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Abstract

Nitrogen oxides (N§) are major pollutants of ther environment, which akenown as the major causes
of haze, photochemical smog, acid rain, ozone deplaimh the greenhouse effeSelective catalytic
reduction using ammonia as a reductant #f#€R) is proved to be an effective method to remove
nitrogen oxides (DeNg). Previous studies have reported thatium-basedoxide catalystsown the
advantageof wide operating temperature windows and high catalytic activities ®ti®ER reactions
Mesoporous materials (e.g. SBI&) are considered as suitablesupport material for metal oxides
providing a high sirface area and stabilization effect. Thilngs work addressethe synthesief SBA-

15 supported ceribased catalysts artldeir application for the NEFSCR reaction.

First, the simplestystemwas consideredby loading only ceria dio the mesoporous SBA5
(CeQy/SBA-15). In order to achievagood dispersion of ceria on the inner surface, two kinds of samples
were prepared by soisit at e i mpregnati on me$shotdhéeé o{EISBAVI ag
CeQ) and t h-s y mtphoessei (tESBA-Ce@). Catalytic tes$ indicated that the DeNO
performance was enhanced by the assistance of templatenREEBACeQ. In situcharacterizations
which were performed t@lucidatethe effect of P123 during the synthesis procesgeaéd tha the
good dispersion effect of asSBK supported ceria was due to firesence ofemplate P123playing
a physical role to confine the growth of ceria and a chemical role in catalytically reducing the ceria
simultaneously. After the synthesite catalsts were applied for the NFECR reaction and the
mechanism was studieth situDRIFT spectraof CeQ/SBA-15 were recorded taonitorthe surface
species changes as a function of feeding gas, time, and temperature. The resultshsttowmeedctive
spedes, -NHz and NO, were involved. In addition, the analysis of features at about-2200 cm,
typically assigned to triple bonds, made it possible to deduce the formatiomside product MO by
over-oxidation of NH. Moreover, the c@xistence ofthelL-H and ER routes fotheNHs-SCR reaction
on CeQ/SBA-15 was proved.

Considering the poor reactivity bhreCeQ for the NH3-SCR reaction, a second metal oxide was
added to fornraMOx-CeQ couple which was expectead improve the catalytic performandae tothe
synergistic effect of MO-Ce species. Firstly, a wide selection of secondary metal elsmest
employed tprepae SBA-CeCuO, SBACeMnO, SBACeNiO, SBACeMgO, and SBACeLaQ while
SBA-Ce(Q servedasarefererte. The catalytic tesshowed that the mixtunaith variable metals (Cu,
Mn, Ni) resulted inenhanced DeNperformancewhile the mixturewith permanent metals (Mg, La)
exhibitedadecreased performancéhe observed behaviogvealedhat the redox abtly rather tharthe

acidity contributed to the NdISCR reactivity Based orthe catalytic performancand due tats wide




application in various catalytic systenmtte CuGCe(Q catalyst was selectefdr detailed analysis.

Templatefree SBA15 and asnade SBAL5 wereemployedas support precursors to form GuO
CeQJ/SBA-15andthe synthesis process was monitored withitu characterizations including Raman,
DRIFT, and DR UWVis spectroscopy. The results specifiedgimethess to followtwo different routes,
i.e.solid thermal decomposition ftretemplatefree SBA15 prepared sample aatlydrothermatoute

for theasmade SBA15 prepared sample. The former rotgsulted ima mixed CuGCeQ phase with
strong redox abilityleading to a low optimal temperature window Ipabr N2 selectivity, while the
latter routeled toseparated CuO and Cegphases with moderate redox propertresulting in a high
and broad working temperature window.eBk findinggprovided evidence fahe presence & more
comprehensiveresearch patternconnecting catalyst synthesis, structure, property, and catalytic
performance. Another bimetallic oxide catalyst, MACQeQ supported on SBAS5, was preparedue

to its favorableDeNOx performanceln situ characterizations were applied to study the whole process
from the catalyst synthesis to its application the NH3-SCR reaction. The results for the synthesis
process revealed two different preparation routiesn usinga similar template strate@s for the CuO
systemBased onn situDRIFT spectra the mechanism of BBCR on MnQ-CeQ/SBA-15was shown

to follow mainly the ER route andhequick regeneration 6NH> by strong redox properties contributed

to the high reactivity.

Atomic layer deposition (ALD) wasmployed asnother promising method to load active metal
oxides omo mesoporous mater&l Firstly, VOJ/TiO2/SBA-15 catalystswere prepared by ALD to
explorethe feasibility of using mesoporous powder as a deposition substrate. The results showed th:
the prepared sample owns a high surface area as expected and thelcantte/Q could be
guantitatively controlled by theumber ofALD cycles. Secondly, seval atomic layers of Swere
deposited on prepared C#£8BA-15 to explore the activity o€e-O-Si sites althoughSiO; itself is
known asaninert support. Due to the sandwich struefrSiO,/Ce(Q/SiO, and the controllable amount
of Ce-O-Si sitesby ALD, Ce-O-Si was shown to béhe active site fothe NHz-SCR reaction and the
NOx conversion was proportional to tB&, coverage until fulcoverage of the surfack addition, the
SiO-covered sample showedbetter SQresistance than bare C€6BA-15. Besides, VUJCeQ/SBA-

15 was prepared by depositing Y@n CeQ/SBA-15 via the common ALD and site-selective ALD
(SSALD) methodThis SSALD methodis proposedhere for the first timeAs a crucial steptinvolves
thepretreaiment of the substrateith thetarget reactioigas(NHs-SCR) before the ALD procedure. The
results showed that the SSAtddated samplexhibited ebetter DeNOx performance than the common
ALD-coated sampldR analysis of he catalyst surfaceeveaédthatthe substrate pretreated with the
SCR experimental gashowed the presence BiHx and NOy replacing hydroxyl groups. The NH
species was inert to the vanadium precursorratainedthe NHs-active sites after coatingyhile the




NxOy species was desorbaddfree watewastransformed intcOH groups, resultg in more active

VOy species deposition.

During the study of the synthesis procesdrbgitu characterizations, thgynthesigeaction was
realized to be importarior determinng the final catalyst structure and further tkactivity behavior in
thetarget NH-SCR reaction. It is reasonable to hypothesiizé¢there exist a correlation between the
synthesis reaction and the target catalytic reacliortest this hypothesi§eO,/SBA-15 samples were
prepared by the SSI methaddcalcined in different gas atmospheres, from reductive tdtdxidative
O.. Among the prepared samples, saenple calcined in thtarget reaction gas showed the best catalytic
performance. Raman and DR/-Vis spectreof the sample exposed to the target reactiorr@asaled
the presence add moderate amount @ixygen vacancies, whids proposed taontribute to the high
NOx conversiondue tothe optimized adsorption of NHIn all, the corriation between synthesis
reaction and target catalytic reaction is an interestipig to be explored for other reactiqrandin situ
spectroscopyapplied toboth synthesis and reactios a powerful toolto elucidate the underlying
chemistry




Zusammenfassung

Stickoxide (NQ) gehden zu derHauptschadstoffeder Luftumgebung, die als die Hauptursachen fir
Dunst, photochemischen Smog, sauren Regen, Ozonabbau und den Treibhauseffekt bekannt sind.
selektive katalytische Reduktion mit Ammoniak als Reiduismittel (NH-SCR) hat sich als effektive
Methode zur Entfernung von Stickoxiden (Dej@rwiesen. Frihere Studien haben berichtet, dass
oxidische Katalysatoren a@fasis vonCereinen weiten Bereich aBetriebstemperaten ermdglichen

und hohe katalysiche Aktivitden in NH-SCRReaktionenaufweisen Mesoporée Materialien (z.B.
SBA-15) werden als gugeeigneteTrgermaterialien fir Metalloxide angesehen, um eine grofe
spezfischeOberfla&dhe bereitzustellerund stabilisierend zu wirken DaheradressiertieseArbeit die
Synthese vorCerdioxidbasierten mesopord&éseKatalysatorenunter Verwendung von SBAS5 als

Tr@germaterial sowie dereAnwendungn der NHz-SCR-Reaktion.

