Bronkhorst Hi-Tech). All lines were heated and maintained at 473 K in order to
prevent water condensation. The effluent species from the reactor were analyzed by a
gas phase FTIR spectrometer (MKS Instruments, MultiGas 2030) with the gas cell
heated to 464 K. The total flow was varied between 3400 to 3500 ml/min during all
experiments and argon was chosen as the carrier gas.

Cycling tests for fresh materials were consecutively performed at 673, 573
and 473 K (with a cooling step in between) in the presence of 4.7 % CO2, 5 % H20
and Ar. The cycling procedure included seven cycles of alternating lean and rich
conditions where NO was dosed into the reactor system and four cycles of lean/rich
conditions using NO instead at each target temperature. During the lean step, the

samples were exposed to the gas feed containing 480 ppm NO (or 430 ppm NO>), 9
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% 02, 4.8 % CO2 5 % H2O in Ar (with a duration of 4 min), while the rich
conditions consists of 470 ppm NO (or 420 ppm NO>), 0.9 % H>, 4.8 % CO2 and 5 %
H>0 in Ar (with a duration of 1 min) as illustrated in Table 5. The results taken from

the last two consecutive cycles are shown in the current text.

Feed Mixture 1 (FM?) Feed Mixture 2 (FM?)
. 480 ppm NO, 9 % O,, 430 ppm NO,, 9 % O,,
Lean Mixture | 4 694 CO,, 5% H,O in Ar 4.8% CO,, 5 % H,0 in Ar
. . 470 ppm NO, 0.9 % H,, 420 ppm NO,, 0.9 % H,,
Rich Mixture 2 2 2
4.8 % CO,, 5 % H,O in Ar 4.8% CO,, 5 % H,0 in Ar

Table 5: Gas concentrations for different feed mixtures
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Chapter 3

Results and Discussion

3.1 Structural Characterization

3.1.1 X-Ray Diffraction Analysis

3.1.1.1 Binary Support Oxides

The XRD of ZrO,/TiO, binary mixed oxides with the ZrO,:TiO, mass ratios
of 30:70 and 70:30 are shown in Figure 6a and 6b; respectively. As shown in Figure
6, the amorphous structure of ZrO»/TiO> binary oxide persists up to 773 K
irrespective of ZrO2:TiO, mass ratios. This trend in structural evolution as a function

of temperature was followed by sudden crystallization at a temperature higher than

773 K.
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Figure 6: XRD patterns corresponding to (a) ZT30 and (b) ZT70 binary oxide
materials as a function of calcination temperature within 323 and 1173 K.

In Figure 6a, it is observed that TiO anatase (JCPDS 21-1272) is the majority
structure of crystalline phase in ZT30 at 973 K and 1173 K. On the other hand,

structural evolution of ZT70 shown in Figure 6b suggests that the crystallization
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takes place quite differently on ZT70, indicating crystalline phases of tetragonal
ZrO, (JCPDS 80-2155) and ZrTiO4 (JCPDS 34-415) above 773 K. It is worth
mentioning that XRD analysis was also performed to investigate the effect of Pt
impregnation, where it was observed that Pt did not lead to major crystallographic
changes over the ZT30 and ZT70 systems (data not shown here) besides the presence

of diffraction signals associated with metallic Pt particles (JCPDS 001-1190).

3.1.1.2 Ternary Support Oxides:

Structural evolution of Al203/ZrO,/TiO2 ternary mixed oxides as a function of
temperature is also followed using X-ray diffractometer. Figure 7a and Figure 7b
illustrate the XRD patterns of ternary oxide systems corresponding to AZT30 and

AZTT70; respectively.
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Figure 7: XRD patterns corresponding to (a) AZT30 and (b) AZT70 ternary oxide
materials as a function of calcination temperature within 323 and 1173K.

The synthesized ternary oxides have a different behaviour compared to the
binary oxide ZrO,/TiO.. AZT preserved its amorphous nature up to 973 K without
revealing any well-resolved diffraction lines. However, these materials start to

exhibit poorly discernible diffraction signals at 1173 K. While these diffraction lines
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are corresponding to rutile phase of TiO: in the AZT30, the major crystallographic
phase was observed to be tetragonal ZrO, (JCPDS (80-2155) in the AZT70 material.
Along these lines, it can be concluded that presence of Al,Os; phase elevates
crystallization temperature up to 1173 K, hindering the formation of undesired
ZrTiO4 phase with low SSA. It is worth mentioning that XRD patterns were also
collected from the Pt/ZT30, Pt/ZT70, Pt/AZT30 and PtYAZT70 materials, where the
Pt addition did not lead to a major crystallographic change over the ZT and AZT
materials, besides the presence of diffraction signals associated with the metallic Pt

particles.

3.1.1.3 Pt-supported NSR/LNT Catalysts

After the structural analysis of the support materials, we further investigated
the LNT catalysts functionalized with storage component (i.e. BaO) and precious
metal (i.e. Pt).

Figure 8 illustrates the XRD patterns of Pt/AZT, Pt/8BaO/AZT,
Pt/20BaO/AZT, Pt/20BaO/Al and Pt/20BaO/ZT recorded after calcination at 973 K
for 150 min. The Pt/AZT catalyst, in Figure 8, exhibits highly amorphous
characteristics except the presence of structurally well-ordered metallic platinum
(JCPDS 001-1190). Incorporation of 8 wt. % BaO does not reveal any additional
phases except the attenuation of the platinum diffraction features. This trend is also
observable for the catalyst with a higher BaO loading, i.e. Pt/20BaO/AZT. It is likely
that the presence of BaO domains on AZT support hinders the precious metal
sintering and facilitates the metal dispersion.

XRD pattern of the benchmark NSR/LNT catalyst (i.e. Pt/20BaO/Al>03) was

also collected that reveals y-Al203 (JCPDS 001-1303), BaAl>O4 (JCPDS 017-0306)
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and metallic Pt (JCPDS 001-1190) features. On the Pt/20BaO/Al;0O; catalyst, the
BaO domains interact with the y-Al.Oz support at elevated temperatures yielding the
formation of undesired BaAl>O4 phase and thermal aging [2—4]. On the other hand,
such a phase is not visible in the AZT containing samples (Figure 8). The
Pt/20BaO/ZT material reveals various discernible diffraction signals, namely t-ZrO>
(JCPDS 80-2155), ZrTiO4 (JCPDS 34-415) and BaTiOz (JCPDS 34-0129). In the
light of these findings, it is apparent that alumina acts as a diffusion barrier between
BaO and TiO; and ZrO, domains hindering the formation of BaTiOs, ZrTiO4 and

other crystalline phases on the Pt/20BaO/AZT catalyst.
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Figure 8: XRD patterns corresponding to Pt/AZT, Pt/8BaO/AZT, Pt/20BaOAZT,

Pt/20BaO/Al and Pt/20BaO/ZTmaterials upon calcination at 973 K.
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Figure 9: XRD patterns corresponding to Pt/AZT, Pt/2.7K,0/AZT, Pt/5.4K,0/AZT,

Pt/10K.O/AZT and Pt/20BaO/Almaterials upon calcination at 973 K.

AZT materials were further functionalized with other oxides (i.e. K2O) and
their structural characteristics were investigated by means of XRD analysis. Figure 9
illustrates the XRD patterns of PUAZT, Pt2.7K>O/AZT, Pt/5.4K0/AZT,
Pt/10K.O/AZT and Pt/20BaO/Al collected after calcination at 973 K for 150 min.
Except the presence of structurally well-ordered metallic platinum (JCPDS 001-
1190), PY/AZT catalyst in Figure 9 exhibits highly amorphous features. Materials,
containing 2.7 and 5.4 wt. % KO (i.e. Pt/2.7K>0/AZT and Pt/5.4K,O/AZT) do not
reveal any additional phases except the slight attenuation of the platinum diffraction
features.

On the other hand, the material with 10.0 wt. % KO (i.e. Pt/10.0K>O/AZT)

revealed additional poorly discernible diffraction lines at 26=30.48°, 50.50°, 60.91°
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corresponding to tetragonal ZrO» (JCPDS 80-2155) together with the further
suppression of Pt diffraction features.

Average Pt particle sizes for Pt/AZT, Pt/8BaO/AZT/, Pt/20BaO/AZT, and
Pt/20BaO/Al were estimated using Schrerrer equation and found to be 34 nm, 31 nm,

10 nm, 12 nm; respectively.

3.1.2 Raman Spectroscopy

3.1.2.1 Binary Oxide Materials
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Figure 10: Ex-situ Raman spectra corresponding to (a) ZT30 and (b) ZT70 materials

upon calcination at temperatures within 773-1173 K.

Structural evolution of binary (ZrO./TiO2) mixed oxides as a function of
temperature and composition were further investigated by using a Raman
spectrometer. The temperature-dependent Raman spectra of ZT30 and ZT70 are
illustrated in Figure 10a and 10b; respectively. It should be noted that Raman spectra

corresponding to materials calcined at temperatures lower than 773K do not exhibit
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such features due to poor crystallinity as illustrated in XRD section (Figure 6). ZT30
sample exhibits only six vibrational peaks at 122, 273, 366, 501, 625 and 782 cm™ at
temperatures 973 and 1173K as shown in Figure 10a. These features can be readily
assigned to the anatase phase of TiO. domains [92], [93]. However, ZT70 material
shows completely different structural characteristics at all temperatures. While the
vibrational features at 135, 259, 320, 391, 622 and 778 cm™ indicate the formation of
ZrTiO4 phase, features ca. 320, 467 and 622 cm™ can be most likely correlated by
the presence of tetragonal ZrO, phase. ZrTiO4, one of the main crystalline phases
detected for ZT70 sample is known in the literature to have an orthorhombic
symmetry with a Pbcn space group and ammm point group. This phase has 33
optically active modes and 18 of which are Raman active [92], [93]. However, in the
Raman data corresponding to the ZT70 sample presented in Figure 10b, only six of
these vibrational features are discernible. This can be associated with the band
broadening and signal overlap due to the random distribution of Zr** and Ti*" ions in

the crystal lattice[92], [93].
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3.1.2.2 Ternary Oxide Materials:
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Figure 11: Ex-situ Raman spectra corresponding to (a) AZT30 and (b) AZT70

materials upon calcination at temperatures within 973-1173 K.

Structural evolution of ternary oxides as a function of temperature and
composition was investigated by means of Raman spectroscopy as well. The
temperature-dependent Raman spectra of AZT30 and AZT70 samples are illustrated
in Figure 11a and 11b; respectively. As compared to the ZT30 and ZT70 binary
oxides, Raman spectra corresponding to the AZT ternary oxide materials revealed
much weaker signals due to the poor crystallinity, as already stated via XRD
analysis. In Figure 11a, AZT30 revealed seven different weak Raman features, at
1173 K, located at 132, 220, 320, 420, 469, 601 and 778 cm™. While the features at
131, 220, 420 and 601 cm™ can be attributed to the rutile TiO2 phase, very weak
shoulders at 320 and 469 cm™ are most likely related to tetragonal ZrO, phase. On

the other hand, there are only three features observed at 320, 465 and 625 cm-1 for
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AZT70, indicating the formation of tetragonal ZrO, phase AZT70 material as
demonstrated in Figure 11b. This reveals that besides the tetragonal ZrO, phase,
XRD and Raman data do not provide any clear indications for the presence of
additional ordered phases in the AZT system, such as ZrTiO4. These observations are
in line with studies reported by Escobar et al.[94] who suggested that in the ZT
binary system ZrO2 can provide Zr*" ions which may diffuse into the TiO2 lattice in
the absence of aluminum oxide, forming ZrTiOs. However, in the AZT ternary
systems, XRD and Raman data given in Figures 2 and 5 suggest that the Al.O3 layer
acts as a diffusion barrier preventing diffusion of Zr** ions in to the TiO; lattice,

preventing the ordering of the crystal lattice and the formation ZrTiOa.

3.1.3 BET Specific Surface Area (SSA) Analysis

3.1.3.1 Binary Oxide Materials

BET specific surface area values for the synthesized binary oxide materials
which were calcined at 773, 973 and 1173 K for 150 minutes were illustrated in
Figure 12a. SSA values of ZT30 were found to be 97, 10 and 1 m?/g at 773, 973 and
1173 K; respectively. On the other hand, these SSA values are relatively higher (i.e.
177, 26 and 3 m?/g) for the ZT70 counterpart at the corresponding temperatures;
respectively. Temperature-dependent changes in SSA values clearly indicate that
calcination at 973 K causes drastic change in structural characteristics. This
structural behavior in binary oxide materials can also be explained by the XRD and
Raman results, indicating a sudden phase transformation from an amorphous to a
crystalline structure. Furthermore, materials were observed to alter their morphology

at 1173 K due to thermal aging and particle agglomeration.
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Figure 12: Specific surface area (SSA) values corresponding to (a) binary and (b)

ternary materials upon calcination at temperatures within 773-1173 K.

3.1.3.2 Ternary Oxide Materials

Figure 12b presents BET specific surface area (SSA) values for the
synthesized ternary oxide materials which were calcined at 773, 973 and 1173 K for
150 minutes. While SSA values for AZT30 were found as 395, 217 and 57 m?/g at
the corresponding temperatures, values regarding AZT70 were observed to be 342,
264 and 113 m?%g; respetively. Figure 12 indicates that the AZT ternary oxide
systems have much higher surface area compared to the ZT binary oxide systems for
all calcination temperatures. These results are in perfect agreement with the XRD
and Raman results as mentioned in previous sections, suggesting a more disordered
structure for the ternary AZT systems. Crystallization of the ZT binary oxide leads to
relatively ordered and larger particles at 973 K, while the ternary system preserves its

rather amorphous structure and small particle size even at 1173 K.
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3.1.3.3 Pt-supported NSR/LNT Catalysts

In this section, SSA values related to different NSR/LNT materials
functionalized with a storage component (i.e. BaO or K>0O) and precious metal sites
(i.e. Pt) were analyzed. Figure 13 illustrates specific SSA values of Pt/AZT,
Pt/8BaO/AZT, Pt/20BaO/AZT, Pt/20BaO/Al,O3 and Pt/20BaO/ZT catalysts. It was
found that SSA values of Pt/8BaO/AZT (152 m?/g) and Pt/20BaO/AZT (132 m?/g)
catalyst are rather comparable to that of the benchmark Pt/20BaO/Al catalyst (134
m?/g). On the other hand PY/AZT has a slightly higher SSA (191 m?/g) which
resembles to that of AZT support material (230 m?/g) due to lack of BaO storage
component. This decrease from 230 to 191 m2/g can be correlated by the partial
filling of AZT pores with Pt particles. Moreover, since Pt was impregnated in an
aqueous solution, water and calcination after Pt addition may lead to further

sintering.
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Figure 13: BET specific surface area values for BaO-supported materials after

calcination at 973 K for 150 min.
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In the absence of the Al,O3 component (i.e. for the Pt/20BaO/ZT catalyst),
the SSA values was found to be significantly lower (23 m?/g).