Es wurdezun&hst das einfachste $stem bestehend aus Ceroxaluf mesoporéem SBALS
(CeQJ/SBA-15), betrachtet. Um eine gute Dispersion von Cerdioxid aufiniegen Obeflahe der
Porenzu erreichen, wurden zwei Arten von Proben durch Festkdperimpranie(864) hergestellt,
und zwar basierend auf SB¥S mit Templa{asSBA-CeQ) undSBA-15 ohne TemplgtfSBA-CeQ).

Die katalytische Tess zeigen, dass die DeNGferformanzdurch dieGegenwart de¥emplas P123

im Falle vonasSBACeQ verbessert wurdeMit Hilfe von in situ-Charakterisierungekonnte die
Wirkung von P123 wdérend des Syntheseprozessesausgearbeitet werde®o kann diegute
Dispesionvon asSBAl15-getragiertem Cedioxid darauf zurickefihr t werden dass das Templat P123
eingseits einghysikalische Rollspielt, um dasvachstum von Qdioxid zu begrenzen, andererseits
eine chemische Rolle bei der gleichzegtgttfindenderkatalytischen Reduktion des CeroxitVlittels

in sit-DRIFT-Spektroskopiewurden die Anderungen der Oberfléhenspezies als Funktion des
zugefihrten Gases, der Zaind der Temperatur analysieum mechanistische Einblicke zu erhalten
Die Ergebnisse zeigen, dass zwei aktive Spezid, und NO, an der NH-SCRReaktion (ber
CeQJ/SBA-15Katalysatorenbeteiligt sind Dariber hinaus ermdlichtes die Analyseder Banden
innerhalb von21002200 cm', welche typischerweise Dreifachbindungen zugeordnet werden, die
Bildung des Nebenproduktso® durch Uberoxidation von NHabzuleiten. Daribehinaus vird die
KoexistenzderL-H- und ER-Routen fii die NH-SCRReaktionib er CeQ/SBA-15 nachgewiesen.

In Anbetracht der geringen Reaktivitd von reinem Gea® der NHs-SCRReaktion wurde ein
zweites Metalloxid hinzugefigt, um MECeQ-Paae zu bilden, mit der Erwartung dass die
katalytische Leistung durch den synergistisch#akE der MO-Ce-Spezies verbessestrd. Zunahst

wurdeCerdioxid miteine breiten Auswahlansekundden Metallelemerethgemischt und6BA-CeCuO,




SBA-CeMnO, SBACeNIiO, SBACeMgO und SBACeLaOhergestellt, wobesBA-Ce als Referenz

diente Die katalytishen Test zeigten, dass die Mischuniit variablen Metallen (Cu, Mn, NBu eing

verbesserteDeNO-PerformanZihrte, waarend die Mischungnit permanenten Metallen (Mg, Lay
eina geringera Leistungfihrte. Dieses Verhalterzeigt dass did&Redoxfdnigkeit und nicht die Aciditd
zur NHs-SCRReaktivitd beitrgt. Auf Basis seinelkatalytischenPerformanz undaufgrund seiner
breiten Anwendung in verschiedenen katalytischen Systemete der Cua@eQ-Katalysatoffir eine
detaillierte Analyseaugjewdnlt. Als Traer fir die Synthese vorCuO-CeQ/SBA-15 wurde Templat
enhaltendes und templatfrei88A verwendetund derSyntheseprozess von C«teQ/SBA-15 u.a.
mittelsin sit-Raman, DRIFT- und DRUV-Vis-Spektroskopieverfolgt Die Ergebnisse zeigedass
die Synthese je nach Trgemterschiedliclablaft, und zwar einerseits iber eileermische Zersetzung
(asSBA15), andererseittber eine hydrothermale Zersetzun@gfSBA-15). Im ersten Fall wirdeine
gemischten CucCeQ-Phase miausgepratenRedoxeigenschafteerhalten wasdie Reaktivitd bei
niedrigen Temperatan beginstigf abereine geringeN>-Selektivitd mit sich bringt wédrend im
zweiten Fallgetrennte Cu©und CeQ-Phasen migemdlg ten Redoxeigenschafteantstehenwas
einenbreitenArbeitsbereich und hoh&rbeitstemperatwen beginstigt Die Ergebnisse weisen darauf
hin, dasglie Katalysatorsyntheséje Strukturund Eigenschaftenles Katalysatoranddie katalytische
Performanamiteinander vemipft sind. Aufgrund seinehervorragenden DeN&Performanz wurdein
weiterer bimetallischer Oxidkatalysatdasierend auMnOx-CeQ auf SBA15, hergestelltMittels in
siti-Charakterisierung wurdaer gesamte Prozess von der Katalysatorsynthese bisremendungin
der NH3-SCRReaktion untersuch Die Ergebnisse fir den Syntheseprozess zeigéaderum
verschiedene Herstellungswege Verwendung der zuvor beschriebenen Tr@germaterialien (A$5B
tfSBA-15). In siti-DRIFT-Spektren zeigen, dass der Mechanismus derSIER Re&tion tber MnOx-
CeQ/SBA-15 hauptsihlich der ER-Route folgt und die schnelle Regeneration vidil, durchdie
ausgepraterRedoxEigenschaften zderhohen Reaktivitd beitégt.

Die Atomlagenabscheidung (ALD)uwkde als weitere vielversprechende Methodiagesetztum
aktive Metalloxide auf mesopor@eMateriaien zu verankern Zun&hst wurde VOx/TiO2/SBA-15
Katalysatoren mittelsALD hergestellt, um dieAnwendbarkeit von mesoporéem Pulver als
Abscheidungssubstraei ALD-Prozesseru untersuchen. Die Ergebnisse zeigen, dass die prgarierte
Probewie erwareteine grof® Oberfl&he besitzt und dizeladung mitvOyx durch dieAnzahl derALD -
Zyklen kontrolliert werden &nn. In einer weiteren Studiwurdenmittels ALD SiO>-Atomschichten auf
hergestellten€eQ/SBA-15kontrolliertabgeschieden, um die AktivitdergebildeterCe-O-Si-Spezies
zu untersuchen. Aufgrund der Sandwtiuktur von SiO)/CeQ/SiO, und der durch ALD
kontrollierbarerCe-O-Si-KonzentratiorkonnteCe-O-Si alsaktivesZentrum fii die NH-SCR-Reaktion

identifiziert werden, basierend auf der Proportionalitd zwischen M&-Umwandlungund der

\'



Bedeckungbis hin zur vollstandigen Bedeckung der OHérfie mit SIO.. Dariber hinaus zeigte die
SiOx-beschichtete Probe eine bessere-Béstandigkeit alsreinesCeQ/SBA-15. In einer ALD-Studie
zum Einflul der Synthesebedingungen auf die Reaktivitdurde VQ/CeQ/SBA-15 durch
Abscheidung von VQauf CeQ/SBA-15 einerseitdber das ibliche ALD-Verfahren, andererseits iber
einortsselektive ALD (SSALD)-Verfahren hergestellt.iBsesSSALD-Verfahren wird hier zum ersten