In another set of samples, AZT ternary support oxides are enriched by K;O
storage components together with the Pt metals. Figure 14 illustrates SSA values of
PUAZT, PU2.7K0O/AZT, Pt/5.4K>0/AZT, PUY10K,O/AZT and Pt/20BaO/Al
catalysts. These results clearly show that Pt/5.4K>0/AZT (155 m?/g) has almost an
identical SSA value to that of Pt/8BaO/AZT (152 m?/g) which is relatively lower
than that of Pt/2.7K,O/AZT (177 m?/g). Moreover, increase in K20 loading from 5.4

to 10 wt. % decreases the SSA value of catalysts from 155 to 125 m?/g.
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Figure 14: BET specific surface area values for the K>O-supported materials in

comparison to benchmark Pt/20BaO/Al.Oz after calcination at 973 K for 150 min.
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3.1.4 Pore Size Analysis via N2 Sorption

The N2 sorption isotherms of the binary and ternary mixed oxides were also
analyzed. The N2 sorption isotherms displayed type IV isotherms for both binary and
ternary support oxides, which are characteristic for mesoporous structures (Figure
15a and 15b). Moreover, the BJH pore size distribution analysis of these
corresponding materials exhibited a narrow distribution centered at 11 nm and 4 nm
for the binary and ternary oxide system; respectively (Figure 15c and 15d). These
results are also in perfect agreement with the previous XRD data and SSA values,
where the presence of Al,Os domains were shown to result in more disordered
structures and an increase in SSA. Larger pore size for the binary oxide is consistent
with the corresponding XRD results (Figure 6b), where sharp and well defined

diffraction lines were observed, indicating larger particles and an ordered structure.
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Figure 15: N2 adsorption(black)/desorption(red) isortherms of (a) mesoporous binary

and (b) mesoporous-ternary oxides and pore size distribution of corresponding

metarials of (c) mesoporous binary and (d) mesoporous-ternary oxides. Both

materials were calcined at 973 K for 150 min.
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3.2 in-situ FTIR Analysis

3.2.1 NOx Adsorption Properties

3.2.1.1 NOx Adsorption on Binary and Ternary Support Oxides

Figure 16 represents the FTIR spectra corresponding to NO2(g) adsorption on
both of the binary and ternary oxide materials (already calcined at 973 K) at 323 K
for increasing exposures. Five particular vibrational features were detected in the ZT
which were located at 1644, 1578, 1550, 1280 and 1209 cm™ as illustrated in Figure
16a. The spectral region between 1700 and 1200 cm™ is characteristic for the nitrate

and nitrite species coordinated to TiO2 and ZrO,[95]-[97].
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Figure 16: FTIR spectra corresponding to the stepwise NO2(g) adsorption at 323 K
on (a) ZT and (b) AZT surfaces. The bold (red) spectrum in each panel corresponds
to the NOx-saturated (5.0 Torr NO2(g) for 10 min. at 323 K) surface. Copyright 2014
Elsevier B.V. [67].

The observed frequencies at 1644 and 1209 cm™ can be attributed to bridging
nitrates, while the features at 1578, 1550 and 1280 cm™ can be assigned to bidentate
nitrates [23], [98]. Similar absorption features also appeared for the AZTternary
oxide system as shown in Figure 16b. However, the position of bridging nitrates

(1639 and 1244 cm™) on the AZT ternary oxide is different when compared to the
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ZT binary oxide system. Probably, the most prominent aspect of Figure 16 is the
dissimilarity in the relative FTIR intensities of AZT and ZT systems. It is clear that
the NOx adsorption on the AZT ternary oxide is significantly higher than that of the
ZT binary oxide due to a ten-fold higher specific surface area and the significantly

greater IR absorption intensity upon NOx adsorption of the former surface at 973 K.

3.2.1.2 NOx Adsorption on Pt-Supported Binary and Ternary Oxides

The effect of Pt incorporation on NOx adsorption geometry and storage
capacity was also investigated via in-situ FTIR spectroscopy as shown in Figure 17.
FTIR studies involving NOx adsorption experiments on Pt/ZrO,/TiO, and
Pt/Al203/ZrO./TiO; lead us to conclude that the presence of Pt has no significant

influence on the NOx adsorption geometries.
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Figure 17: FTIR spectra corresponding to the stepwise NO2(g) adsorption at 323 K
on (@) PY/ZT and (b) Pt/AZT surfaces. The bold (red) spectrum in each panel

corresponds to the NOx-saturated (5.0 Torr NO2(g) for 10 min. at 323 K) surface.
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3.2.1.3 NOx Adsorption on Pt-Supported NSR/LNT Catalyst with Basic Storage

Domains

Figure 18 illustrates the in-situ FTIR spectra corresponding to NO2(g)
adsorption on (a) Pt/AZT, (b) Pt/8BaOAZT, (c) Pt/20BaO/AZT and (d)
Pt/20BaO/Al>03 from low pressures up to saturation (5.0 Torr NO2 for 10 min) level
at 323 K. Each material exhibits highly convoluted features in the spectral range of
1800-1000 cm™ including well-known oxide coordinated nitrite and nitrate
functional groups reported in literature as well as in our former studies [22], [23],

[26], [67], [96], [97], [99], [100].

In Figure 17a, there are five main vibrational stretchings located at 1640,
1582, 1561, 1283 and 1238 cm™ on BaO-free PYAZT material. While features at
1640 and 1238 cm™ can be attributed to bridging type of nitrates, other three
frequencies at 1582/1283 and 1561 cm™ are known as bidentate and monodentate
nitrates; respectively [25], [67]. It is worth mentioning that highly convoluted
spectral line characteristics renders proper assignment of nitrate/nitrite features rather
difficult. On the other hand, incorporation of BaO domains leads to a different
spectral line shape upon NOx adsorption as demonstrated in Figures 18b and 18c for
Pt/8BaO/AZT and Pt/20BaO/AZT; respectively. As illustrated in Figures 18b-18d,
NOxy interaction of each material generates six main vibrations located at ca. 1628,
1570, 1480, 1436, 1324 and 1234 cm™. In addition to the surface nitrate/nitrite
groups, formation of bulk/ionic type of nitrate groups which are apparent by the

features located at 1480, 1437 and 1322 cmtare observed as well.
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Figure 18: FTIR spectra corresponding to the stepwise NO2(g) adsorption at 323 K

on (a) Pt/AZT, (b) Pt/8BaO/AZT, (c) Pt/20BaO/AZTand Pt/20BaO/Al,Ossurfaces.

The bold (red) spectrum in each panel corresponds to the NOx-saturated (5.0 Torr

NO2(g) for 10 min. at 323 K) surface.
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Irrespective of the presence of BaO domains, a detailed and stepwise analysis
of the in-situ spectroscopic data yields the possible adsorption routes regarding how
NO, molecules are initially adsorbed as nitrites (i.e. features located at 1211 cm™)

and are subsequently oxidized to nitrate functional groups.

On the other hand, absorbance intensity of the spectrum corresponding to
NOx-saturated Pt/20BaO/AZT (top-most red spectra in Figure 18c) is clearly higher
than that of Pt/8BaO/AZT (Figure 18b). These findings imply a higher amount of
NOy adsorption on Pt/20BaO/AZT as compared to Pt/AZT and Pt/8BaO/AZT at 323

K.

However, it is not quite accurate to gather quantitative information from
solely FTIR absorption intensities. More accurate quantitative comparison of NSC
was also performed via flow-mode reactor studies that will be described in the

upcoming sections.

Although Pt/8BaO/AZT and Pt/20BaO/AZT samples revealed efficient NOx
storage at 573 K, their storage ability at 673 K is not that effective as compared to
that of Pt/20BaO/Al>Os benchmark catalyst. Therefore, AZT-supported NSR/LNT
materials need to be improved further in terms of their high-temperature NOx storage
capacities [95], [101], [102]. Along these lines, identical set of NOx adsorption

experiments were also conducted for K>O-incorporated materials.
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Figure 19: FTIR spectra corresponding to the stepwise NO2(g) adsorption at 323 K
on (@ PUAZT, (b) Pt/27K0/AZT, (c) Pt/5.4K0/AZT and (d)
Pt/10K>,O/AZTsurfaces. The bold (red) spectrum in each panel corresponds to the

NOx-saturated (5.0 Torr NO2(g) for 10 min. at 323 K) surface.
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Figure 19 illustrates the in-situ FTIR spectra corresponding to incremental
NO-(g) adsorption on (a) Pt/AZT, (b) Pt/2.7K>O/AZT, (c) Pt/5.4K>0O/AZT and (d)
Pt/10K>O/AZT from low pressures up to saturation (5.0 Torr NO2 for 10 min) at 323
K. These materials contained 2.7 and 5.4 wt. % K20 where molar amount of KO
was comparable to that of 8 and 20 wt. % BaO in Pt/8BaO/AZT and Pt/20BaO/AZT

used in the previous studies [103].

As illustrated in Figure 19a, the NOx adsorption profile of Pt/AZT material is
shown here once again in order to have a clear comparison with its K,O-containing
counterparts. NOx exposure on K>O-based materials revealed eight major vibrational
features located at ca. 1608, 1570, 1511, 1392, 1369, 1306, 1042 and 1020 cm™.
Among these stretchings, 1608 and 1570 cm™ can be assigned to surface bridging
and bidentate type of nitrates; respectively. Another set of features at 1510 and 1306
cmt can be assigned for monodentate type of surface nitrates on potassium oxide. In
addition to these, features at 1392 and 1369 cm™ correspond to ionic/bulk like
potassium nitrates [33], [101], [104].

It is observed that increase in K>O loading leads to an increase in the
formation of ionic/bulk like nitrate (i.e. 1392/1369cm™) features together with the
suppression of surface nitrates. These results are in good agreement with the
literature data regarding the effect of KO loading on the nature of the adsorbed
nitrate species on Pt/K>O/TiO2 and Pt/K>O/Al,O3 [29], [105]-{107]. Thus, it is
apparent that, AZT support sites and K.O domains can simultaneously take
significant part in the NOx adsorption processes on Pt/2.7K,O/AZT. However, NOx
species preferentially accumulates on KO domains, particularly for materials with

higher K>O loadings (i.e. Pt/5.4K>0/AZT and Pt/10K>O/AZT). Increase in the KO
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loading also results in the growth of the K>O particle size and formation of 3D
agglomerates, enabling the adsorption of NOy in the form of bulk-like nitrates.
Moreover, as in the case of BaO-based materials, K2O-based materials also contain
similar type of nitrate species such as ionic/bulk and surface nitrates. Hence, their
adsorption mechanisms are likely to be similar [15], [108], [109]. Therefore, based
on the previous literature data, increase in NSC at higher KO loadings can be

associated to the extent of bulk-like potassium nitrate formation.
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3.2.2 NOx Reduction via Hz(g)

After the analysis of NOx adsorption characteristics of the investigated
materials were completed, their NOx reduction/regeneration/removal performances
under reducing/rich conditions were also studied. Thermal stabilities of nitrate/nitrite
species in the presence of an external reducing agent as well as their reduction

mechanisms were investigated by means of FTIR spectroscopy.

3.2.2.1 NOx Reduction via Hz(g) on Binary and Ternary Support Oxides

(a) ZrO,/TiO, (b)

AL,O,/Zr0,/TiO,
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Figure 20: FTIR spectra corresponding to the temperature-dependent nitrate
reduction via 15.0 Torr of Hzx(g) on (a) ZT and (b) AZT surfaces. The topmost
spectrum in each panel corresponds to the NOx-saturated (5.0 Torr NO2(g) for 10
min. at 323 K) surface. The series of black spectra in each panel were collected at
different temperatures within 323-723 K. The bottommost (red) spectrum in each
panel corresponds to the highest reduction temperature exploited (i.e. 623 K for ZT

and 723 K for AZT). Copyright 2014 Elsevier B.V.[67].

Figure 20a and 20b illustrates the temperature-dependent nitrate reduction of
Pt-free binary and ternary mixed oxides; respectively. Prior to nitrate reduction, the

material surfaces were saturated with 5.0 Torr NO2(g) for 10 min at 323 K. These
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saturated material surfaces were then treated with 15.0 Torr of Hz(g) exposure at 323
K. A series of FTIR spectra were recorded as a function of temperature after
annealing the NOx-saturated surfaces at 373, 473, 573, 623, 673, 723 K in the
presence of Hx(g). Adsorbed nitrate/nitrite functional groups on ZT (Figure 19a)
were found to be highly stable in the presence of external Hz up to 473 K with only
minor IR intensity changes. However, nitrate/nitrite features significantly eliminated
from the ZT material surface at 573 K which can be followed by the decrease in IR
absorbance intensities (Figure 20a). It is also worth mentioning that bidentate nitrates
(1580 cm™) had relatively higher thermal stability compared to bridging nitrates
(1649 cm™) under reducing conditions on the binary ZrO./TiO, oxide system.
Finally, the bottommost red spectrum in Figure 19a corresponds to complete removal
of all of the N-related functional groups from the ZT surface under Ha(Q)
environment at 623 K.

Identical set of experiments were also conducted on the AZT ternary oxide
system (Figure 20b). These results clearly indicate that nitrate/nitrite species have
much higher thermal stabilities on the AZT surface than that of ZT binary oxide.
While nitrate/nitrite groups on ZT binary oxide are mostly reduced at 573 K, they
could not be eliminated at this particular temperature on AZT. FTIR analysis clearly
indicated that under reducing conditions, nitrate regeneration performance of binary
mixed oxide is much greater than that of the ternary mixed oxide where all of the

nitrate/nitrite species on AZT can be completely reduced only at 723 K.
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3.2.2.2 NOx Reduction via Hz(g) on Pt-Functionalized Binary and Ternary

Oxides

(@)
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Figure 21. FTIR spectra corresponding to the temperature-dependent nitrate
reduction via 15.0 Torr of Hz(g) on (a) AZT and (b) AZT surfaces. The topmost
spectrum in each panel corresponds to the NOx-saturated (5.0 Torr NO2(g) for 10
min. at 323 K) surface. The series of black spectra in each panel were collected at
different temperatures within 323-723 K. The bottommost (red) spectrum in each
panel corresponds to the highest reduction temperature exploited (i.e. 623 K for ZT

and 723 K for AZT). Copyright 2014 Elsevier B.V.[67].
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In this section, nitrate reduction characteristics of Pt-functionalized ZT and
AZT materials under reducing environment as a function of time and temperature is
examined by means of in-situ FTIR technique. Since nitrate/nitrite reduction on Pt-
containing materials at elevated-temperatures lead to fast reactions, it is rather
difficult to follow the initial stages of the reduction process. Therefore, nitrate/nitrite
reduction experiments were carried out at 323 K in order to monitor and elucidate the
temporal changes in the surface functional groups on material surfaces upon

reduction by Hx(g).

Series of FTIR spectra regarding the nitrate/nitrite reduction from Pt/ZT and
Pt/AZT surfaces were recorded as a function of time in the presence of external
reducing agent (i.e Hz). Prior to reduction process, materials were saturated with 5.0
Torr NOx for 10 min. These NOx-saturated materials were followed by the

introduction 15.0 Torr of Ha(g) at 323 K.

Each panel in Figure 21 is divided into three different sections. Initial
reduction period presented in the top section in Figure 21a illustrates the set of
spectra collected in first 40 min at 323 K for Pt-functionalized binary oxide, Pt/ZT.
In this first period, decrease in absorbance intensities for particular frequencies (1646
and 1205 cm™) corresponding to bridging nitrates can be simultaneously followed
together with the increase in other vibrational features at 1511 and 1291 cm™
corresponding to monodentate nitrate species [23], [24], [99]. Other particular
vibrational features regarding the growth of nitrite species appeared at 1422 and

1291 cm™[25].

Throughout the second time interval (50-120 min.), which is presented in the

middle section of Figure 21a, most (though not all) of the N-related functional
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groups (i.e. nitrates/nitrites) were eliminated from the material surface upon Hz(g)
exposure. No additional features were observed during this period of time and NOx
reduction mostly ceased after 120 min. In the third stage presented at the bottom of
Figure 21a, catalyst was annealed to higher temperatures (373, 423 and 473 K) in
H>(g) environment, in order to achieve complete regeneration of the Pt/ZT surface.

These series of spectra can allow us to have a better insight regarding the
initial and final stages of the nitrate/nitrite reduction mechanism on the Pt/ZT surface
in the presence of an external reducing agent such as Hx(g). In this particular case,
bridging type of nitrates were initially transformed into monodentate type of nitrates
and nitrites, which were followed by complete regeneration at 373 K.

On the other hand, similar set of experiments were also performed for the
Pt/AZT surface (Figure 21b). Introduction of reducing agent (i.e. Hz) over the NOx-
saturated surface caused the attenuation of the absorbance intensities of bridging
nitrates (1643 and 1232 cm™) in the very early stages. This change in bridging
functional groups can also be followed by formation of monodentate type of nitrates
(1511 and 1299 cm™) as well as the monodentate nitrites (1411 cm™). The presence
of isosbestic points in Figure 21 strongly implies a direct transformation from
bridging nitrates to monodentate nitrates. A noteworthy difference between the Pt-
incorporated binary and ternary systems is that N-related surface functional groups
behave in a different manner in the second time interval. While nitrate/nitrite groups
were continuously removed throughout the second time interval for PY/ZT, no
spectral change was observed in the second time interval of Pt/AZT. Moreover, these
series of FTIR spectra revealed that absorbance intensities of N-related features on
Pt/AZT was found to be much higher than that of Pt/ZT at the end of second time

interval. In accordance with the previously discussed in-situ FTIR results (Figure
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20), results presented in Figure 21 also clearly indicated that nitrate/nitrite groups
had much higher thermal stability on ternary oxide supported systems as compared to
binary oxide systems.

This finding is consistent with the temperature-dependent in-situ FTIR data
set recorded in Hz(g) environment at different temperatures in the third interval of
Figure 21b. At 373 K, while complete nitrate/nitrite regeneration was almost
achieved on Pt/ZT material; there was a significant amount of N-related residues on
Pt/AZT which could be eliminated at 473 K. Furthermore, it can also be concluded
that PYAZT material had a much more efficient NOx removal characteristics as
compared to the benchmark Pt/20BaO/Al catalyst [67], and its CeOz-modified
counterpart (Pt/20BaO/20Ce0O,/Al) [23].

Entire discussion regarding the reduction mechanism of nitrate/nitrite

functional groups can be illustrated in scheme 7 as follows:

Scheme 7: Schematic illustration of nitrate reduction mechanism.
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3.2.2.3 NOx Reduction via Hz(g) on Pt and Basic Oxide-Functionalized AZT

Catalysts

Pt-functionalized materials were further modified by the incorporation of
basic storage components such as BaO or K»O. Figure 22a-d present the time-
dependent changes in the nitrate/nitrate functional groups on BaO-based materials
during their interaction with excess hydrogen at 323 K for 120 min as well as thermal
regeneration at various temperatures (i.e. 373, 473 and 573 K). Prior to nitrate/nitrite
reduction, material surfaces were saturated by 5.0 Torr NOx for 10 min at 323 K.
Black spectra in Figure 22a-22d were recorded after NOy saturation over fresh
PY/AZT, Pt/8BaO/AZT, Pt/20BaO/AZT and Pt/20BaO/Al; respectively. The surfaces
of NO,-saturated materials were subsequently exposed to 15 Torr of Hz(g) and series
of spectra were recorded as a function of time and temperature. Each panel in Figure
22 shows two different sets of spectra. While the upper set of spectra (red, gray and
black spectra) were collected as a function of time over the course of 2 h, bottom
data set (blue spectra) reveal the thermal stabilities of nitrate/nitrite groups as a

function of temperature (i.e. at 473 and 573 K).

In Figure 22a, during the first period, introduction of 15.0 Torr Hz(g) over NOx
saturated Pt/AZT surface causes sudden changes in vibrational frequencies. While
the vibrational stretchings at 1643 and 1232 cm™ (bridging nitrates) attenuate, an
increase in the intensities of 1511 and 1299 cm™ (monodentate nitrates) as well as
1411 cm! (nitrites) can be observed. The weak feature at 1411 cm™ can be also

taken in to account as bulk nitrate in the light of former studies [23], [67], [110].

Changes in the intensities of nitrate features remain invariant after 2 hours of

H2(g) exposure of Pt/AZT (gray spectrum Figure 22a). From a mechanistic point of
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view, these results give us some insight regarding the reduction mechanism where
bridging nitrates are transformed into monodentate nitrates and nitrite groups on
Pt/AZT material. It is clear that bidentate nitrates (1582 cm™) exhibit a stable
character during the reduction process where their absorbance intensities remain
roughly constant for 2 h. Then, the Pt/AZT sample was gradually heated in Hz(g) to

373 and 473 K in order to accelerate the nitrate reduction process (Figure 22a).
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Figure 22: FTIR spectra corresponding to the time-dependent nitrate reduction via
15.0 Torr of Hz(g) on PY/AZT, (b) Pt/8BaO/AZT (c) Pt/20BaO/AZT and (d)
Pt/20BaO/Al surfaces. The topmost spectrum (i) in each panel corresponds to the
NOx-saturated (5.0 Torr NO2(g) for 10 min. at 323 K) surface. The series of spectra
(i), (iii), (iv) and (v) were collected as a function of time at 3", 10", 30" and 120"
min of reduction at 323 K; respectively. The bottom set of FTIR spectra in each
panel were collected after the initial 120 min reduction at 323 K by increasing to

temperature to 373, 423 and 473 K in the presence of Hz(Q).
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FTIR spectra recorded at those two temperatures are illustrated in the bottom
set of (blue) spectra given in Figure 22a, indicating that the complete nitrate removal

was achieved at 473 K.

An identical experimental procedure was also applied to Pt/8BaO/AZT
catalyst as illustrated in Figure 22b. Throughout the initial period of 120 min, surface
nitrate functional groups (1630, 1557 and 1251 cm™) of the Pt/8BaO/AZT material
were gradually eliminated upon Hz(g) exposure. Meanwhile, absorbance intensities
of bulk/ionic type of nitrates (1487, 1452 and 1322 cm™) did not change significantly

and stayed intact during the hydrogen regeneration.

Nitrate groups on Pt/20BaO/AZT and Pt/20BaO/Al.O3, however revealed
relatively different characteristics towards Hz(g) interaction, especially for bulk/ionic
like nitrates as shown in Figure 22c and Figure 22d; respectively. It is apparent that
FTIR spectra obtained after Hz2(g) exposure demonstrated an immediate increase in
the absorbance intensity of bulk-like nitrates (ca. 1436 cm™) together with the
elimination of surface nitrates (ca. 1630, 1557 and 1251 cm™) as a function of time

from Pt/20BaO/AZT and Pt/20BaO/Al.O3 materials.

Surface and bulk-like nitrates on Pt/8BaO/AZT, Pt/20BaO/AZT and
Pt/20BaO/Al>03 materials became invariant at the end of 2 hours reduction process
at 323 K. Blue spectra given at the bottom of Figure 22b-d are recorded at 473 and
573 K in hydrogen atmosphere. These results revealed that while nitrates were
completely reduced at 573 K on Pt/AZT and Pt/8BaO/AZT, there were still

detectable amounts of NOx remaining on Pt/20BaO/AZT and Pt/20BaO/Al.
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Formation of bulk/ionic nitrates in the presence of Hz(g) atmosphere can be
indirectly linked to —OH functional groups present on the catalyst surfaces. Figure 23
demonstrates the changes in the —OH spectral region (3800-3000 cm™) of the
materials represented in Figure 22 during 120 min reduction at 323 K. These findings
are in excellent agreement with the literature. For instance, Olsson et al. [111]
illustrated that Pt particles can be oxidized to PtOx upon NOx exposure on Pt/Al,O3
or Pt/BaO/Al;O3 catalysts. Then PtOx species can interact with the surface —OH
groups (3540 cm™) generated via H, exposure as illustrated in the ~OH spectral
region (Figure 23). The interaction between PtOx and —OH groups leads to the H20
generation on surface which facilitates the formation of bulk/ionic nitrates during the

early stages of nitrate reduction mechanism [25].

2
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Figure 23: —~OH/-NH stretching region of the in-situ FTIR spectra corresponding to
NO- saturation (i) (5.0 Torr NO2(g) for 10 min. at 323 K) followed by subsequent
reduction with 15.0 Torr of Hx(g) on (a) PYAZT, (b) Pt/8BaO/AZT, (c)
Pt/20BaO/AZT and (d) Pt/20BaO/Al>03 at 323 K. The series of spectra (ii), (iii), (iv)
and (v) were collected as a function of time at 3™, 10" 30" and 120" min of

reduction at 323 K; respectively.
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As illustrated in Figure 23b, the absorbance intensity of vibrational feature at
3540 cm* does not change significantly for Pt/8BaO/AZT as compared to other Ba-
containing samples namely, Pt/20BaO/AZT (Figure 23c) and Pt/20BaO/Al.O3
(Figure 23d). Therefore, this may imply that the formation of bulk nitrates upon H>
exposure is facilitated at higher BaO surface coverages (i.e. wt. % BaO loading).
Moreover, Kim et al. [100] performed solid state magic angle spinning (MAS) NMR
spectroscopic experiments supporting the significant role of water on the formation

of bulk Ba(NOs). species.

Further insight regarding this nitrate reduction process via Hx(g) can be
obtained by investigating the features located at 3384 and 3252 cm™. These poorly
resolved and convoluted features can be correlated to the presence of N-H stretching
modes associated with —NH2, -NH3s, —OH- - -NHyx or —OH- - -NOx species [23], [67],

[89].

Finally, in the case of BaO-containing materials, it can be argued that

reduction via Hz may lead to the following routes:
Ba(NO3)2 + 5H2< Ba(OH),2 + Na+ 4H,0 3.2
Ba(NOz)2 + 5H2¢> BaO + N2+ 5H20 3.3

Among these possible reactions, the first pathway involving the formation of
Ba(OH). is consistent with the formation of surface hydroxyl groups on
Pt/20BaO/AZT and Pt/20BaO/Al materials as illustrated in Figure 23c and Figure
23d. The second reduction pathway is also a likely pathway, particularly for the
Pt/8BaO/AZT catalyst which lacked a significant amount of surface -OH

functionalities. These arguments are also consistent with literature reporting the
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immediate formation of N2 and H2O upon switching from lean to rich cycle at 573 K
in the absence of CO, and H20O in the feed stream [112]. On the other hand, other
possible nitrate reduction products such as N.O and NH3 should not be disregarded
which are consistent with the formation of surface -NHx species observed in Figure
23a-d. Depending on these findings, an alternative reduction pathway can also be

considered:
Ba(NOz3), + 13/2 H2¢> Ba(OH)2 + 1/2 N2 + NH3 + 4H,0 3.4

Similar nitrate/nitrite reduction experiments were also carried out for K,O-
based materials under identical experimental conditions. After the saturation of the
surfaces with NOx was complete, materials were exposed to 15.0 torr Hx(g) and
series of spectra were collected as a function of time at 323 K followed by the
regeneration at various temperatures (i.e. 473 and 573 K). Figure 24a-d demonstrate
the corresponding changes in the surface functional groups on Pt/AZT,
Pt/2.7TKo0/AZT, Pt/5.4K,0/AZT and Pt/10K2O/AZT; respectively. In Figure 24,
each panel is divided into two different sets of spectra for clarity. While the upper set
of data (red spectra and gray spectrum) were collected as a function of reduction time
during the first 120 min of hydrogen exposure at 323 K, bottom data set (blue
spectra) correspond to the gradual reduction of the nitrate/nitrite groups in the
presence of hydrogen at elevated temperatures (i.e. 473 and 573 K). The initial stages
of nitrate reduction process at 323 K for Pt/2.7K>O/AZT and Pt/5.4K>0/AZT takes
place via simultaneous decrease in the absolute IR intensities of bridging (1608 cm"
1, bidentate (1579 cm™) and monodentate (1507 cm™) type of nitrates. However,
when the relative changes of the IR signals corresponding to different types of

nitrates are analyzed, it can be seen that the relative signal intensity of monodentate
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nitrates (1507 cm™) decreased less than that of bridging and bidentate nitrates at the
end of 120" minute of reduction process. These findings can lead us to deduce such a
basic knowledge regarding the nitrate reduction mechanism on these particular
materials. Here, one can readily state that nitrate reduction pathway initially takes
place through the transformation of bridging and bidentate type of nitrates into
monodentate nitrates. In other words, monodentate type of nitrates (and their
protonated forms, i.e. HNO3 coordinated to the surface) might have relatively higher
stability as compared to other surface species acting as an intermediate in the nitrate
reduction process. Upon interaction with Hz(g), it is clear that absorbance intensities
of vibrational frequencies located at 1392/1369cm™ visibly increased for higher K20
loadings (i.e. Pt/5.4K.O/AZT and Pt/10K20/AZT), revealing the formation bulk-like
nitrates during the reduction process. However, the formation of bulk-like nitrate
species is less significant for lower K>O loading of Pt/2.7K>O/AZT as shown in
Figure 24b; indicating a smaller K>O particle size and higher dispersion at lower

basic oxide surface coverages.
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Figure 24: FTIR spectra corresponding to the time-dependent nitrate reduction via
15.0 Torr of Hz(g) on (a) PYAZT, (b) Pt/2.7K.O/AZT (c) Pt/5.4K>0/AZT and (d)
Pt/10K>O/AZT surfaces. The topmost spectrum (i) in each panel corresponds to the
NOx-saturated (5.0 Torr NO2(g) for 10 min. at 323 K) surface. The series of spectra
(i), (iii), (iv) and (v) were collected as a function of time at 3", 10", 30" and 120"
min of reduction at 323 K; respectively. The bottom set of FTIR spectra in each
panel were collected after the initial 120 min reduction at 323 K followed by

increasing to temperature to 473 and 573 K in the presence of Ha(g).
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Although IR intensities of surface and bulk-like nitrates on Pt/2.7K>O/AZT,
Pt/5.4K.0O/AZT and Pt/10K20/AZT became invariant at the end of 2 h of reduction
at 323 K, they started to change upon heating upon Hz(g) exposure at elevated
temperatures (blue colored bottom set of spectra in Figure 24b-d). While surface
nitrate groups on Pt/2.7K.O/AZT were mostly eliminated at 473 K, bulk/ionic type
nitrates kept their relative presence at 473 K and the complete elimination of the
latter species required a higher reduction temperature of 573 K. Materials with higher
K20 loadings (i.e. Pt/5.4K>0/AZT and Pt/10K,O/AZT) exhibited different behavior
upon temperature-dependent reduction as illustrated in Figure 24c and Figure 24d.
Nitrates on these materials were relatively more stable as compared to
Pt/2.7KO/AZT (Figure 24b). In other words, these more stable bulk/ionic nitrates
which were found to be more abundant on the catalysts with high K20 loadings, were
also relatively more resilient towards reduction requiring higher temperatures (573
K) for complete elimination. Thus, it can be argued that while Pt/2.7K>O/AZT
sample exhibited a noticeably higher NSC than that of K>O-free Pt/AZT catalyst,
former catalyst also revealed a comparable NOy reduction/regeneration performance.
This important finding indicates that modest K>O loadings can enhance NSC without
a significant compromise in the NOx regeneration/reduction capability. On the other
hand, NOx regeneration/reduction characteristic of materials with higher KO
loadings (i.e. Pt/5.4K,O/AZT and Pt/10K>O/AZT) are parallel to that of Pt/8BaO/Al
and Pt/20BaO/Al, which are incapable of compete NOy regeneration/reduction at 573
K. Consequently, we can rank the relative NOx reduction/regeneration performances
of the investigated catalysts in the following order: PVYAZT ~ Pt/2.7K;O/AZT>

Pt/8BaO/AZT > Pt/20BaO/Al > Pt/20BaO/AZT > Pt/5.4K20/AZT> Pt/10KO/AZT.
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Figure 25: —OH/-NH stretching region of the in-situ FTIR spectra corresponding to
NO: saturation (i) (5.0 Torr NO2(g) for 10 min. at 323 K) followed by subsequent
reduction with 15.0 Torr of Hx(g) on (a) PUYAZT, (b) Pt/2.7K.O/AZT, (c)
Pt/5.4K>0/AZT and (d) Pt/10K,O/AZT at 323 K. The series of spectra (ii), (iii), (iv)
and (v) were collected as a function of time at 3", 10", 30" and 120" min of

reduction at 323 K; respectively.