Mal vorgeschlagen undnthdt als wichtigen Schritvor dem ALDVerfahrendie Vorbehandlung des
Substratsmit dem Reaktionsgas d&ielreaktion (NH-SCR). Die Ergebnisse zeigéin die mitdem
SSALD-Verfahren beschichtete Probe eine bessere DeR@&formanz, welchemittels IR
Untersuchungerauf den Austausch von G8ruppen durciNHx und NOy wédarend der Behandlung
mit dem SCRReaktionsgas zurickgefihrt werden kanbabei zeigte sichid NHx-Spezies gegeniber
dem VanadiurALD -Prekursorinert, so dasslie NHs-aktiven Zentrenerhalten bliebenwdrend die
NxOy-Spezies untetmwandlung vorfreiem Wasserin OH-Gruppen desorbiert wurde, was zu einer

verstakten Abscheidung devOx-Spezie fihrte.

Wdarend der Untersuchung des Syntheseprozesses dustffo-Charakterisierungeigte sich die
Bedeutungler Behandlung miReaktiorsgasfir die endgitigeKatalysatorstruktur undie NH3-SCR
Reaktvitd . Um die vorgeschlagenKorrelation zwischen deBehandlung mit dem Reaktionsgas
wérend derSynthese und der katalytischen Zielreaktidmer zu untersuchen, wurd€2eQ/SBA-15
Katalysatoremach dem SSVerfahren hergestellt und in verschiedenen Gasatmosphden kalziniert, von
reduktiven (NHz) bis zu oxidativen (O2) BedingungenUnter den hergestellten Proben zeigte idie
Reaktionsgas &zinierte Probe die beste katalytiscRerformanz Raman und DRUV-Vis-Spektren
zeigenfir diese Probealie Gegenwart vo@eroxid miteinergemddgten Anzahl arSauerstoffleerstellen,
waszu der hohen NQUmwandlungdurchoptimierte Adsorption von Nibeitragen kdnte. Insgesamt
stelltdie Korrelation zwischederSynthesereaktion urdkrkatalytischa Zielreaktion ein interessarste
Thema fir zukinftige Untersuchungeran anderenKatalysatorsystemen dawobei die in situ-
Spektroskopie ein leistungsfdiges Werkzeugdie Untersuchunger zugrundeliegenden chemischen

Vorgénge darstellt

Vi
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1. Introduction and motivation

1.1. NOx pollution and emission control

NOyx pollution is a major risk affectingooth natural environments and our healtRrom the
environmental perspective, N@&mission will lead to acid rain, which further results in potential changes
in soil and water quality. The effect can be significant including damage to the ecosystelaceasks

in biodiversity. For healh issues, N@ mainly affects respiratory conditions, causing airway
inflammation at high levels. Lorgerm exposure can decrease lung function, increase the risk of
respiratory infections, and increase the response to allergepsaldtCcontributes to th@rmation of

fine particles (PM) and grourdvel ozone, both of which are associated with adverse health éffects

Nitric oxide (NO) and nitrogen dioxide (&) are collectively referred to as nitrogen oxides {NO
which are mainly produced and emittedtbg combustion of fossil fuelsuch as fuel vehicles (movable
source) and codlred power plarg (stationary source)According to the European Union emission
inventory report (1992019), the transport and energy industries shared 47 % and 34 % of the total NO
emission. Thus, is important to reduce the N®y controlling the NQemission from the combustion

of fossil fuels?

The emission depends not only on the nitrogen content in the fuel but also conthestion
conditions. NQ is formed in the gas phase by three possibutes: (1) oxidation of nitrogen in the
combustion aif,aq 2ft bxrimdalti @ of n kot,r oagnedn (i3n]
oxidation of nitrogen fixed J3yThehgrthal N@farmatiomis f r
sensitive to flame temperature and can be controlled by appropriately controlling peak temperature
while thefuel NO, depends on the availability of oxygen to react with the nitrogbos, one strategy
isto control the combustion process by adjusting thethtilization of fuelbound nitrogen, availability
of oxygen, and flame temperaturehich are denoted as primary control technologies as minimizing the
initially produced NQ in the combustion zorfeln terms of such an idea, various techniques are
developed such as low N®urner (LNB), over fire air (OFA), grlow NOx (DLN), dilute injection,
etc/ Another strategy is the use of secondary control technologies such as reducing timettNO
exhausted gas fno the combustion zorfeTherearetwo main techniques for secondary controlling that
are selective noncatalytic reduction (SNCR) and selective catalytic reduction {80Ripared with
the primary strategy, the second one providestadr decrease in N@mission and does not affect the
thermal output when adjusting the combustion conditibmaddition, for the comparison of SNCR and
SCR, the norftatalytic reaction requires a higher reduction temperature and the treated gas shows
higher NO concentration than SCR treatment. At present, SCR withiS\ividely adopted for both
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stationary and mobile sources to maintain the increasing request faeiOval (DeNQ) by the latest

regulations Figure 1.* Even thoughpnecan find thathe practical emission consistently exceeds its
limit for the same period (from EUROI -2000 to EURGVI-2014) in Europe, especially for the diesel
source which owns typical lotemperature combustion conditions. Therefore, further improvement of

DeNOx technology is of great importance regarding both scientific and industrial aspects.

[:] EURO emission limit
- real-world measurement value

NO, emission [g/km]
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1.2. Role of characterization for the catalytic chemistry tetrahedron

The concept of materials science tetrahedron (MST) concisely depicts theéepégrdent relationshsp
among the structure, propgrperformance, and processingaofaterial at the four vertices, which are
achieved by the characterizatiortiag in the center of the material tetrahedr8mnilar to its role in
traditional materials scienceatalysis research shares the same paradigm to encompass the scientific

foundation and development of various catalysts and corresponding catalyt@n®astiich is defined
as catalytic chemistry tetrahedron (CCT).

As seen irFigure 2 the catalytic chemistry tetrahedron includes four corners as synthesis, structure,
property, and performance, and one core inside as characterization. Fog-&CRHeadbn on metal
oxides, there have been a lot of publications about using various characterizations, including the typic:
ex-situ techniques (XPS, TEM, XRD, TR/D),'? in situ DRIFT spectroscopy, and even transient
Raman spectroscogyt o expl ore the relationshi p -peoopedyw nt

performanceo, which ar e dracureactvidy relattonshipact i on m




However, the exploration of the corner sy

systemic investigations of the relationship between the synthesis process and the prepared catalys
Putting aside the catalysts for BHSCR reactions for the moment, usimgsitu characterizations to
monitor the catalysts synthesis process and get insight into the mechanism of reactive
component/structure formation has attracted more and more interest. GemesdtilyTEM and Xray
spectroscopy are widely adopted to explainftmeation of nano metal particles. Wu et al. reported the

in situ observation of CtNi aloy nanoparticleformation by XRay Diffraction (XRD), X-Ray
Absorption SpectroscopyXAS), and Transmission Electron Microscog¥EM).*® Golks et al.
presened detailedin situ surfaceX-ray scattering studies of homoepitaxial Cu electrodeposition on
Cu(001) electrodes in electrolytes CuUDg)2, revealing a pronounced mutual interaction of the CI
adlayer order and Cu growth behavibPhillion et al. researched the micropores formation eCAl