As in the case of BaO-based AZT catalysts, correlation between the
formation of bulk-like nitrate species and the generation of surface hydroxyl groups
upon hydrogen reduction also exists over the K>O-containing AZT systems. While
the increase in the IR absorbance signals, regarding the surface hydroxyl groups, is
quite limited for Pt/2.7K>O/AZT, such bands are much more pronounced for the

materials with higher K,O-loading as shown in Figure 25c and Figure 25d.

Further insight regarding the nitrate reduction process in the presence of
H2(g) can be clarified by investigation of additional less-prominent features located
at ca. 3384 and 3252 cm™. These poorly resolved and convoluted features can be
attributed to the presence of —NH stretching modes associated with —NH2, -NH3s, —

OH- - ‘NHx or —OH- - -NOx species [23], [67], [89].
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Aforementioned results regarding the formation of —-OH and —NHy species
may allow us to suggest an overall reduction pathway for the complete nitrate
reduction via Hz(g) on Pt/5.4K>O0/AZT and Pt/10K>O/AZT possesing relatively

higher K20-loadings:
2KNO3 + 5H2¢> N2 + 2KOH + 4H20 35

Moreover, we should not disregard the re-formation of KO species on
Pt/2.7K>O/AZT in the absence of surface hydroxyl groups. Along these lines, an
alternative overall reaction pathway for the complete nitrate reduction on

Pt/2.7K>O/AZT could be:
2KNO3 + 5H>¢> N2 + K20 + 5H,0 3.6

Finally, generation of N-H linkages on the catalyst surfaces upon nitrate
reduction also indicate the presence of additional reduction products such as

ammonia [113] through a general pathway given below:
2KNO3 + 8H2<> NH3 + 2KOH + 4H,0 3.7

Throughout the nitrate reduction process for all catalysts, N2O was the only
detectable gas phase feature in FTIR (i.e. 2225 cm™) as shown in Figure 26.
However, it does not imply that N2O is the only reduction product. NH3 and N2 can
also be considered as other possible reduction products in the gas phase. N2 cannot
be analyzed via FTIR spectroscopy due to lack of a dipole moment change. On the
other hand, since IR radiation passes through the air in the current experimental
setup, vibration frequencies of NH3z and H20 in air overlap and render the detection

of NHj3 rather difficult.
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Figure 26: Time-dependent in-situ gas phase FTIR spectra corresponding to nitrate

=01

reduction via 15.0 Torr of Hz(g) on Pt/Al,O3/ZrO,/TiO> at 323 K for 120 min. Red
spectrum in each panel corresponds to the last spectrum obtained at the end of the

given time interval.

Identical time-dependent series of FTIR spectra were also collected for all
other synthesized materials. While N2O formation in gas phase was obvious to

follow, NH3 and N2 could not be detected.



3.2.3 SOx Adsorption Properties.

In these set of experiments, SOx adsorption characteristics of synthesized
materials were studied as a function of catalyst temperature and catalyst composition

by means of in-situ FTIR spectroscopy.

3.2.3.1 SOx Adsorption on Binary and Ternary Support Oxides

(3 Zro,/TiO, (b) AlO,/Zr0,/TiO,
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Figure 27: FTIR spectra corresponding to SOx uptake/adsorption properties of (a)
ZT and (b) AZT. Bottom black set of spectra in each panel were acquired after SOx
exposure (2.0 Torr, SO2:02 = 1:10) at 323 K, followed by annealing at 373, 473, 573
K (black spectra) and 673 K (red spectra) in the SOx gas mixture for 5 min. All

spectra were recorded at 323K.

Figure 27 represents temperature-dependent SOy adsorption experiments on
ZrOo/TiO2 and AlxO3/ZrO,/TiO,material surfaces upon exposure to 2.0 Torr of

S0O,+02 gas mixture (SO2:02 = 1:10); respectively. While the black-colored spectra
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in each panel correspond to the sulfation at increasing temperatures within 323 - 573
K, topmost red spectra were recorded after sulfation at 673 K. In Figure 27a, three
major vibrational frequencies were observed at 1348, 1008 and 917 cm™ on
ZrO./TiO,. While the vibrational features at 1008 and 917cm™ can be attributed to
surface sulfite (SOs%) species, weak feature at 1348 cm™ can be attributed to the
antisymmetric stretching of surface sulfate (S04%) groups [114]-[118]. Since these
set of spectra were recorded in the gas mixture, antisymmetric stretching of SO2(g)
molecule is also visible at 1362 cm™. The line shape of the spectrum recorded at 323
K and 673 K is almost identical to each other, indicating SOx species were not

significantly altered by the increase in temperature.

Identical set of spectra were also collected for Al,03/ZrO/TiOz ternary mixed
oxide as illustrated in Figure 27b. Al,O3/ZrO2/TiO, surface reveals two major
vibrational features located at 1026 and 988 cm™ in the temperature range of 323-
473 K which can be assigned for sulfate (SO4%) and sulfite(SO3s?) functional groups;
respectively. Absorbance intensities of these two particular vibrational frequencies
are similar at low temperatures. However SO4% species start to dominate sulfite
species with increasing temperature. Thermal oxidation of sulfite species to sulfate
species can also be followed by the appearance of antisymmetric stretching mode of
sulfate groups located at 1371 cm™. Higher oxidation capability of the ternary oxide
system can originate from the disordered and amorphous structural characteristics
which lead to almost ten-fold greater SOx IR absorbance intensities as compared to

that of ZrO»/TiO> given in Figure 27a.
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3.2.3.2 SOx Adsorption on Pt-functionalized Binary and Ternary Oxides

Figure 28 illustrates a series of in-situ FTIR spectra for Pt/ZT and Pt/AZT
surfaces collected in the presence of SO,+02 mixture as a function of temperature. In
Figure 28a, SOx adsorption on the Pt/ZT surface at relatively lower temperatures (i.e.
323 and 373K) reveals two main vibrational features located at 1007 and 920 cm™.
As discussed in the previous section, these features are attributed to sulfate and

sulfite species; respectively.
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Figure 28: FTIR spectra corresponding to SOy uptake/adsorption properties of (a)
P/ZT and (b) Pt/AZT. Black set of spectra in each panel were acquired after SOx
exposure (2.0 Torr, SO2:02 = 1:10) at 323 K, followed by annealing at 373, 473, 573
K (black spectra) and 673 K (red spectra) in the SOx gas mixture for 5 min. All

spectra were recorded at 323 K.
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Relative absorbance intensities of these two features change with varying
temperature, where surface sulfate (i.e. 1007 cm™) features become relatively more
pronounced. Oxidation of sulfite groups into sulfate groups are also evident by the
generation of additional features located at 1387 and 1301 cm™ which can be
assigned to bidentate and tridentate surface sulfate species; respectively. This
sulfation behavior repeats itself for the Pt/AZT sample which exhibits almost

identical vibrational characteristics as shown in Figure 28b.

Unlike the Pt-free ZT and AZT systems, it was observed that the SOy
oxidation capacities of Pt-containing ZT and AZT support materials are close to each
other emphasizing the critical role of Pt-sites in the catalytic oxidation of SOx

species.

3.2.3.3 SOx Adsorption on Pt-functionalized Ternary Oxides with Basic Storage

Domains

Figure 29a-d present temperature-dependent SOx adsorption (2.0 Torr of
SO2+02 gas mixture, SO2:02 = 1:10) on P/AZT, Pt/8BaO/AZT, Pt/20BaO/AZT and
Pt/20BaO/Al (benchmark) catalyst; respectively. While the black-colored spectra in
each panel correspond to the exposures within 323 - 573 K, topmost red spectra are
recorded after poisoning at 673 K. Addition of BaO basic domains onto AZT ternary
oxide system results in a significantly different spectral line shape as compared to
that of BaO-free samples while BaO-containing materials exhibited quite similar
spectral characteristics among themselves (Figure 29b-d). Figure 29 suggests that

SOx oxidation starts to occur at T > 473 K for all of the investigated catalysts therein.
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Figure 29:FTIR spectra corresponding to SOx uptake/adsorption properties of (a)

Pt/AZT, (b) Pt/8BaO/AZT, (c) Pt/20BaO/AZT and (d) Pt/20BaO/Al. Black set of

spectra in each panel were acquired after SOx exposure (2.0 Torr, SO2:0, = 1:10) at

323 K, followed by annealing at 373, 473, 573 K (black spectra) and 673 K (red

spectra) in the SOx gas mixture for 5 min. All spectra were recorded at 323 K.
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At relatively lower temperatures (323-473K), only two main vibrational
features located at 1120 and 970 cm™ that is due to surface sulfates (SOs?)and
sulfites (SOs%) are visible in Figure 29 [52]. As the sulfation temperature is increased
to higher temperatures (573-673 K), the adsorption of sulfate/sulfite groups change
their characteristics revealing four major vibrational features at 1370, 1250, 1160 and
1040 cm™* (Figure 29b-d red spectra). While the features ca. 1250 and 1160 cm™ are
attributed to bulk-like sulfates on BaO (i.e. BaSO4), remaining couple of signals can
be assigned to surface sulfate groups on either AZT support and/or BaO domains

[24], [52], [53], [119].

It is not that much feasible to obtain quantitative poisoning information by
comparing differences in integrated IR absorbance intensities. In order to have a
better understanding regarding quantitative sulfur uptake, TPD experiments were

performed for each sample as illustrated in the forthcoming sections.
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Figure 30: FTIR spectra corresponding to SOx uptake/adsorption properties of (a)
PUAZT, (b) PY/2.7K.O/AZT(c) Pt/5.4K>0/AZT and (d) Pt/10K.O/AZT surfaces.
Black set of spectra in each panel were acquired after SOy exposure (2.0 Torr,
S0.:02 = 1:10) at 323 K, followed by annealing at 373, 473, 573 K (black spectra)
and 673 K (red spectra) in the SOx gas mixture for 5 min. All spectra were recorded

at 323 K.
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Identical set of experiments were also carried out for K>O-functionalized
materials in order to investigate their surface characteristics during interaction with
SOx (i.e. sulfur poisoning). Szanyi et al. reported that increase in K20 loading from 2
wt. % to 30 wt. % led to an increase in NOx storage capacity of Pt/K>O/Al>0Os3
catalysts in the temperature range of 600-800 K [107]. However, in the current study,
we limited the K-O loading of the AZT-based NSR/LNT materials to values less than
10 wt.% due to the irreversible sulfur poisoning for K>O loadings above 10 wt. %, as
will be discussed below.

Figure 30a-d illustrate the SOx uptake of PUYAZT, Pt/2.7K;O/AZT,
Pt/5.4K>0/AZT and Pt/10K>O/AZT surfaces upon exposure to 2.0 Torr of SO2+0;
gas mixture (SO2:02 = 1:10), at various temperatures; respectively. Pt/2.7K>O/AZT
revealed five major vibrational strechings located at ca. 1306, 1178, 1105, 1048 and
1019 cm*(Figure 30b). While the IR bands at 1306, 1105, 1048 and 1019 cm™ can
be attributed to the surface sulfate (SO4*) groups on K,O and/or AZT support,
vibrational feature located at 1178 cm™ is associated with bulk-like sulfate groups on
K20 [52], [60]. This latter feature becomes more discernible with an increase in the
K20 loading (i.e. 5.4 wt. % and 10 wt. %) evident by the increasing relative
absorbance intensity of the 1178 cm™ signal in Figures 30c and 30d. Moreover, SOy
adsorption on Pt/5.4K>O/AZT and Pt/10K,O/AZT materials at 673 K leads to
vibrational features at 1281 and 1238 cm™ along with the absence of any significant
vibrational bands located at ca. >1300 cm™ (Figures 30c and 30d). The vibrational
signals at 1281 and 1238 cm™ can be assigned to predominantly sulfates on KO
domains [24], [52], [119].

It can be argued that with increasing K>O loading, an increasingly larger

portion of the AZT surface is covered by K>O islands/domains, decreasing the extent
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of exposed/uncovered AZT surface. It is also likely that the increase in the K>O
loading also results in the growth of the K>O particle size and formation of 3D
agglomerates, enabling the storage of SOx in the form of bulk-like sulfates in the sub-
surface of these 3D nanoparticles. Furthermore, these findings can be also supported
by the absence of vibrational features located at 1391 and 1306 cm™ on
Pt/5.4K>0/AZT and Pt/10K>O/AZT which are readily observable on PY/AZT and
Pt/2.7KoO/AZT. That is, AZT adsorption sites are significantly suppressed and

highly occupied/covered by KO islands at high loadings.
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3.2.4 SO« Reduction Properties

As well as sulfur adsorption properties of the investigated materials, their
reduction/regeneration performances also have significant influence on the catalyst
life time and NOy storage capacities. Therefore, SOy reduction characteristics of the
synthesized materials were studied as a function of the catalyst temperature by means

of in-situ FTIR spectroscopy.

3.2.4.1 SOx Reduction on Pt-functionalized Binary and Ternary Oxides
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Figure 31: FTIR spectra corresponding to SOx release/desorption properties of (a)
Pt/ZT and (b) Pt/AZT. Catalystswere initially pre-sulfated (2.0 Torr, SO2:0, = 1:10
for 5 min at 673 K) and then exposed to Hz(g) (15.0 Torr), at 323, 473, 673, 773 K

for 5 min. All spectra were recorded at 323 K.
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Figure 31a and Figure 31b illustrate a change in S-related surface functional
groups on Pt/ZT and Pt/AZT catalyst surfaces as a function of temperature in
between 323-773 K in the presence of an external reducing agent, H2(Q);
respectively. For these set of experiments, catalysts were initially saturated with a 2.0
Torr of SO2+02 gas mixture (SO2:02 = 1:10) at 673 K for 5 min and then cooled to
323 K followed by the evacuation of the spectroscopic reactor, introduction of 15.0
Torr Ha(g) at 323 K and annealing in Hz(g) at the given temperatures in between 323
and 773 K. This selected temperature (i.e. 673 K) of sulfur adsorption was
determined based not only on real NSR operational temperature, but also generation

of the strongest IR absorption intensities.

In-situ FTIR spectra acquired immediately after the sulfur poisoning at 673 K
(data not shown here) and after the Hz(g) introduction were identical to that of the
topmost spectra given in Figure 31. In other words, Hz(g) exposure at 323 K has no
detectable influence on the vibrational features of the SOx species residing on the
catalyst surfaces. In Figure 31a and Figure 31b, it is seen that at the beginning of the
reduction series (i.e. after 323 K Hz(g) exposure) SOx-saturated Pt/ZT and Pt/AZT
ternary oxide reveals three main features roughly located at 1390, 1300 and 1020 cm”
1 Although these vibrational features are fairly difficult to analyze due to their highly
convoluted nature, as clearly stated in previous SOx adsorption section, they can be
attributed to antisymmetric and symmetric vibration modes of surface sulfates (SO4>

); respectively [114]-[118].