alloy by an Xray tomography study, which was further developed by Weber et al. to understand the

porousnickel aluminacatalystsynthesis in 3D with Xay ptychography.
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So far in situ characterization has focused more on understanding the syrdtradisre
relationship on the nanoscale by shape and phase identification. From a deeper level, the synthe:

conditions directly affect the interactions among the original precursors and then reflect the evolution o




structures. Therefore, the descriptionlwd possible reaction during the process from metal precursors

to their final oxides is important to understand the nucleation and growth of oxides. The orientation of
growth and the defection structure is expected to be related to the interface reawetem be@nsformed
oxides and the precursors. There are lots of works on the reaction mechanigohahothemical
synthesigy in situ Raman and NMR> *Mechanistic understanding of mechanochemical reactions is
sparse and has been acquired mostly by stepesseitu analysisi® Monitoring the course of
mechanochemical transformations at the molecular ie\adfuand in reatime by Raman spectroscopy
revealsthe mechanochemical reactismo form coordination polymers and organiecrystals as well

asthe assessment of the reaction dynamics and course under different reaction cofhtibesother
hand,in situ DRIFT spectroscopy is also a powerful tool to characterize the surfacebad species
applying for the synthesis process by the atomic layer deposition (ALD) technique. For example, Du e
al. usedn situDRIFT spectroscopy to monitor the growth of St@in films by the ALD technique and
discussed the catalytic effect of mine during the surface precursors reaction which achieved-a low
temperature deposition windoW.

In brief, for the catalytic system of NFBCR, catalytic reaction mechanisme waidely researched
by various characterizations to reveal the relationship between structure/property and the catalyti
performance of prepared catalysts, while the synthesis process is rarely paid attention to, for exampl
by developing purposely desiggh routes to achieve expected active species instead of experiential try.
Previous literature results have showed great promise ininssitgspectroscopy for material synthesis.
Therefore, it is reasonable to consider the use eftu spectroscopy tget insight into the NEHSCR

catalyst synthesis mechanism and to achieve further control on the structure and catalytic performanc

1.3. Research outline

The present thesiaddressethe @atalytic chemistry tetrahedraf ceriabased catalysts applied to the
NH3-SCR reaction for NO abatement. For the choice of the catalyst, ceria is a present hot candidate, d
to its unique redox properties, to replace the conventional vabaded catalyst attracting much
research iterest. As introduced abowesitu spectroscopy has been applied to the material synthesis by
mechanochemical and ALD methodserein, solidstate impregnation (like the mechanochemical
method) and ALDwere adoptedio prepare ceribased catalyst3.hein situ characterizations include
Raman, DRIFT, and DRdiffuse reflectance)JV-Vis spectroscopyapplied to monitorthe whole

proces, from catalys$ synthesido SCR reactiorDetails are shown beloviFigure 3.
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(1) Considering the low surface area of ceria, mesoporous1&Baas used as support to achieve
a high surface area by dispersing the ceria on-38A/arious spectroscopies were performed for the
synthesis process to get insight into the dispersion of ceria and the role of template P123. Then tt
prepared Ce@SBA-15 was applied for the N-5CR to explore the reaction mechanismitysitu
DRIFT spectrosopy. As a plugin, pure Ce@Was prepared for NHSCR application ansh situRaman
spectroscopy was performed to investigate the role of surface oxygen species.

(2) Considering the rather poor catalytic performance of bare GeGeQ/SBA-15, at second
metal component was added to achieve an enhance®RR reactivity. Firstly, (CuO+CefJSBA-15
was prepared for the possible S@sistance of CuO and the synthesis process is investigated to make
clear the loading mechanism of binary metal oxides on -38Aby SSI methods. Then
(MnOx+CeQ)/SBA-15 was prepared to obtain sufficiently high DeNgbility. At last, the reaction
mechanism on (MnE@-CeQ)/SBA-15 was explored b situ DRIFT spectroscopy.




(3) The ALD technigue was adopted to prepare active oxidgmoous SBALS obtaining a high

surface area. In this case, the YyTO,/SBA-15 was first prepared to explore the deposition of oxides
on mesoporous supports. After that, GEBA-15 (prepared by SSI methods) was adopted as the
support and several atomigyers of SiQwer e deposi t ed/Ceg/HA0Od i nagn dtwhie
structure. Tie role of CeO-Si species on NHSCR reactivitywas studied by controllable adjustment

On the other hand, active V@Wvas deposited on Ce(SBA-15 by thesite-selective ALD (SSALD)
method. In detail, the Cef5BA-15 was pretreated in an experimental SCR atmosphere yielding various
surface species and then the pretreated sample was coated whig XOD. DRIFT spectroscopy was

adopted to depict the surfageup changes of the pretreated and deposited samples.

(4) In the works above, the reaction during catalyst synthesis showed significant importance for the
structure/property of prepared catalysts and further for the &R reactivity by both SSI and ALD
techniques. In this case, the synthesis reactias tried to be designea$ the target SCR reaction, in
other words, the metal oxide was formed (nucleation and growth) under the same atmosphere as t
NH3-SCR reaction, which was expected to own both hegletivity and stability. In detail, Cef3BA-

15 catalysts were prepared by calcination in various gas atmospheres, which was referred to as t
catalytic induced growth (CIG) method. The prepared £L28A-15 catalysts were further applied to
the NH-SCR eactionand their catalytic performances are compared. At the end, the reason for the

catalytic improvement was analyzed.




2. Background on the NH3-SCR catalytic system

2.1. The NH3-SCR technique

The technique of selective catalytic reduction of NO Wths (NH3-SCR)has beenvidely applied as
anefficient postcombustion control to remove the N@ases® The NH-SCR processeducing toxic

NO to harmless Nand HO, mainly contains the following reactiah%
ANO + 4ANH+ O, Y 4, M 6H0 (1)
4NHs + 2NO +2NQ Y 4, M 6H.0 (2)

Reaction (1) is def i ne dhilareactian RiisRefioed apdi F sECRB L |
reactionasits reaction efficiency is at least 10 times faster tfea@ction (1)with the assistance of NO

Besides these, some undesirable side reactions also exist, such as:
4NH3z+ 7Q; Y 4NO; + 6H.0 (3)
4NO + 4NH+ 30 Y 4N20 + 610 (4)

Due to the differentaactivities of these reactions, the Néanversion and Nselectivity are used
to evaluate the N#HSCR catalytic performance of a certain catalyst.

Catalysts for the NHHSCR reaction have been developed for decades, and as far as we know, the
large amounbf researched catalysts can be classified into three categories: noble metal catalysts, met

oxides catalysts, and zeolite catalysSts.

For noble metal catalysts, Pt, Pd, andakg used as active sites and supported e@:ABIO,, or
TiO2 to obtain typical catalysts in the early tifféThe noble metal catalysts show good reactivity to
react with NH by H-abstraction. Howevegtoo strong reductive resalin the overoxidation of NH;,
which wastes the Nand decreases both the N@nversion and Nselectivity. Thus, the noble metal
catalysts are only explored for4$CR or CGSCR reaction using +br CO as the reductive agent. In
addition, their processing costasso quitehigh, which is not beneficial for larggcale applicatios,

resulting in replacement by the following two types of catalysts.