As indicated in Figure 31a, no significant changes in surface functional
groups on Pt/ZT surface were observed upon heating up to 473K which were then

completely removed at 673K (bottom gray spectrum). These set of reduction
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experiments were also carried out for PtYAZT materials which has much higher
surface area and amorphous like structure. Depending on relative absorbance
intensities of both materials, we can initially deduce that Pt/AZT has much higher
sulfur uptake than Pt/ZT. This result can directly be attributed to higher surface area
of ternary oxide support. On the other hand, thermal stabilities of adsorbed sulfur
species are much stronger on Pt/AZT. These species did not reveal any change upon

heating up to 673K in H2(g) and catalyst is completely regenerated at 773K.

3.2.4.2 SOx Reduction on Pt-functionalized Binary and Ternary Oxides with

Basic Storage Domains

PY/AZT ternary oxide system which has limited NSR activity was modified
by the incorporation of BaO domains serving as NOx storage functionalities with
different mass percentiles (i.e. 8 and 20 wt. % BaO) and analyzed in an analogous
manner. In-situ FTIR spectra in Figure 32b and 32c represent SOx reduction
characteristics of the poisoned Pt/8BaO/AZT and Pt/20BaO/AZT catalysts;
respectively, while Figure 32d shows the corresponding results for the conventional

NSR catalyst (i.e. Pt/20BaO/Al) as the benchmark sample.
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Figure 32: FTIR spectra related to SOx release/desorption properties of (a) Pt/AZT,

(b) Pt/8BaO/AZT, (c) Pt/20BaO/AZT and (d) Pt/20BaO/Al. Catalystswere initially

pre-sulfated (2.0 Torr, SO2:02 = 1:10 for 5 min at 673 K) and then exposed to Hz(g)

(15.0 Torr), at 323, 473, 673, 773, 873 and 973 K for 5min. All spectra were

recorded at 323 K.
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It can be seen in Figures 32b-32d that adsorption geometries of SOx species
on poisoned BaO-containing catalysts (i.e. spectra corresponding to 323 K in Figures
24b-24d) are rather similar as evident by the analogous vibrational features observed
for these samples. The topmost FTIR spectra displayed in Figures 32b-32d reveal
four main vibrational features located at ca.1370, 1250, 1160 and 1040 cm™. While
the vibrational signatures at 1250 and 1160 cm*can be attributed to bulk-like sulfates
on BaO (i.e.BaSO4), the remaining two features can be assigned to surface sulfate
groups located on the BaO domains or residing on the support surface (i.e. AZT or y-
Al>Oz3). In addition to these features, rather convoluted vibrational signatures can be
detected as a shoulder at 970-980 cm™ corresponding to surface sulfites (SO372)

[114]-[118].

Figure 32 suggests that within the temperature range of 323-473 K, SOx
species on the investigated catalysts are relatively stable in the presence of excess
H2(g). However, above 473 K, the sulfate/sulfite groups start to react with Hz(g),
possibly forming H>S(g). H2S(g) evolution was reported in one of our former TPD
studies on SOx-poisoned y-Al,O3, TiO- (anatase) as well as TiO2/Al>O3 binary oxide
surfaces [53]. However it is very likely that the generated H.S(g) in the current

experiments is below the detection limit of the FTIR spectroscopic analysis method.

Increasing the temperature to 673 K in the presence of Hz(g) causes a
significant attenuation of all of the SOx-related vibrational features of the Pt/AZT
catalyst (Figure 32a), where the complete regeneration can be achieved at 773 K
(bottommost/red spectrum in Figure 32a). Figure 32b indicates that as in the case of
PY/AZT, complete SOx elimination from the surface can also be achieved for

Pt/8BaO/AZT at T > 773 K. On the other hand, for Pt/20BaO/AZT and the
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benchmark Pt/20BaO/Al catalyst, complete sulfur elimination in the presence of
H2(g) occurs only at T > 973K (bottommost/blue spectra in Figures 32¢ and 32d).
The differences in the relative thermal stabilities of the SOx species formed on the
P/AZT, Pt/8BaO/AZT, Pt/20/BaO/AZT and Pt/20BaO/Al catalysts will be further

discussed in the next section regarding the TPD experiments under vacuum.

Figure 32 suggests that the Pt/AZT ternary oxide catalyst shows better sulfur
regeneration characteristics than the conventional Pt/20BaO/Al catalyst or the
Pt/8BaO/AZT and Pt/20BaO/AZT catalysts. However, it should be emphasized that
Pt/AZT is not necessarily an ideal NSR catalyst, as the lack of a basic oxide
component such as BaO in its formulation significantly limits the NSC of this

material.
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Figure 33: FTIR spectra corresponding to Pt/20BaO/Al (red spectra) and Pt/AZT
(black spectra) catalysts after 5.0 Torr NO2 exposure at 573 K for 10 min and

subsequent evacuation. All spectra were recorded at 323 K.
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This is illustrated in Figure 33 showing the in-situ FTIR spectra for the clean
Pt/AZT versus Pt/20BaO/Al which were saturated with 5.0 Torr NO2(g) at 573 K for
10 min. It is difficult to make a precise quantitative comparison of the amount of
NOx species adsorbed on Pt/AZT versus Pt/20BaO/Al solely based on the integrated
FTIR intensities (due to the differences in the IR absorption cross sections of
dissimilar oscillators and vibrational intensity transfer processes between oscillators
[120]). However one can still qualitatively argue that Pt/AZT sample lacking any
NOy storage component (i.e. BaO) adsorbs a lower quantity of NOx with respect to
that of the Pt/BaO/Al benchmark catalyst during the batch-mode in-situ FTIR
spectroscopic measurements described above.

SOx reduction/regeneration/removal experiments were also carried out for
K2O-based materials under identical experimental conditions. Figure 34a-d
demonstrates the changes in surface functional groups on Pt/AZT, (b)
Pt/2.7K>0/AZT(c) Pt/5.4K>0/AZT and (d) Pt/10K.O/AZT; respectively. Since the
detailed analysis of S-related vibrational features on K>O-based materials were given
in previous sections, we will only focus on the thermal stabilities of SOx groups
under Hz atmosphere in the temperature range of 323-873 K.

In the series of experiments given in Figure 34, spectral line shapes do not
typically change in a noteworthy manner at reduction temperatures < 473 K.
However, increasing the reduction temperature to 673 K (gray spectra in Figures
34a-34c) leads to noticeable alterations in the FTIR spectra, where bulk and surface

sulfate/sulfite species significantly attenuate for Pt/AZT, Pt/2.7K>O/AZT and

Pt/5.4K.0/AZT.
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Figure 34: FTIR spectra related to SOx release/desorption properties of (a) Pt/AZT,
(b) Pt/2.7K,O/AZT (c) Pt/5.4K0/AZT and (d) Pt/10K.O/AZTmaterials.
Catalystswere initially pre-sulfated (2.0 Torr, SO,:02 = 1:10 for 5 min at 673 K) and
then exposed to Hz(g) (15.0 Torr), at 323, 473, 673, 773, 873 and 973 K for 5 min.

All spectra were recorded at 323 K.
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Increasing the temperature to 773 K in the presence of H. leads to the
complete elimination of the SOy-related vibrational signatures on PUAZT,
Pt/2.7KO/AZT and Pt/5.4K,O/AZT surfaces (red spectra in Figures 34a-34c).
However, AZT-based catalysts with the highest K>O loading used in the current
study (i.e. Pt/10K>O/AZT) not only showed unique sulfur uptake characteristics as
presented in Figure 30d which is dominated by bulk-like sulfates, but also revealed a
fairly different SOx-reduction profile in the presence of Ha(Figure 34d). As can be
seen in Figure 34, at relatively low temperatures (i.e. T < 673 K), a significant
portion of the SOy species can already be eliminated from Pt/AZT, Pt/2.7K,O/AZT
and Pt/5.4K;0/AZT surfaces. However, at T < 673 K, almost all of the S-related
surface functional groups remain intact on Pt/10K>O/AZT.

Here, it is worth summarizing that temperature required (i.e. 773 K) for
complete sulfur regeneration is almost identical for the Pt/AZT, Pt/8BaO/AZT,
Pt/2.7K2O/AZT and Pt/5.4K,O/AZT materials. However, sulfate/sulfite groups on
Pt/20BaO/AZT, Pt/20BaO/Al.03, and Pt/10K.O/AZT are observed to be much more
resilient against thermal annealing and require higher temperatures for complete

sulfur regeneration.
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3.3 Temperature Programmed Desorption (TPD) Analysis

3.3.1 NOx Adsorption and Desorption Propertiesvia TPD

3.3.1.1 NOx TPD on Binary and Ternary Oxides

NOy adsorption and desorption properties of synthesized materials viain-situ
FTIR analysis yields predominantly qualitative information. In this section, FTIR
experiments were combined together with TPD analysis in order to gather
quantitative insight regarding the total NOx adsorption quantities and thermal
stabilities of adsorbed nitrate/nitrite species. Figure 35a and Figure 35b illustrate the
TPD profiles of ZT and AZT materials after NO2(g) saturation (5.0 Torr for 10 min)
at 323 K; respectively. In comparison, NOy desorption characteristics of ZT and AZT
materials revealed completely different pathways in TPD analysis. While
nitrate/nitrite groups were completely removed below 800 K, NOx desorption from
AZT surface did not cease even at 973 K. Nitrate decomposition from both materials
led to a major desorption signal related to NO (m/z=30) together with other
desorption features of N2, Oz, N2O and NO.. In Figure 35a, two major NO (m/z=30)
desorption maxima upon nitrate decomposition for the ZT sample located at 640 and
750 K were observed. For the low temperature desorption state at 640 K, nitrate
decomposition from ZT surface generated simultaneous evolution of NO, Oz, N2O
and NOqcorresponding to m/z signals at 30, 32, 44 and 46; respectively. High
temperature desorption state at 750 K, however revealed NO and N0 signal together
with lesser contributions from Oz and NOx.

In contrast, nitrate decomposition from AZT surface shows completely
different characteristics where NOyx desorption was not completed within the

temperature window of 323-973 K. Major NO (m/z=30) desorption line grew
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continuously with increasing desorption temperature. This behavior indicates that
nitrates are found in thermally more stable states on AZT as compared to that of ZT
surface. This result is in good agreement with the previously discussed H2 reduction
experiments (see section 3.2.2.1) and can indirectly be correlated to the existence of
a large concentration of surface defects and coordinatively unsaturated adsorption

sites which are present on the disordered/poorly crystalline AZT surface revealing a

higher SSA.
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Figure 35: TPD profiles obtained from (a) ZT and (b) AZTsamples after saturation
with 5 Torr NO2(g) at 323 K for 10 min. The inset in each panel presents the FTIR
spectra of the surfaces before (black) and after (red) TPD analysis. Copyright 2014

Elsevier B.V. [67].

Quantitative analysis of the integrated TPD signals were made using the
corresponding mass spectroscopic fragmentation factors for some of the major gas
phase species of interest namely, NO2, NO, N20O and N2 [67]. For the calculation of
the total integrated TPD signal of NO2, m/z = 30 and m/z=46 channels were
considered. Analysis of a pure NO2(g) sample using the current QMS (SRS RGA

200) yields m/z = 30 to m/z=46 intensity ratio of 3.23. Hence in order to calculate the
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NO. TPD signal before fragmentation, m/z=46 integrated signal (146) should be

multiplied by a factor of 3.23+1.00 = 4.23. This value is denoted as “A”.

For the calculation of the total integrated TPD signal of N2O, m/z = 30 and
m/z=44 channels were considered. A pure N>O(g) sample yields a m/z = 30 to m/z=
44 intensity ratio of 0.34 upon fragmentation in the QMS. Hence in order to calculate
the N2O TPD signal before fragmentation, m/z=44 integrated signal (144) should be

multiplied by a factor of 0.34+1.00 = 1.34. This value is denoted as “o”.

For the calculation of the total integrated TPD signal of NO(g), m/z = 30
channel was considered. However, m/z = 30 channel also has contributions from
N20(g) and NO2(g). Thus in order to calculate the net NO(g) integrated signal (B),
contributions from N20O(g) and NO2(g) should be subtracted from the integrated m/z
= 30 signal (130). Contribution of NO2(g) in m/z = 30 signal is 3.23 times the m/z =
46 signal, while contribution of N2O(g) in m/z = 30 signal is 0.34 times the m/z = 44

signal.

For the calculation of the total integrated TPD signal of N2(g) (i.e. 0), m/z =
28 channel was considered. However, m/z = 28 channel also has contributions from
N20(g). Thus in order to calculate the net N2(g) integrated signal (), contributions
from N20(g) should be subtracted from the integrated m/z = 28 signal (128).

Contribution of N2O(g) in m/z = 28 signal is 0.11 times the m/z = 44 signal.

A = Quantity of NO2 = ([ 146.AT) x 4.23
@ = Quantity of N20 = ([ 144.AT) x 1.34

B = Quantity of NO = ([ 130.AT) — (J 146.AT) x 3.23 — (J 144.AT) X 0.33
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© = Quantity of N2 = [([128.AT) — (J 144.AT) x 0.11]

In order to calculate the total number of NO> molecules adsorbed on the
surface, one needs to consider nitrogen mass balance. Taking account of the fact that
each desorbing N2(g) and N2O(g) molecule originates from two nascent adsorbed
NO2(ad), while each desorbing NO(g) and NO2(g) molecule originates from a single
nascent adsorbed NOz(ad), total amount of adsorbed NOy species can be estimated as

follows:
Zwsc = A+2a+f+26

In the light of these detailed calculations mentioned in above equations,
comparison of the TPD signal intensities for ZT and AZT support materials reveals
that the NOy adsorption capability of the AZT ternary oxide is way larger than that of
the ZT binary oxide. This direct comparison is based on the total integrated area
under the N-related desorption channels (i.e. NO+NO2+N2+N20). The total NOx
adsorption capability of ternary oxide system was found to be 143 % greater than
that of binary oxide system. These values obtained from TPD calculations are in
perfect agreement with the FTIR data set presented in section 3.2.1.1. Moreover,
residual N-related species or completion of nitrate decomposition can be followed by
the surface spectra before (black spectra) and after (red spectra) TPD analysis as
illustrated in the insets of Figure 35a and 35b. These insets clearly indicate that while
all of the nitrate/nitrite species on ZT were completely removed, significant amount

of N-related species was observed on AZT even after TPD analysis.
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3.3.1.2 NOx TPD on Pt-Functionalized Binary and Ternary Oxides

As we already stated in previous sections, presence of Pt has no influence on
the adsorption geometries of nitrate/nitrite functional groups on binary and ternary
mixed oxides. In this section, effect of Pt metals on relative NOx adsorption capacity
and nitrate/nitrate decomposition characteristics was investigated via TPD analysis

complementary to the FTIR results.
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Figure 36: TPD profiles obtained from (a) Pt/ZT and (b) Pt/AZTsamples after
saturation with 5 Torr NO2(g) at 323 K for 10 min. The inset in each panel presents
the FTIR spectra of the surfaces before (black) and after (red) TPD analysis.

Copyright 2014 Elsevier B.V.[67].