Metal oxide catalysts mainly include oxidssch as V¥Os, TiO2, CeQ, MnO,, CuO, and their
composite oxide$" 220n the basis of these active components, oxides promoters, and supports make
additional effects. ¥Os-WO3(M00Os)-TiO2 is a present commercial catalyst applied in the treatment of
coalfire flue gas due its good reactivity and S@sistance at 36800 °C. However, there are several
disadvantages for the commercial vanadia catalysts including the narrow operation temperature range
300-400°C, the toxicity of vanadia, low activity at low temperatures, and limited thermal stability at

high temperatures, afif which limit the application of vanadia based catalysfEo this end, Ce®
7




CuO, and Mn@based catalysts are focused on due to their high reactivity in a wiger&ure window

and environmentally friendly properties.

Zeolitesarea class of aluminosilicaseontainingmicropoes (< 2 nm)which are describelly the
general formulaM "1, (AlO2)” (SiO2)x-yH20 ( the M1, is either a metal ion or Handwhich occur
naturally but are also produced industrially on a large £é&mce the first synthesis of ZSBlin the
middle of the last century, different types of microporous molecular sieve catalystly regight
attention of theesearcrcommunity?* 2>due to their unique pore structure and hydrothermal stability.
According to the difference of skeleton structure and constituent elements, molecular sieves can &
divided into many different types, such asz#&olite, ZSM series, and MFI. For NFECR application,
the molecular sieve catalysts are maipfgparedoy ion exchange with the metal elememsluding
Cu, Fe, Mn, Pd, Co, and Cét present, Cu and Fe ions exchanged molecular sieve catalggising
applied in practical engineeritf§ They showa high DeNQ performance and the active temperature
rangereachesusually as high as 60, but the HO and SQresistancef these catalysts needs to be
further improved.

2.2. Ceria-based catalyst for NH3-SCR

As introduced above, commercial®-WO3(MoOz3)/TiO2 is poisoned and nsuitable for some special
applications, ér example,in low-temperature cement furnaces and diesel engines. Especially, Europe
has discontinued the use of vanadibased catalysts for these drawback$hus, many studies are
focusing on searching for the gradual replacement of th@sWVOs/TiO2 catalyst by a nowwanadium
catalyst?’ Ceria is apromisingcatalytic materiafor NHs-SCRdue to its excellent redox propertfés,

high oxygenstorage/release capacitis:°and good C¥&/Ce** transfercapacities(in Figure 4.3t
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For NHs-SCR applicationshare CeQ usually shows poor reactivity for NbFBCR. By choosing

different cerium precursors for preparation, such as cerium siffided ceria nitride with
pyrophosphorié? the SCR activity was improved which was due to the increased acidity introduced by
the acid ions. It implies that the poor SCR activity of pure g attributed toveak acidity. In the
following text, ceriabasel catalysts always mean the composite oxides includema as main
components. According to the cerium sites or ralesy can be classified into three kinds, including

usage as pure support/active component, for bulk doping, and for surface moditftatio

When ceria is used as support for other active sttest only plays the role of dispersing active
species but also enhances the activity thraDgld-M interactiors 12 Fan et al. reported that Ce@s a
dispersing auxiliarycan inhibit the migradn andaggregatiorof supported CiMn oxides®* Xu et al.
prepared MnQCeQ and achieved super catalytic performance for SCR of NO at low temperature
which was attributed to the enhanced redox of active Mn ions byé&&garding the promotion of
ceria, various catalysts were prepared by loading oxides from single metal oxide to bimetallic or even t
trimetallic oxides system®:38 In addition to the surface dispersed active species, the structure of ceria
as a carrier constitutes another important factar dffacts the final catalytic performance. The rapid
development of materials science enables us to manufacture ceria with different structures. Howeve
there are only few reports on exploring specially structured ceria &SRR catalyst support. It shial
be noted that using bare ceria as the active component or support is helpful to study the attinatyre
relationship of ceridbased catalysts in NFBCR. However, from the perspective of activity
improvement, the use of bare cerium dioxide asctimeaingredient is not advocated. In the case of the
introduction of foreign components, it is generally considered that sufficient contact between ceria ant
other components is required to obtain maximum activity. Taking this into account, the usa ascer

catalyst support does not seem to be advantagéous.

Compaed with the supported catalysts by ceria, the demsed mixed oxides are dominated by
mixtures of different metallic oxides, such as @d@D., CeQ-MnOx, CeQ-ZrO,, CeQ-CuO-TiO,
etc. By mixing these oxides and aging at high temperatone obtainbinary or multivariate solid
solutions, spinel, perovskite oxides, or mixed oxidiethe composite oxide catalyst, one metal element
can change the catalytic performance of another metal element, which is caused by the influence
electrors and structureLi et al. studied the amorphouse®,-TiO> composite oxide SCR catalyst by
means of XAFS and other characterization methods and determined theasherordered structure of
Ce-O-Ti with atomic level interaction as the reactiotivaesite of the catalysP

The third type of ceridased catalyst is to load Ce@h other oxidesupports. Oxides supports can

be porous or nansized particles which could provide high surface areas, so that the loaded ceria can b
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dispersed as smaller size crystals and form a separated active phase. The high susizggoatesuch

as TiQ, Al>0s3, SiO,, and carbon materials (active carbon and carbon nanotatesplied to ceria
supporting lowtemperature NeBSCR Among them,SiO, was reported for its chemical inertia and
availability. Especially, since the mesoporous SBAwas first introduag and synthesized at the end
of the last centur§® this kind of silicate support was widely used for the deaaing and applied to the
SCR reactiort! Based on this, adding other metal elements to form composite oxides on inet5SBA

support is expected to further improve the caiactivity.

2.3. Synthesis of SBA-15 and relevant mesoporous catalysts

Mesoporous materials have many excellent properties, such as high surface areas, laajenpese
controllable pore sizes and shapes, and pames*? These features are particuladgvantageous for
applications in catalysi©rdered mesoporous silidd41S,was first reported in 1992fterwardsgreat
progresshas been maden morphology control, pore size adjustment, composition g&aand
application developmerit In 1998, Zhao et aproposed mesoporous-8 nm) SBA15,and since then
a large number of relatisupport materialsave beeneveloped? Compared with microporous material
(< 2 nm), such as zeolite, the extended poredi&BA-15 allows gas diffusion and mass transfBue

to its large pore size (80 nm) and wall thickness (3:4.4 nm), its thermal and hydrothermal stability
has been significantly improved, thus expanding the application range of mesoporous nidfetals.
now, the research reports based on SEBAmesoporoumaterialshave the highest numbir the field

of mesoporous materiats.

% R

—»
hydrothermal % % calcination
as made (template free)
TEOS P123 SBA-15 SBA-15
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SBA-15 is synthesized in a cooperative ssedfembly processith the use of a nonionic triblock
copolymer consisting of ethylene oxide and propylene oxide units;dPEQPEQy) as template, also

known as Pluronic P123, and tetraethoxysilane (TEOS) as silica source, which resultb iareay
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with long 1:D chanrls. The propylene oxide unit forms the hydrophobic part while ethylene oxide units

form the hydrophilic part, as shownHgure 5

Pure silicabased mesoporous materials have many limitations. €atllyticactivitiesfor major
reactionsarequite low.And the low mechanical and hydrothermal stability of amorphous silica walls
may cause problems in catalytic applications. Therefore, functionalization is needed to form meta
anchored active sitesGenerally, there are three strategies for the synthésative mesoporous
catalysts® Thefir st str at eg3s ying hwhichisend@ingare tedpate 123 and silicon
precursoflTEOSasthe solutionphaseand adding the active metal precursor into the solution followed
by hydrothermal and calcination steps. The advantage of this method is that the metal element, as we
as its oxides, are dispersed well on the support. But the doping of various valences of metal into th
silicate framework breaks the ordetezkagonal arragf poresstructure, especially at higlkemperature
calcination, which leads to the loss of unique properties of-8BA. The second str af
synt hesiisagihe SBAlYfirseapdatiien loading the active metal oxides on the-$BAy a
mixture of SBA15 with metal precursors in a solid state. In this method, the sdheentechnique is
easy to operate, cheap, and environmenfakyndly, which shows promising industrial application.
However, this method is facing the dispersion pnobte# the competition between the immigrant of
metal ions into the pore channels andghmvth of metal oxides. Recently, a third strategy has been put
forwar dsyst Bengids 6 w h-sycthesisipocessibutreplatebthe SB®H sliy fas
SBA-150, thus the template P123-1% supportcand actieermetal e d
precursor s. |t i-sgnthgsib awnsebdth thehadvantageh ef thé goeddlispersion of
metal species and the ordered and stable mesoporous structures. The three strategies of loading ac
metal oxides on SBAS5 are schematically shownkiigure 6
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Hydrothermal

Pre-synthesis Med-synthesis Post-synthesis
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2.4. Reaction mechanism of NH3-SCR

Getting insight into the reaction mechanism is helpéuguide the design othighly efficient SCR
catalystsin general, th&lHz-SCR mechanism contaitwo cycles: acid adsorption and redox reaction,
18,46, 4735 shown irFigure?.

NH; NH,* 0,
| | NO
NH, Occupied

Acid sites
Oxygen vacancy

NHZ + O|Eltt-H “

. Acid circle Redox circle
o ON-O Reduced
Acid sites latt
N,+H,0 NH,NO,
intermediates H,0

Fi gudr eGenesrSSQGR NH acti on mechanicamadwernr smet al o

From a general point of view, the reaction mechanism involves three main points to be clarified.
The first point refers to reaction route the SCR follows:t (LangmuirHinshelwood or anE-R (Eley
Rideal)mechanism? For the-H route, the NHis adsorbed on surface and reacts with adjunct adsorbed
NO species, while for the-R route, the adsorbed Nireacts with gaseous NO. The second point refers
the active sites for NiHadsorption: Lewis acid sitgk acid sites) or Bronsted acid sites (Bdasites)?

No matter whether the reaction follows thdREor L-H route, the initial step must be the adsorption of
ammonia on the catalyst sites. Thus, it is important to make clear which sites are active for the effectiv
adsorption of NHthat further eacts with adsorbed or gaseous NO molecules. The third point refers to
the intermediate products which are related to the reaction route anddsétptionHowever based

on the literaturethe reaction mechanisms of BHSCRremaincontroversiafor diverse catalyst systems.
Different catalyst systems have disparate redox and acidic capacities, fwiitlvarious active
intermediates that predominantly affect the pathway and reaction efficiency.

For the common VQbased catalysts, ® is considered as the active site. Firsthg sites for
reactants adsorption (L vs B acid sitesydilaeen a matter of deteatn brief, L acid sites were related

to V=0 and B acid sites to-@H species. Earlier, Topsoe et al. had proposed B acidtsites the
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catalytically active sites as they detected a dominant amount of &tfdorbed onto \OH surface

sites®® 480n the other hand, Ramis et al. founda\idsorbed on V=0 sites to be thermally more stable
than NH*, implying that L acid ises were the dominant adsorption sites under reaction condifions
More recently, Marberger et al. supported the idea of Lewis acid sites being the active iaterined
observing a faster consumption of Né&tisorbed at L acid sites compared tosNktisorbed at B acid
sites®® ®1 Zhu et al. objected to the standpoint of Lewis acid sites as active sites by concluding tha
minority L sites (\V*=0) exhibited higher activity (TOF), while the more abundant B sit&5-QH)
dominated the overall reactiSfThus, still no consensus has been reached regardimgléhef L and

B acid sitesSecondly, lhe redox reaction step has been related to the reactivity and connected to the
VOxy surface structures. The usemfitu electron paramagnetic resonance (EPR) amdyXabsorption
spectroscopy (XAS) under reactionnciitions has revealed the reducingdradizing processes to be
accompanied by changes of the vanadium valence andi@ce structurg® >4 Feng et al. reported

VOx with polymeric structure to be redactive and provided an atomic view of the change of the VO
structure wititheredox stat@® *6Consistently, DFT results showed that formation of both oxidized and
reduced VQ, i.e., \VP* and VW, kept the vanadyl bond intact for isolated M TiOz, as verified byn

situ EPR data for VQTiO2 exposedto ammonia’ All these results have revealed that the redox
reactivity of VO species is structure sensiti@nally, the interaction betweeH,O and surface VO
siteswas also exploredAccording to DFT calculations by Avdeev et al., adsorbed water changes the
VOx molecular configuration by spontaneous dissociation and formation of sur@t¢ gfoups® >°
Importantly, lattice oxygen of surface ¥Gpecies was shown to originate from adsorbed water rather
than gagphase oxygef® Oxygen18 isotope labeling studies have revealed that both terminal V=0 and
bridging V-O-V bonds readily exchange oxygen with water vajjor

In ceriabased catabts, ceria can play different rolesc{ive component, promotor, or supporter)
depending on the state of ceria. Thus, the SCR reaction mechanism econ&iaing catalysts is

debatable and no consensus has been reached yet.

Bare ceria was proved to tiee ideal catalyst to explore the role of cerium oxide acting as active
component for the NHSCR reaction. Guo et al. used different cerium precursors to prepare bare ceria
catalysts by direct calcination at different temperatures and applied them 8GRI It was reported
that the performance of Ce@ight be related to its surface area, redox abilityz Adisorption capacity,
amount of surface C& and active oxygeft Zhang et al. reported a simply pretreated bare @O
calcination in Argon atmosphere with increased surface oxygen vacancies showing enhanced SC
reactivity. Based on this result, it was concluded thgfgen vacancies accelerated the acidity thied

redox cycle duringhe NH3-SCR reaction, increasingdhadsorption and promoting the activation of
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NHs and NO, facilitating the restation of C&* from Ce&* by adsorbed oxygerand subsequently

improvingthe NHs-SCRcatalytic performanc®

Considering the poor catalytic perforncanofbareCeQ,?’ it is necessary to add additial active
components to achiewynergistic effectTherefore, there are new requirements for the research of the
NH3-SCR mechanism on pgposite oxide catalyst8/0Os3-CeQ-TiO> catalysts show high activity in a
broad temperature range of 2080 °C, which may be related to the synergistic effect betweenxCeO
and WQ in the catalystsincluding activation of oxygen and increase of bibi Bronsted and Lewis
acidsites®® It also found that the GeZro 4O catalyst shows better NFSCR activity and Sgresistance
than the bareceria due to the presem of more acid sites and reactions proceeding via the E
mechanisn?* CeVQ, wasprepared byaddng ceria to \Os/TiO>, preserihg stable Bronsted acid sites
for NHz adsorption and moderate redox sites forsMdEtivation rather than polymeric \(@or the \-
based catalystwhich effectively suppressethe formation of NO and hencemproved its high
temperature selectivity®® Even for inert elements, synergistic effects exist improving the- SIER
reactivity or SQ resistance. A innovative Ce@SiO, mixed oxide catalyst wasrepared witrstrong
interaction between Ce and @eO-Si) and the abundant surface hydroxyl grotfpshe NH-SCR
perfomance of C.-SiO, was promoted by an enhanced ERigeal (ER) mechanismby which
gaseous NO could directly react with adsorbed.NHus, for composite oxide catalysts, it is important
to make clear the mechanism and tpeovide a reaction mechanisemhanced strategy to develop an

environmentally friendly NstSCR catalyst with superior S@esistance.