Figure 36a and Figure 36b illustrates the nitrate/nitrite decomposition
pathways obtained after NOyx saturation on both Pt/ZT and Pt/AZT at 323 K;
respectively. As in the case of ZrO/TiO> (Figure 27a), NO desorption line of
Pt/ZrO2/TiO2 has two temperature maxima at 630 and 755K as shown in Figure 36a.
However, it is apparent that relative abundance of high temperature desorption
feature at 755 K is significantly suppressed due to redox activity of platinum metal.
Here, Pt sites facilitates the bond cleavage that favors the high temperature nitrate

desorption temperature toward the lower states in Pt/ZrO2/TiO2.. Another influence
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of the platinum is the change in relative intensities of the N2 and N2O desorption
channels. Total integrated area under N2 and N2O features significantly increases
upon Pt incorporation that can possibly be attributed to the Pt-catalyzed direct
partial/total reduction of the adsorbed nitrates on the Pt/ZrO./TiO, sample. Lack of a
significant Oz desorption signal at 755 K indicates that the oxidizing species such as
atomic oxygen or diatomic oxygen generated during the partial/total reduction of
nitrates are possibly captured by the Pt/ZT system where they may oxidize Pt sites
and/or titrate oxygen defects in the tetragonal ZrO> or ZrTiO4 phases. On the other
hand, Pt incorporation to ZrO,/TiO, system significantly enhances NOy adsorption
capacity. While integrated area under NO desorption signal increases by about 32 %,
total integrated NOx adsorption capability associated with NO+NO2+N2+N2O
desorption channels increases by about 100 %. However, it should be noted that
these values do not represent the real NOx Storage Capacity (NSC) and can only be
evaluated as semi-quantitative comparison of investigated materials.

Identical set of TPD experiments were also carried out for Pt/AZT catalyst as
shown in Figure 36b. This investigation clearly states that thermal decomposition of
nitrate/nitrite  species exhibited different desorption characteristics where
incorporation of Pt metals significantly promote much lower temperature maxima
(640 and 730 K, Figure 36b) for nitrate decomposition. While nitrate/nitrite
decomposition at 640K takes place in the form of NO, O, and NO-, anotherNOx
desorption state at 730K occurs via evolution of NO and O only. Moreover, Pt/AZT
material revealed identical NO (m/z=30) desorption temperature maxima as
compared to those of ZT and Pt/ZT. These similarities can possibly be correlated by
the redox capability of platinum metals that oxidizes the AZT surface during the

calcination step leading to the formation of finely dispersed and ordered structures of
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tetragonal-ZrOz, TiO2, ZrTiOs and Al.Oz which is elusive to detect via bulk
characterization techniques such as XRD.

Since nitrate/nitrite decomposition is not complete within the temperature
window of TPD analysis for AZT material, it is difficult to compare relative NOx
adsorption capabilities in between AZT and Pt/AZT. In any case, Pt incorporation to
the AZT system drastically increase integrated total NO (m/z=30) signal by about
288 %, total integrated area under the N-related signals associated with
NO+NO2+N2+N20 increases by about 50 % as well.

Furthermore, relative NOx adsorption quantities of each material should be
also evaluated by taking their specific surface area into account rather than active
adsorption/storage sites. These calculations revealed that presence of the platinum in
binary oxide system enhances the total integrated NOx-adsorption/m? by about 41 %.
However, Pt incorporation to the ternary oxide system plays much more significant
role that boosts the NOx-adsorption/m? by about 109 %.

Corresponding FTIR data presented as inset in Figure 36a and Figure 36b
indicates the surface N-related functional groups before (black spectrum) and after
(red spectrum) TPD analysis (i.e. after annealing at 973 K). We can correspondingly
deduce the complete desorption for both materials as indicated in the insets in Figure
36. Here, one can readily refer to Figure 34b in order to interpret the role of Pt on the

thermal stabilities of surface nitrate/nitrite groups on ternary oxide system.
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3.3.1.3 NOx TPD on Pt-functionalized Binary and Ternary Oxides with Basic

Oxides

Prior to TPD experiments, materials were saturated by 5.0 Torr NO2(g) for 10
min at 323 K, followed by vacuum annealing up to 973 K. Figure 37a-d illustrates
the TPD profiles obtained after NO»(g) adsorption over Pt/AZT, Pt/8BaO/AZT,
Pt/20BaO/AZT and Pt/20BaO/Al materials; respectively. Thermal decomposition of
adsorbed nitrate species on Pt/AZT and Pt/8BaO/AZT exhibits relatively similar
characteristics as shown in Figure 37a and Figure 37b; respectively. It is clear that
NO desorption signal (m/z=30) revealed two main desorption maxima at 645 and 740
K. While nitrate decomposition produces desorption channels of NO (m/z=30), NO>
(m/z=46) and O2 (m/z=32) at low temperature state (i.e. 645 K), major desorption
features are primarily NO (m/z=30) and O2 (m/z=32) for high temperature state (i.e.
740 K) with a relatively insignificant contribution from other desorption channels.
Identical TPD experiments were also performed for the catalysts with higher BaO
loadings (i.e. wt. % 20 BaO). Thermal decomposition of nitrate species on
Pt/20BaO/AZT and Pt/20BaO/Al,Os material surfaces are illustrated in Figure 37c
and 37d; respectively. As compared to previous TPD results for Pt/AZT and
Pt/8BaO/AZT, Figure 37c and Figure 37d obviously indicate that desorption
channels related to NO (m/z=30) and O> (m/z=32) at the high temperature state (i.e.

750 K) are more pronounced with much higher QMS intensity.
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Figure 37: TPD profiles obtained from (a) Pt/AZT, (b) Pt/8BaO/AZT, (c)
Pt/20BaO/AZT and (d) Pt/20BaO/Al,O3 samples after saturation with 5 Torr NO2(g)
at 323 K for 10 min. The inset in each panel shows the FTIR spectra of the surfaces

before (black) and after (red) TPD analysis.
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These findings lead us to obtain fundamental knowledge related to nitrate
decomposition mechanisms on BaO-containing materials in the absence of external

reducing agent which are summarized via following pathways:

Ba(NO3),<> BaO + NO + NO; + O, (645 K) 3.12

Ba(NOs),<> BaO + 2NO + 3/20; (740 K) 3.13

Ozensoy et al. [121] also investigated nitrate decomposition on
BaO/Al>O3/NiAl(100) model catalyst indicating two major desorption states at 620
and 794 K, which are relatively close to our results on high surface area powder

catalyst.

In addition to the mechanistic information obtained via TPD results, one can
also readily gather more quantitative knowledge regarding the relative NOx
adsorption capability by integrating each of the N-related desorption channels (i.e
NO + NO2+ N2+ N20) as previously mentioned in one of our most recent studies
[67]. However, we should make sure that whole adsorbed NOyx species are
completely desorbed from investigated surfaces at the end of TPD analysis in order
to make reasonable calculations. FTIR data corresponding to surfaces before and
after TPD experiments were illustrated as insets in Figure 37. These FTIR data set
clearly emphasize that materials are completely regenerated after TPD (i.e. annealing

under vacuum at 973 K).

Figure 38 shows the results based on the total integrated signals under TPD
curves presented in Figure 37a-37d and their SSA normalized values. These values
were obtained using fragmentation factors of our own QMS as stated in the previous

section.
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Figure 38: (a) Integrated NOx TPD desorption signals and (b) corresponding SSA-

normalized values.

Calculated numbers clearly suggest that NOx adsorption capability of Pt/AZT
is slightly affected by the addition of wt. 8 % BaO. However, higher BaO loading
(i.,e. 20 wt. %) onto Pt/AZT leads to a drastic change where total integrated area
increased by about 58 %. Moreover, it was found that NOx adsorption performance

of Pt/20BaO/AZT is 19 % higher than that of benchmark NSR Pt/20BaO/Al;0:s.

Moreover, calculated NOyx adsorption quantities should also be assessed by
considering their specific surface areas (SSA). Depending on SSA normalized
values, NOx adsorption capability at 323 K can be ranked as Pt/20BaO/AZT >
Pt/20BaO/Al>03 > Pt/8BaO/AZT> Pt/AZT. Here, it should be mentioned once again
that since these values were derived at 323 K in a batch-type reactor together with
the use of NO2(g) only, they cannot directly be correlated by the realistic NOx

storage capacities (NSC) of investigated materials.
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Another series of analysis regarding K>O-based materials were also
conducted under identical experimental conditions in order to gather semi-
quantitative knowledge regarding the relative NOx-adsorption capabilities of
investigated materials. Figure 39a-39d illustrates characteristics of NOx-TPD profiles
of synthesized materials with different K2O loadings. Thermal decomposition of
adsorbed nitrate/nitrite groups exhibits similar behavior for Pt/AZT and
Pt/2.7K2O/AZT as shown in Figure 39a and Figure 39b; respectively. Similar to the
Pt/AZT, nitrate/nitrite decomposition from Pt/2.7K,O/AZT yielded two main NO
(m/z=30) desorption maxima at 645 and 715 K, having almost identical QMS
intensities as shown in Figure 39b. While nitrate decomposition produces desorption
channels of NO (m/z=30), NO2 (m/z=46) and O, (m/z=32) at low temperature state
(LT=645 K), major desorption features are primarily NO (m/z=30) and O, (m/z=32)
for high temperature state (HT=715 K) with a relatively negligible contribution from
other desorption channels. That is, PYAZT and Pt/2.7K>O/AZT exhibit identical
surface characteristics that can be expressed by the well dispersed and 2-D K>O
domains over AZT support, yielding the formation of surface like nitrate species
rather than bulk like nitrates as already stated by the FTIR-NOyx adsorption
experiments. In this particular loading, both K>O domains and AZT support sites
have concomitantly exposed to NOy adsorption. On the other hand, materials with
higher KO loading, Pt/5.4K>O/AZT and Pt/10K>O/AZT, were also investigated

under identical conditions as illustrated in Figure 39c and Figure 39d; respectively.
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Figure 39: TPD profiles obtained from (a) Pt/AZT, (b) Pt/2.7K>O/AZT, (c)
Pt/5.4K>0/AZT and (d) Pt/10K>O/AZTsamples after saturation with 5 Torr NO2(g)
at 323 K for 10 min. The inset in each panel shows the FTIR spectra of the surfaces

before (black) and after (red) TPD analysis.

As compared to previous TPD results for Pt/2.7K;O/AZT catalyst,
nitrate/nitrite decomposition from Pt/5.4K.O/AZT catalyst clearly point out that
desorption features associated with NO (m/z=30) and Oz (m/z=32) at high
temperature state (i.e. 715 K) were more pronounced together with the higher QMS
intensity. Moreover, it should be noted that NO. (m/z=46) desorption feature shifted
towards high temperatures. Further increase in K>O loading revealed significantly
different desorption pathways for Pt/10K>O/AZT where low and high temperature
desorption states are highly discernible at 660 and 745 K; respectively as shown in

Figure 39d.
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These series of results are in very good agreement with the FTIR adsorption
experiments suggesting the formation of 3-D KO islands over AZT support and
generation of bulk/ionic nitrates with increasing K>O loading. Overall nitrate
pathway on K>O-containing materials can be envisioned as follows:

2KNO3 K20 + NO + NO2 + O3 (740 K) 3.14

One can readily gather quantitative knowledge regarding the relative NOx
adsorption capabilitiey by integrating N-related desorption channels (i.e NO + NO»+
N2+ N20) as mentioned in previous sections as well as in one of our recent studies
[67]. We should however make sure that all of the adsorbed NOx species are
completely removed from the investigated surfaces at the end of TPD analysis in
order to make accurate calculations. FTIR data corresponding to surfaces before and
after TPD experiments were illustrated as insets in Figure 38. These FTIR data
clearly emphasize that materials were completely regenerated after TPD (i.e.
annealing under vacuum at 973 K). Figure 40 shows the integrated values under
TPD curves presented in Figure 37d and 39a-39d and their SSA normalized values.
These values are generated via specific series of equations described in the previous

section.
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derived from TPD analysis and (b) their SSA normalized values.

As can be seen in Figure 40, relative NOy storage amounts of the AZT-based
catalysts increase monotonically with increasing K-O loading until 5.4 wt. % KO,
after which it converges to a value that is comparable to that of the Pt/20BaO/Al
benchmark catalyst. Moreover, calculated NOyx adsorption quantities should be also
assessed by considering their specific surface areas (SSA). Depending on SSA
normalized values, NOx adsorption capability at 323K can be ranked as

Pt/20BaO/Al203 > Pt/10K.O/AZT> Pt/5.4K0/AZT> Pt/2.7K.O/AZT> Pt/AZT.
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3.3.2 SOx Adsorption and Desorption Propertiesvia TPD

3.3.2.1 SOx TPD on Pt-functionalized Binary and Ternary Oxides

TPD experiments were carried out in vacuum in order to investigate the
thermal regeneration ability of the synthesized catalysts after sulfur poisoning, as
well as to compare the relative adsorption strengths of SOx species residing on the
poisoned catalyst surfaces. Prior to TPD experiments, each catalyst was exposed to

2.0 Torr SO2+02 gas mixture (SO2:02 = 1:10) at 673 K for 30 min.
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Figure 41: TPD profiles for (a) Pt/ZT and (b) Pt/AZT after 2.0 Torr SOx (2.0 Torr

S0,+02, SO2:02 = 1:10) adsorption at 673 K for 30 min.
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Figure 41a and 41b demonstrates the TPD analysis of SOx-poisoned Pt/ZT
and Pt/AZT materials; respectively. These set of experiments reveal major
decomposition products of sulfate/sulfite groups upon thermal annealing under
vacuum in the temperature range of 323-1050 K (i.e. the highest experimentally
attainable temperature in the current TPD setup). Figure 41 illustrates that
decomposition of S-related species exhibits two major TPD desorption channels

namely, m/z =32 and 64 corresponding to Oz and SO desorption; respectively.

In Figure 41, adsorbed SOx species on each Pt-supported binary and ternary
oxide systems are highly stable so that no desorption signals were detected until 700
K. Beyond this temperature, sulfate/sulfite groups on each catalyst started to
decompose by generating major features of O, and SO, within a relatively similar
temperature range (i.e. 800-900 K). Moreover, it is worth mentioning that generation
of another major reduction product of H,S is elusive to detect due to lack of external

reducing Haz(g).

On the other hand, we can also conclude that Pt/AZT material revealed much
higher QMS intensity, indicating the relatively higher sulfur uptake as compared to
that of Pt/ZT which might be correlated to much higher SSA of the former material.
As already emphasized throughout previous sections, despite the promising sulfur
regeneration performance of BaO-free and K>O-free materials, these materials
should be further functionalized to have a delicate balance between NOy storage
capacity and sulfur regeneration performance. In the forthcoming section, relative
sulfur adsorption and decomposition characteristics of BaO or K>O-containing

NSR/LNT materials will be investigated.
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3.3.2.2 SOx TPD on Pt-functionalized Ternary Oxides Containing Basic Storage

Domains

Figures 42a-42d illustrate the TPD profiles corresponding to pre-sulfated
PYAZT, Pt/8BaO/AZT, Pt/20BaO/AZT and Pt/20BaO/Al catalysts; respectively.
Each panel in Figure 41 shows two major TPD desorption channels namely, m/z =32
and 64 corresponding to Oz and SO> desorption; respectively. It is worth mentioning
that no other desorption species such as H»S were detectable in the TPD experiments.
Figure 42 clearly shows that SOx species adsorbed on all of the investigated catalysts
have high thermal stability, evident by the lack of any SOy desorption/decomposition

signals below 700 K.

On the other hand, SOx decomposition/desorption maxima in Figure 42 show
noticeable variations as a function of catalyst composition indicating the
dissimilarities in the relative thermal stabilities of SOy species on different catalyst
surfaces. For the Pt/AZT70 catalyst lacking BaO (Figure 42a), m/z =32 and 64
desorption channels reveal identical temperature maxima at 820 K. This indicates
that the sulfate and sulfite species decompose and desorb from the Pt/AZT surface
predominantly in the form of SO2(g) + O2(g). Figure 42a suggests that the SOx
desorption is almost complete for the PtYAZT sample within the thermal window of

TPD analysis.
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Figure 42: TPD profiles for (a) PYAZT, (b) Pt/8BaO/AZT, (c) Pt/20BaO/AZT and
(d) Pt/20BaO/Al catalysts after 2.0 Torr SOx (2.0 Torr SO2+0,, SO2:0, = 1:10)

adsorption at 673 K for 30 min.
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In contrast, when the TPD data for Pt/AZT (Figure 42a) is compared with that
of the conventional Pt/20BaO/Al benchmark catalyst (Figure 42d), it can readily be
seen that, SOx desorption maxima shift to significantly higher temperatures
extending well beyond 1050 K (i.e. the highest experimentally attainable temperature
in the current TPD setup) with incomplete desorption. This observation implies that
the presence of basic BaO domains yields strong binding sites for SO, leading to the
formation of thermally stable bulk like sulfate and sulfite species, unlike the

relatively more acidic Pt/AZT surface exhibiting weaker adsorption sites for SOx.

Figures 42b and Figure 42c corresponding to the TPD profiles of sulfur
poisoned Pt/8BaO/AZT and Pt/20BaO/AZT catalysts suggest that by varying the
BaO loading, one can fine-tune both the SOy adsorption strength as well as the total
amount of SOx species adsorbed on the catalyst surfaces. Although the types of the
desorbing species (i.e. SO2(g) + O2(g)) do not change upon BaO incorporation to the
PtY/AZT structure; the desorption temperature maxima monotonically shift to higher
temperatures with increasing BaO loading. It can also be realized that increasing
BaO loading also increases the amount of SOx adsorbed on the catalyst surfaces
which is evident by the greater integrated TPD signals for Pt/20BaO/AZT (Figure

41c) with respect to that of Pt/8BaO/AZT (Figure 42b).

Comparison of the TPD results given in Figures 41 and Figure 42 indicates
that SOx desorption temperatures and the SOx adsorption strength increases in the
following order: Pt/ZT ~ PUYAZT < Pt/8BaO/AZT < Pt/20BaO/AZT < Pt/20BaO/Al.
Also, comparison of the BaO-containing samples reveals that the amount of adsorbed
SOx on the catalyst surfaces can be ranked as follows: Pt/8BaO/AZT <

Pt/20BaO/AZT < Pt/20BaO/Al.
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Figure 43: FTIR spectra corresponding to residual sulfur content on (a) Pt/AZT, (b)

Pt/8BaO/AZT, (c) Pt/20BaO/AZT and (d) Pt/20BaO/Al catalysts before (black) and

after (red) SOx-TPD analysis.
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Moreover, residual sulfur analysis of corresponding materials was also
investigated by means of FTIR spectroscopy in order to have a better insight into
sulfur regeneration performances. Figure 43 illustrates a set of FTIR spectra recorded
before (black spectrum) and after (red spectrum) SOx-TPD analysis of corresponding
materials. While complete sulfur removal/regeneration was achieved for Pt/AZT
(Figure 43a) and Pt/8BaO/AZT (Figure 43b), significant amount of sulfate/sulfite
residues on Pt/20BaO/AZT (Figure 43c) and Pt/20BaO/Al (Figure 43d) were

observed within the thermal window of TPD analysis.

Along the entire discussion, we comprehensively set forth the superior NSR
activity of particular catalyst, Pt/8BaO/AZT, in terms of better NOx storage capacity

and excellent sulfur regeneration performance at different experimental conditions.

We also investigated the surface acid-base properties of synthesized catalysts
by titrating their surface acidic sites (i.e.Brensted and/or Lewis sites) with pyridine

chemisorption monitored via in-situ FTIR spectroscopy as shown in Figure 44.

Pyridine adsorption at 298 K revealed six different vibrational features
located at c.a 1610, 1589, 1574, 1540, 1485 and 1441 cm™. Along these vibrational
bands, while 1610, 1485 and 1441 cm™ can be attributed to C-C stretch of a
coordinatively bonded pyridine complex indicating the presence of Lewis acid sites,
1540 cm™ can be assigned for C—C stretching vibration of the pyridinium ion used
for Brensted acid sites [122]-[124]. It should also be kept in mind that feature
located at 1485cm™ can also be attributed to both Lewis and Brensted acid sites,
simultaneously [125]. On the other hand, two features located at 1589 and 1574 cm
can be tentatively assigned to weakly adsorbed pyridine bonded OH™ groups on

support surface [126].
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Figure 44: In-situ FTIR spectra corresponding to pyridine adsorption on (a) Pt/AZT,

(b) Pt/8BaO/AZT, (c) Pt/20BaO/AZT and (d) Pt/20BaO/Al catalysts at 298 K.

In Figure 44a and 44b, incorporation of 8 wt. % BaO to Pt/AZT system
causes a significant increase in the surface concentration of Lewis acid sites that can
be correlated with the higher IR absorbance intensity of particular vibrational
features. However, this trend did not proceed further for higher BaO loading (i.e. wt.
20 % BaO) to Pt/AZT where vibrational features were diminished due to blocking of
the AZT surface. This decrease in IR intensities indicates that Pt/20BaO/AZT has a
lesser number of Lewis acidic surface sites as compared to Pt/8BaO/AZT shown in
Figure 44c. Furthermore, Pt/20BaO/Al benchmark catalyst exhibits almost identical
surface acidity to Pt/20BaO/AZT except the presence of an additional weak shoulder

at 1540 cm™ assigned to Brensted acid sites as illustrated in Figure 44d.
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Depending on these findings, we can directly denote that each AZT-supported
catalyst has substantial amount of Lewis acid sites rather than Brensted sites and
Pt/8BaO/AZT catalyst surface revealed the largest concentration of Lewis acidic
sites among all other investigated materials. Along these lines, we can constitute a
direct correlation in between superior sulfur regeneration performance of

Pt/8BaO/AZT and the significant role of the concentration of Lewis acid sites.

In addition to the pyridine adsorption and in-situ FTIR spectroscopy, the
acidic properties of the catalysts were investigated using ammonia as a probe
molecule. After adsorption at 50°C, physisorbed ammonia was released at low
temperatures. TPD profiles of the samples are shown in Figure 45 and each TPD
profile is characterized by weakly, medium and strongly bound ammonia to the

catalytic surfaces.

The ammonia desorption peak with a maxima at around 400 K corresponds to
AZT mixed oxides support, as well as to Al,Os, and it can be assigned to the
ammonia desorption from the Lewis and/or Bronsted acid sites [127]-[129]. A clear
difference between the AZT and Al2Oz, is that the ammonia desorption from the
AZT support is much broader with a shoulder at high temperature. These results
clearly reveal the larger acidity for the AZT support. The incorporation of 8 wt. % Ba
and 20 wt. % Ba; respectively, into the AZT support is evidenced by decreased
ammonia storage at high temperature, especially for the high barium loaded sample.
NH3 desorption in terms of mmol/gcat was also calculated and illustrated in Figure 46
for each material. These results are in a good agreement with the pyridine adsorption

experiments in the former section.

120



1000 800
— PY20Ba/Al
—— PY8Ba/AZT
— PY20Ba/AZT
800 - _
_ - 600
= 600 - o
o) 2
o - 400 ©
2 g
8 400 - £
(0]
= PYSBa/AZT e
= PYAZT - 200
200 -
0 T T T T T T T 0
0 20 40 60 80 100 120 140 160

Time (min)

Figure 45: NHsz TPD profiles of PY/AZT, Pt/8BaO/AZT, Pt/20BaO/AZT and
Pt/20BaO/Al catalysts. The samples were exposed to 2000 ppm NH3 at 323 K for 8 h
during adsorption. After the samples were treated with argon for 30 min, the

temperature was increased to 1073 K in argon and the ammonia desorption occurs.
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Figure 46: Integrated TPD signals obtained via NHs-TPD experiments.
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Figure 47: TPD profiles for (a) P/AZT, (b) Pt/2.7K>0/AZT, (c) Pt/5.4K>0O/AZT and
(d) P/10K20O/AZT catalysts after 2.0 Torr SOx (2.0 Torr SO2+02, SO2:0, = 1:10)

adsorption at 673 K for 30 min.
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Identical set of TPD experiments were also performed for K>O-based
materials in order to investigate the effect of K>O loading on thermal stability of
sulfate/sulfite groups. Figures 47a-47d demonstrates the desorbing species as a result
of thermal decomposition of sulfates and sulfites from Pt/AZT, Pt/2.7K>0O/AZT,

Pt/5.4K.0/AZT and Pt/10K,O/AZT catalysts; respectively.

Figure 47shows the TPD spectra corresponding to the thermal decomposition
of sulfates and sulfites on Pt/AZT, Pt/2.7K.O/AZT, Pt/5.4K>0/AZT and
Pt/10K>O/AZT catalyst surfaces. In these TPD experiments, only O, and SO
desorption channels (corresponding to mass to charge ratios of m/z =32 and 64;
respectively) revealed significant signals and other SOx or H»S species were not
detectable. As in the case of the BaO-based conventional NSR/LNT catalyst (Figure
42d), SOx-related species adsorbed on Pt/AZT and its K>O-incorporated counterparts
reveal high thermal stability which is evident by the appearance of SOx desorption

signalsat T > 700 K.

Analysis of the general TPD line shapes given in Figures 47a-47c suggests
that at least two different SOx desorption signals exist for PtYAZT, Pt/2.7K>O/AZT
and Pt/5.4K,O/AZT catalysts at T <1050 K, revealing desorption maxima located at
ca. 800-820 K and at 900-975 K. Furthermore, SO, desorption on these surfaces
within 700-1050 K is accompanied by O desorption, suggesting that sulfate/sulfite
decomposition occurs in the form of simultaneous SOz + O release. It should be
noted that the contribution of the SO> gas to the m/z=32 signal due to electron-
impact induced fragmentation of SO> in the QMS ionizer chamber is less than 10 %,
suggesting that m/z=32 signal can be almost exclusively attributed to the evolution of

O2(g) from the catalyst surfaces.
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It is visible in Figures 47a-47c that the TPD desorption maxima tend to shift
towards higher temperatures with increasing K2O loading in the catalyst formulation.
It can also be noticed that with increasing K20 loading to 5.4 wt. % (see Figure 47c),
relative intensity of the 820 K desorption feature which can be mostly associated
with SOy species on AZT surface is suppressed, along with the generation of a high-
temperature desorption shoulder at 975 K. This is in perfect agreement with the in-
situ FTIR results presented in Figure 30 suggesting that with increasing K20 surface
coverage, extent of exposed (uncovered) AZT surface decreases along with an
increase in the K>O particle size, facilitating the formation of bulk-like sulfates that

are also thermally more stable than that of the sulfates on AZT.

It is also important to note that the SOx desorption is not complete in Figures
47b-47d even at 1050 K (i.e. the highest experimentally attainable temperature in the
current TPD setup) as evident by the presence of a desorption tail at T = 1050 K
which is presumably extending well-beyond this temperature (as supported by the in-
situ FTIR results that will be provided later in the text). This observation implies that
while surface sulfates/sulfites present on AZT support and K>O domains fully
decompose at temperatures below 920 K, bulk-like potassium sulfate species require
higher desorption temperatures for complete thermal decomposition and desorption.
In other words, presence of basic KoO domains yields strong binding sites for SO,

leading to the formation of thermally stable surface and bulk-like SOy species.

On the other hand, a further increase in the K;O loading to 10 wt. %
illustrates rather different SOy desorption characteristics (Figure 47d). It is evident
that the SOy desorption features at T < 1050 K are suppressed to a great extent,

leading to a relatively minor desorption feature located at 910 K with a shoulder at
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ca. 810 K. Considering the significant SOx uptake of the Pt/10K>O/AZT catalyst
surface demonstrated by the in-situ FTIR data given in Figure 30d, it is clear that
most of the sulfate/sulfite species on Pt/10K.O/AZT remain intact even after vacuum
annealing up to 1050 K. From quantitative point of view, comparing the integrated
desorption signals regarding TPD curves given in Figures 47 indicates that the
amount of adsorbed SOx on the catalyst surfaces can be ranked as follows:

Pt/2.7K.O/AZT< Pt/5.4K20/AZT< Pt/10K.O/AZT.

Identical residual sulfur analysis of corresponding materials was also
investigated by means of FTIR spectroscopy in order to have much clear insight into
sulfur regeneration performances. Figure 48 illustrates a set of FTIR spectra recorded
before (black spectrum) and after (red spectrum) SOx-TPD analysis of corresponding
materials. While complete sulfur removal/regeneration was achieved for PYAZT
(Figure 48a) as already shown previously, significant amount of SOy species
corresponding to bulk like sulfate/sulfite residues on Pt/2.7K,O/AZT were observed

after TPD analysis as shown in Figure 48b.

Moreover, further increase in K>O loading causes an increase in residual
sulfur content on materials surfaces within the thermal window of TPD analysis.
These comprehensive results regarding K2O-based materials allow us to conclude
that materials having K>O loading more than 5.4 wt. % cannot be used as an
alternative LNT/NSR catalyst due to its poor resistance towards sulfur poisoning

although it can reveal significant NSC.
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Figure 48: FTIR spectra corresponding to residual sulfur content on (a) Pt/AZT, (b)

Pt/2.7K>0/AZT, (c) Pt/5.4K>0O/AZT and (d) Pt/10K>O/AZT catalysts before (black)

and after (red) SOx-TPD analysis.