2.5. Identification of IR vibrations related to the NH3-SCR reaction

In order to find effective DeNfcatalyst it is necessary to understand the mechanisrtieedfHz:-SCR
reactionin detail. A very powerful techique for this purpose i®RIFT spectroscopy, which provides
direct information aboutesurface species during the reacti@sed on their vibrational signatuFer
the NH-SCR reactionmanydifferentgas molecules anzbrresponding adsbedspeciesare involved
which make it evenmore important tadentify these specidsased ortheir IR signals.

Regarding the NEklgas, itis adsorbedn acid sites, including Lewis and Bronsted acidssitde
assignnerts ofvarious IRbandsresulting fromto NHs - CeQ: species are shown rablel. Generally,
aband at above 3500 chis assigned to ® stretchingwhereadN-H stretchvibrationsappeaiat about
3100-3400 cm?. Bending modsof NHz onL acid sitesarelocated at about200and 500cm?, while
thosefor NH4*-B acid sitesarelocated at about450 andl650 cmt. The intermediatepeciesNH; is
characterized by &ature at about500-1550 cm.
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Tabl ki ter asunpasoa Randsel| atheHdcer i a speci es

Wavenumber [cr]

Substrate L-acidsite B-acid site NH. H.O OH
1407
CeO cube iégg 1468 67
1775
1273 1435
1296 1440 67
1681 1492
. 1196, 1420, 68
HSIWICeQ  “5g; 1663
1431, 69
Sulfated Ce® o 1160 1628
1626, 1692,
CeO-MnO, 1040 3334 1642, 70
1200 1458
3384,
VOJCeQ 1127 3263, 1436 71
3173
1594, .
Cel 1184
3356
. 1251, ’ 1438, 1300, 73
CeQ/Ti-zr-S oot 3248, 1238 1300 3674
3152
. 1181, 3100 1380, 1550, 5
CeFeoxide 357" 3400 1692 2348 3674
1591, 1534,
CeO-TiO; 1299 %%g%’ %jgﬁ’ 1522 3680 75
1148 1265
. 1670 36006 76
CeO-TiO2 1603 1o 1550 U
3346
1601, : 1684,
CezrO 1336, 3271 q407" 3107, 77
3404 2700
1273 330% 1448

Anotherimportanttype ofadsorbedpecieriginatesrom the interaction between N@ndceria
basedcatalysts.The differenly structued NOx speciesgespecially the N@ speciesexhibit distinct
activity. Table2 summarizesiteratureassignmergof surface NQspeciesesulting fromtheinteraction
of NO+O; with oxide catalysts. Generallgand within 15001600 cm' areassigned to nitratspecies.
In detail,features in thd 5001540 cmt rangehave beemttributedto monodentate nitratéjose in the
15401580 cm' rangeto bidentate nitrate, artiose in thel586-1600 cm' rangeto bridging nitrate.
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Tab2 ki ter asunpastaofharn dRse | atdeGlcer i a

species

1290

nitrate nitrite NO2
monodentate bidentate bridging monodentate
1250, 1165, 1597, 1552, 1403, 1498, 1615
CeO2 1200, 1240, 1545, 1589, 1373, 1357, 1620 67
1294 1563 1460, 1396
1550,
CeQ-nanocube 1255 1525 8
1215
CeO- 1541, 28
nanopolyhydrons 1347 1358
1561, 1528, 69
CeQ 1547, 1356 1274, 1216 1600
CeQ-MnOx 1513 0
VOyx/CeQ 1559 1577 1607 1636 "t
CeQ 1574 1253 1606 ¢
CeQ/Ti-Zr-S 1286 1572, 1517 1211 1620 "3
. 1393
CeFe oxide 1623,1535 1238, 1235 4
CeQ-TiO2 1297, 1280 1560, 1535, 1601, 1244 1613 >
. 1530
CeQ-TiO2 1571, 1550, 1240 1620 7®
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3. Fundamentals and experimental

3.1. Chemicals, gases, and instruments

The main chemical reagents ugedcatalyst preparation and performancedase listed inTable3, the
gases used in the experimeate listed inTable4, and he instruments and equipment used for catalyst

preparation, characterization argctivitytess are listed inTable5.

Tab3. ki st of wahedniicrmltshi s t hesi s
Name Chemical formula Specification Manufactrer
CHs o
Pluronic P123 HT© 10 . JOH Analytical pure Aldrich Sigma
x=20, y=70, z=20

Tetraethylorthosilicat: , 0 . .
(TEOS) Si(OEth >99 % Aldrich Sigma
Titanium tetrachloride TiCls >99 % Aldrich Sigma
Silicon tetrachloride SiCls >99 % Aldrich Sigma
Vanadlu_m VOCI3 >99 % Aldrich Sigma

oxychloride

Pyridine CsHsN 99.8 % Aldrich Sigma

Cerium nitrate . 0 . .
hexahydrate Ce(NG)3:AH20 99 % Aldrich Sigma

Copper nitrate ~ 0 . .
trihydrate Cu(NG3)2RH20 99 % Aldrich Sigma

Manganese nitrate ~ 0 . .
tetrahydrate Mn(NOs)2AH20 > 97 % Aldrich Sigma

Nickel nitrate , . 0 . .
hexahydrate Ni(NO3)2AH20 99.999 % Aldrich Sigma

Magnesium nitrate < 0 . .
hexahydrate Mg(NO3)2A8H20 99 % Aldrich Sigma

Lanthanum nitrate < 0 . .
hexahydrate La(NOz)sAH20 99.999 % Aldrich Sigma
Magnesium oxide MgO >99.99 % Aldrich Sigma
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Tabd4 ki st of gases theesd sin t

Name Chemical formula Specification Manufactirer
Nitrogen N2 099.999% Westfalen
Oxygen O, 099.999% Westfalen
Nitrogen

monoxide / NO / Nz 2000 ppmt 0.25% abs. Air Liquide
Nitrogen

Ammonia / 0 o
Nitrogen NH3/ N2 2000 ppmt 0.25% abs. Air Liquide

Sulfur
dioxide / SO/ N2 1000 ppm Air Liquide
Nitrogen

Tab% kenstruments and eiguitphmesits used i n th
Name Equipment model Manufactrer

Argon ion laser (514 nm)

Ramanspectrometer
Nd:YAG laser (532 nm)
Gasphase FTIR spectrometer Tensor27
DRIFT spectrometer Vertex
Gas adsorption analysis NOVA 3000e
X-ray powdemdiffractometer StadiP
DR UV-Vis spectrometer V-770
X-ray photoelectron spectmeter SSX 100 ECSA
Transmissiorelectronmicrosco@ JEOL JEM2100F
Reactor cell CRA-1000
Reactor celll DRP-ASC

Melles GriotInc.
Cobolt Inc
Bruker
Bruker
Quantachrome
Stoe & Cie GmbH
Jasco

Surface Science Laboratorit

Inc.
Akishimashi
Linkam

Harrick
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3.2. Characterization methods

The structure and physical properties of the samples were characterizedapydiffraction
(XRD), nitrogen adsorptioesorption measurement3ransmission electron microscopy

(TEM), andX-ray photoelectron spectra (XP.S)

XRD. X-ray diffraction experiments were carried out in transmission geometry ofrrayn X
powder diffractometer (StadiP, Stoe & Cie GmbH) with a Mythen 1K (Dectris) detector. For the
measur ement s, Cu K U 13) anchadGe[altl]imonochroreatorwere uséd4 0 5

N2 adsorption isotherm. Nitrogen adsorptio@esorption measurements were carried out
on a NOVA 3000e (Quantachrome) to determine the surface area and pore size of th
mesoporous samples. The BrunakemmettTeller (BET) method was employed to calculate
the specific surface area, and nonlocal density functional theory (NLDFT) was used to calculat

the adsorption branch to obtain the porosity characteristics.