126



Chapter 4

Flow Reactor Measurements

4.1 NOy Storage Capacity of BaO-based NSR/LNT Catalysts

NOy storage and reduction (NSR) performances of all materials were tested

via monitoring the outlet NOx concentrations in the course of seven lean/rich cycles.
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Figure 49: NOyx concentration profiles during last two lean/rich cycles over
synthesized Pt-based catalysts. The samples were exposed to lean mixture of either
(@) NO, CO2, Oz and H20 or (b) NO2, CO2, O and H20 at different temperatures of
473, 573 and 673K. The experimental details are described in the experimental

section.
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Initially, all of the storage sites are available for NOx capture over fresh
(degreened) catalysts and therefore inlet NO (g) concentration was initially
monitored as ‘0 ppm’. As the catalysts gradually saturate, NO (g) starts to slip over
the catalysts. The increase in NO concentration finally reaches to a plateau due to the
complete NOy saturation. Then, the gas flow is switched from lean to rich regime and
NOy saturated catalyst is regenerated and adsorbed NOy species are removed under
reducing environment. NOx analyzer starts to monitor ‘0 ppm’ again throughout the 1
min rich regime followed by an increase in NO concentration. Figure 49 illustrates
the last two lean/rich cycles regarding the wash-coated monolithic samples of
Pt/AZT, Pt/8BaO/AZT, Pt/20BaO/AZT and Pt/20BaO/Al;0z in two different feed
gas mixtures in the temperature range of 473-673 K. While the first feed mixture
(FMY) was composed of (a) NO, O, CO2, H20, Ar, second feed mixture (FM?)

included (b) NO2, Oz, CO2, H20, Ar.

o
=
'S

|@ “*1(b)

0,12

k=]
i
N

o
i

o
=3
>

o
=3
=

o
o
~

B @@ OmIE e O@m ORI
473K 573K 673K 473K 573K 673K

e
," rd

Total NO, Storage (mmol/g.,,)

Figure 50: Total amount of NOx stored on fresh (i) PYAZT, (ii) Pt/8BaO/AZT, (iii)
Pt/20BaO/AZT and (iv) Pt/20BaO/Al;0O3 catalysts obtained under lean mixture of
either (a) NO, CO2, Oz and H20 or (b) NO., CO2, O, and H.O at different

temperatures of 473, 573 and 673K.
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Moreover, results represented in Figure 50a and 50b correspond to total NOx
storage capacity in terms of mmol/gea in the lean gas mixture of either FM* or FM?
at 473, 573 and 673 K.Although the quantities are fairly low for FM?!, Pt/AZT and
Pt/8BaO/AZT material has a higher NOx storage capacity at low temperatures (i.e.
473 K) as compared to that of Pt/20BaO/AZT and benchmark NSR Pt/20BaO/Al>O3
materials as shown in Figure 50a. However, NOx storage capacities of all of the AZT
catalysts were observed to be much larger due to better extent of NO oxidation

capability at mild temperatures (i.e. 573 K). At this m ild conditions, Pt/8BaO/AZT

and Pt/20BaO/AZT materials reveal superior performance against conventional
Pt/20BaO/Al>0s benchmark catalyst. Total NOx storage quantities of Pt/8BaO/AZT
and Pt/20BaO/AZT catalysts are 27 % and 24 % higher as compared to that of
conventional Pt/20BaO/Al>Oz3; respectively. Pt/AZT catalyst demonstrated the lowest
NOx storage capacity at 573 K due to lack of basic BaO storage domains together
with highly acidic surface hindering extent of adsorption energy. On the other hand,
all AZT-supported catalysts exhibited lower NOx storage efficiency than that of

conventional Pt/20BaO/Al>Os3 at high temperature range (i.e. 673K).

Identical set of flow-mode experiments were also performed under lean gas
mixture of NO2, Oz, COz, H20, Ar (FM?) at 473, 573 and 673 K and corresponding
results are illustrated in Figure 50b. In comparison to results obtained in lean mixture
containing NO (g) (Figure 50a), NOx storage quantities with NO2(g)-containing lean
mixture were found to be much higher. Although the formation of nitrates/nitrites
during the reaction of NO + Oz (FM?) is not quite feasible at low temperatures (i.e.
473 K), it is highly favoured for NO2 + O, feed (FM?). Like in the case of FM!

(Figure 50a), AZT-supported materials showed significantly superior performance
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compared to the conventional Pt/20BaO/Al2O3 catalyst at low and mild temperature
range for FM? (Figure 50b). For instance, Pt/8BaO/AZT and Pt/20BaO/AZT have 26
and 11 % higher NSC as compared to conventional NSR catalyst at low
temperatures; respectively. On the other hand, Pt/20BaO/AZT was found to have the
highest NOyx storage ability amoung all of the investigated materials at 573 K.
However, NOyx trapping ability of AZT-supported materials are drastically
suppressed and remain lower than conventional NSR at 673 K. The highest
efficiency of conventional Pt/20BaO/Al;O3 catalyst towards NOx storage can be

indirectly correlated by highest surface basicity.
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Figure 51: Initial NOyx adsorption rates for each catalyst at 573K in FM! mixture.
This Figure was derived from the Figure 49a and also valid for all other temperatures

and feed mixtures.

Figure 51 indicates an interesting kinetic phenomenon associated with the
initial NOx uptake rates of AZT-based materials versus conventional Pt/20BaO/Al
catalyst. While the conventional catalyst has a higher (faster) NOx storage

characteristics in the first ca. 10 s, its storage rate rapidly decreases. On the other

130



hand, Pt/BaO/AZT catalyst reveal an initially slow NOy uptake in the first 10 s,
followed by a second sorption regime with a faster kinetics than that of Pt/20BaO/Al.
This interesting discrepancy between the initial and later sorption Kinetics of
Pt/20BaO/Al and Pt/BaO/AZT may originate from differences in the initial NO/NO>
oxidation over Pt sites. As reported in the previous sections, Pt is relatively poorly
dispersed on Pt/BaO/AZT-based materials as compared to Pt/20BaO/Al; in
accordance with greater Pt particle sizes estimated for the former system. Thus, it can
be proposed that larger Pt particles on Pt/BaO/AZT lead to slow NO/NO; oxidation
kinetics followed by the efficient (i.e. fast) nitrate spilover on BaO storage sites

located on AZT support.

These results can lead us to conclude that AZT-supported materials can be
considered as a promising candidate due to their significant NOx trapping ability at
low and mild temperatures (i.e. 473-573 K). However, NSC at high temperature (i.e.
673 K) was found lower than that of conventional catalyst. Therefore, activity loss at
high temperature ranges were enhanced by incorporating the high temperature
storage component (i.e. K20) and Pt/5.4K.O/AZT was found to have much higher
NSC at high temperature (i.e. 673 K) as compared to BaO-based materials together
with the higher sulfur regeneration performance than that of benchmark
Pt/20BaO/Al>03 catalyst. Finally, optimum formulation was finalized via physical
mixture of Pt/8BaO/AZT and Pt/5.4K>0/AZT, indicating much higher NSC values at

low and moderate temperature as compared to those of individuals.
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Overall assessment regarding the sulfur adsorption and regeneration

performance of AZT supported materials can be summarized as a proof of principle

in scheme 8:
Kﬁ(:gaz 20y ggz ' zzgz BaSO, - BaO + SO, + 1/,0,
A Suz + | \, A Suz hz
@\ ,@ @\ Jo, @\ Jo @\ ,@ @\ JO @\ Jo
Pt/K-Ba/AZT Pt/Ba/y-AI

Scheme 8: Schematic illustration of sulfur adsorption desorption performance of

AZT and y-Al,0O3 supported materials.

We can fine tune the surface characteristics of AZT-based materials via
incorporating optimum loading of storage components (i.e. BaO and/or K>O) which
can exhibit superiour NSC performance and resistance against sulfur poisoning in
comparison to y-Al203 based conventional catalyst. These AZT supported materials
can be considered as a promising candidate for next generation catalytic converters
in exhaust pipeline. Moreover, structural integrity and resilience against thermal

sintering were directly reported via benchtop structure characterization techniques.
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Chapter 5

Conclusion

Experimental findings presented in the current work point to the fact that
Pt/8BaO/AZT and Pt/5.4K,O/AZT materials can be considered as two different
promising candidates with higher NSC and better sulfur regeneration ability in
comparison to y-AlOs-based conventional Pt/20Ba/Al NSR catalyst. Moreover,
strong resistance against thermal sintering and higher surface acidities of AZT-based
materials were thoroughly demonstrated. Binary and ternary oxide materials,
ZrOo/TiO2 (ZT) and Alx03/ZrO./TiO2 (AZT),as well as their Pt-functionalized
counterparts were synthesized by the sol-gel method. In addition to these materials,
their BaO and K>O-modified counterparts were also synthesized via impregnation
method in the form of Pt/8BaO/AZT, Pt/20BaO/AZT, Pt/2.7K:0/AZT,
Pt/5.4K>0/AZT and Pt/10K>O/AZT, in comparison to Pt/20BaO/Al conventional
NSR catalyst. Each material is structurally characterized by means of XRD, Raman

spectroscopy and BET techniques.

NOx adsorption capabilities as well as NOx adsorption geometries were
investigated by means of in-situ FTIR spectroscopy. These adsorption experiments
were subsequently followed by the reduction of adsorbed NOx species where
behavior of surface nitrate functional groups upon Hz(g) interaction was
monitoredvia in-situ FTIR and TPD analysis in comparison to benchmark

Pt/BaO/Al,Oa.
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In addition to NOyx adsorption/desorption experiments, in-situ FTIR
spectroscopy and TPD technique were also applied for the analysis of the interaction
between SO2(g) and synthesized materials. Investigation of SOyadsorption
geometries as a function of temperature and their stabilities under Hz(g) and vacuum

conditions were monitored.

Moreover, NOyx storage capabilities of synthesized materials were
quantitatively determined under flow reactor measurements within a catalytically
relevant temperature window.NSC of these catalysts was also measured under
realistic flow reactor measurements after sulfur poisoning and subsequent
regeneration.Main conclusions regarding structural characterization and molecular

level spectroscopic investigations can be summarized as follows:

e Inthe ZT binary oxide system, a strong interaction between TiO2 and
ZrO, domains were observed at high temperatures (>973 K), which
resulted in the formation of a highly ordered crystalline ZrTiO4 phase
and a low specific surface area (i.e. 26 m?/g at 973 K).

e Incorporation of AlOs in the AZT structure renders the material
highly resilient towards crystallization and ordering where AZT
material was found to be amorphous even at 1173 K. Moreover,
alumina acts as a diffusion barrier in the AZT structure, preventing the
formation of ZrTiO4 and leading to a very high specific surface area
(i.e. 264 m?/g at 973 K).

e NOy adsorption capability of the AZT ternary oxide system was found
to be significantly greater than that of ZT, in line with the almost ten-

fold greater SSA of the former surface.
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Interaction of NO2(g) with ZT and AZT surfaces revealed adsorbed
surface nitrate species with similar geometries. While Pt incorporation
did not alter the type of the adsorbed surface nitrate species, it
significantly boosted the NOx adsorption amount on both Pt/ZT and
Pt/AZT systems.

Thermal stability of nitrates was higher on the AZT compared to ZT,
most likely due to the defective structure and the presence of
coordinatively unsaturated sites on the former surface.

Pt sites were found to assist the partial ordering/crystallization of the
AZT system. Pt sites were also observed to facilitate the
decomposition of nitrates in the absence of an external reducing agent
by shifting the decomposition temperatures to lower values and by
boosting the formation of N2 and N20.

In the presence of Hx(g), the complete reduction of surface nitrates
was achieved at 623 K on ZT, while this was achieved at 723 K for
AZT.

Nitrate reduction over P/ZT and PtY/AZT via Ha(g) under mild
conditions initially leads to the conversion of bridging nitrates into
monodentate nitrates and nitrites together with the formation of
surface —OH and —NHy functionalities. N2O(g) was also observed in
the very early stages of the reduction process as an initial
intermediate/byproduct.

NO2(g) adsorption revealed the formation of bridging, bidentate and

monodentate type of surface nitrates on Pt/AZT catalyst. However,
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BaO-including NSR catalysts exhibited formation of bulk/ionic like
nitrates on BaO domains in addition to surface nitrates.

Increase in BaO loading leads to increase in the formation of bulk-like
nitrates.

Pt/20BaO/AZT and Pt/20BaO/Al,O3 has almost identical surface
characteristics towards NO2(g) interaction which are different than

those of Pt/AZT and Pt/8BaO/AZT.

Nitrate reduction pathways of both Pt/20BaO/AZT and
Pt/20BaO/Al>03 exhibited similar characteristics where the removal
of surface nitrates are followed by the formation of bulk/ionic like

nitrates together with the formation of surface -OH and NHx groups.

However, bulk/ionic like nitrates are not formed in the course of
nitrate reduction on Pt/8BaO/AZT material together with the absence

of —OH generation.

Formation of bulk/ionic nitrates upon Hz(g) reduction can be

correlated with the generation of surface —OH functionalities.

Complete reduction was achieved at relatively lower temperature (i.e.
473K) on Pt/AZT as compared to those of BaO-containing NSR

materials (i.e. 573K) in the presence of Ha(g).

SSA-normalized total NOx adsorption capabilities of investigated
materials were found decrease in the following order: Pt/20BaO/AZT

> Pt/8BaO/AZT > Pt/20BaO/Al,O3z> PY/AZT at 323K. It is apparent

136



that high BaO loadings favor higher NOyx adsorption capability on

AZT-supported catalysts.

Synthesized catalysts were quantitatively analyzed through flow
reactor measurements at catalytically relevant temperatures (i.e. 473,
573 and 673K). These results regarding realistic flow mode
experiments clearly point out that AZT-supported materials (i.e.
Pt/8BaO/AZT and Pt/20BaO/AZT) exhibited relatively higher NOx
storage capacity at 473K and 573K under lean conditions as compared
to that of benchmark conventional catalyst, Pt/20BaO/Al>Os. These

findings are in very good agreement with the current TPD results.

Unlike the conventional Pt/20BaO/Al benchmark catalyst,
Pt/8BaO/AZT and Pt/20BaO/AZT catalysts revealed disordered

structures lacking well-crystallized phases.

Increasing the BaO loading in the Pt/BaO/AZT system increases the
thermal stability of the generated bulk and surface sulfate/sulfite
species after sulfur poisoning which in turn, leads to the requirement

of higher reduction temperatures for complete sulfur elimination with

H2(g).

There seems to be a delicate trade-off between NOyx Storage Capacity
(NSC) and sulfur uptake/poisoning which is strongly governed by the
BaO loading/dispersion as well as the surface structure of the support
material. It is apparent that although high BaO loadings favor higher

NSC, they also render the NSR/LNT catalyst to be more prone
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towards sulfur poisoning. Thus, by designing a catalyst with a proper
support material (e.g. AZT) that is functionalized with intermediate
BaO loadings (i.e. 8 wt. % BaO), a sulfur-tolerant NSR/LNT system

with satisfactory NSC was achieved.

Synthesized materials were further tested in flow reactor
measurements performed under realistic catalytic conditions. Among
all of the examined catalysts, Pt/8BaO/AZT showed a superior NSC at
573 K in its fresh form as well as after sulfur poisoning/subsequent
sulfur regeneration, which surpassed the catalytic performances of all
other investigated materials including the conventional Pt/20BaO/Al

benchmark catalyst.

Superior performance of Pt/8BaO/AZT catalyst can be associated in
partto its high surface acidity among all other materials including the

conventional Pt/20BaO/Al benchmark catalyst.

While PUYAZT, Pt/2.7K:O/AZT and Pt/5.4K;0O/AZT revealed
disordered structures except the presence of Pt diffraction line,
Pt/10K>O/AZT exhibited ordered domains corresponding to tetragonal
ZrO» phases. On the other hand, unlike the AZT-supported materials,
conventional Pt/20BaO/Al benchmark catalyst is composed of other

phases such as y-Al>0O3 and undesired BaAl>Oa.

Increasing the K20 loading in the Pt/K>O/AZT system leads to an
increase in the abundance of bulk-like sulfite functional groups which

require higher temperature for complete sulfur elimination with Hz(Q).
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The formation of K>O-based bulk-like nitrate species becomes more
dominant as the KO loading increases. Increase in K.O loading
concomitantly enhances NSC up to a certain value at the expense of

decreasing sulfur resistance.

The catalyst with a proper support and optimum KO loading,
Pt/5.4K,0O/AZT, was found to have much better sulfur regeneration
performance than the conventional Pt/20BaO/Al benchmark catalyst

together with a satisfactory NSC.

Like in the case of Pt/20BaO/AZT and Pt/20BaO/Al:O3, nitrate
reduction pathways of both Pt/5.4K,O/AZT and Pt/10K.O/AZT
exhibited similar characteristics where the removal of surface nitrates
were followed by the formation of bulk/ionic like nitrates together
with the formation of surface -OH and NHx groups.However, the
formation of bulk/ionic like nitrates was not observed during the
reduction period of Pt/2.7K>O/AZT material which can be correlated

to the lack of —OH generation.
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