TEM. TEM measurements were performed with a JEOL JAMOF(JEOL, Akishimashi,
Tokyo, Japan) equipped with a FEG, operating at 200kV. ED spectra and mappings wer:
recorded using an Oxford XMax 80 silicon drift detector (Oxford Instruments plc, Tubney
Woods, Abingdon, U.K.). TEM grids were prepared by dispersisiggal amount of sample in
2ml Ethanol with an ultrasonic bath-43droplets of the suspension were applied on a carbon
coated gold grid (Plano GmbH, Wetzlar, Germany) and allowed to dry. The charged grids wer

lightly carbon coated to avoid charging unttex electron beam.

XPS. X-ray photoelectron spectra were recorded on an SSX 100 ECSA spectrometel
(Surface Science Laboratories Inc., Minneapolis, MN, USA), equipped with a monochromatic
Al-K U -ray source (1486.6 eV), in constant analyzer energy (CAE) mode at a 36°detection
ande with 0.1 eV resolution. The C 1s peak of ubiquitous carbon (284.9 eV) was used to correc
the binding energies. Data analysis included subtraction of a Shirley background andit peak
anal ysis wusing Gaussiani Lor e ntzianisleare. Tperdegdea c t
of reduction of ceria was determined based on the ratié/(Ce**+Cée'") using the sum of

integrated peaks for €eand Cé*, respectively.

To analyse the formation of ceria during the calcination process, thermogravimetric analysis

(TGA) andin situ spectroscopies were applied.

Thermogravimetric analysis (TGA). TGA was performed on a TGA/SDTA8%.(Mettler
Toledo). In order to record TGA curves, samples were exposed to a flow of synthetic air or pure

N2 gas (100 ml/min) while beinigeated from room temperature to 500 € at a rate of 1.5 €/min.
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Samples were then calcined at 500 € for 5 h. At the same time, derivative thermogravimetry

(DTG) profiles were obtained.

Gasphase Fourier transform infrared (FTIR) spectroscopy. FTIR spectrgacopy was
performed on a Bruker Tensor 27 equipped with a DLaTGS (deuterated-a@adihedoped
triglycine sulfate) detector, and a low volume gas cell (25 ml, 0.5 migagith, Axiom). The
gas cell was heated to 120 € to avoid the condensation of vpmbetuced by the catalytic
reaction. IR spectra were continuously recorded every minute with a resolution of &leen
backgrounds used for the analysis were recorded under pure nitrogen gas at room temperatu
For online IR gagphase detection, the Tswr was connected to the SCR reactor (commercial
CCR1000 catalyst cell, Linkam Scientific Instruments). The-g@se concentrations were

determined based on a set of calibration curves.

Diffuse reflectance (DR) U\WVis spectroscopyDR UV-Vis spectra were recorded on a
Jasco V770 UV-Visible/NIR spectrometer with a praying mantis mirror cell and a-high
temperature reaction chamber (Harrick Scientific Products Inc.). Halogen and deuterium ligh
sources were adopted to transmit wavelengthsearvigible and ultraviolet, respectively, and a
Peltiercooled PbS detector was employed. Spectra were recorded from 800 to 200 nm with

spectral resolution of 0.5 nm. MgO was used as the white standard.

Raman spectroscopy.Raman spectra were recordedarbackscattering geometry. For
excitation, an argon ion laser (514.5 nm, Melles Goog Nd:YAG laser %32 nm,Cobolt Inc.,
Germany) was employed and for collection of the backscattered light a transmission
spectrometer (Kaiser Optical) equipped withclaargecoupled device (CCD) detector was
employed. The spectrometer was calibrated using the emission lines of a standard argon lam
The resolution of the spectrometer was 5'and the wavelength stability was better than 0.5
cml. The laser power wagsto 2.5 mW and measured by a power meter (Ophir). The Raman
features were fitted by Voigt functions using a Gaussian linewidth of 6teraccount for the

instrumental broadening.

Diffuse reflectanceinfrared Fourier transform spectroscopy (DRIFTS).DRIFT spectra were
recorded on a Vertex 70 (Bruker) equipped with a liquiddbled mercury cadmium telluride (MCT)
detector and a commercial Harrick cell. As a background standard, KBr powder was used. The spectr
resolution of DRIFTS was 1 ¢ the tempral resolution was 60 #n situ DRIFT spectroscopy was
combined with gaphase analysis, by analyzing the gas phase at the outlet iof ghie cell by gas

phase FTIR spectroscopy (see above).
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3.3. Synthesis methods

Metal oxides (e.g. Ceflhased) are effective catalysts for NGICR of NO. The reactivity is proportional

to the number of active sites on the surface. Thus, a smaller size (hano size) is beneficial for the met
oxides to achieve high specific surface area. On the other haridgthoperation temperature can sinter

the tiny oxides together which decreases the catalytic performance with increasing catalytic time. SBA
15 is used as support with high surface area and inert silicate substrate to stabilize-Hasedrixides.

In order to disperse the oxides on the mesoporous BBAwo synthesis methodseadoptedi.e.solid

state impregnation (SSI) and atomic layer deposition (ALD).

Solid state impregnatiofror the solicstate impregnation (SSI) method, the precursors aldtiee
metal oxides are mixed with the mesoporous support directly followed by calcination to remove the
ligands and obtain the oxides dispersed on the support. Different from the conventional wetnes
impregnation method, the SSI method is solvent freeelwmakes the technique environmentally
friendly and easy to operatécheme khows an example of the general process of the SSI method for
preparing Ce@@SBA-15 using the cerium precursor Ce(B$6H20. The cerium nitrate powder and
SBA-15 are mixed according to the weight proportion and grand in a mortar for 30 mins. After that, the

obtained mixture is calcined in a furnace with a specific temperature program.

/ T/°C

SBA-15 - t/h
—_—
grinding calcination
///
Raw mixture Ce0,/SBA-15
Ce(NO,);6H,0

Schemme Geneoabwdghe SSI fopertehpoadr i2@BAGOs i ng etrih aum
precur s ozl 6G@.( NO

Atomic layer depositionAtomic layer deposition (ALD), also known as atomayer epitaxy
(ALE), is a chemical vapor deposition technology baseardered, surface sdlimiting reactiors. ALD
technology originated in the 196a970s. It was first reported by former Soviet scienfidéskovskii

and Koltsov’® Then basé on the demand for higiuality ZnSMn thin film materials for
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electroluminescent thifilm flat-panel displaysjt was developed and improved by Suntflom

Finland. However, due to its complex surface chemical processes and other fldibitechnoloy

did not achieve great development at ieginning.In the 1990s, with the rise of the semiconductor
industry, the requirements for the size and integration of various components and parts became high
and higher, an&LD technology ushered in the goldstage of development. In thesdentury, with

the successful development of commercial ALD instruments to meet various preparatiorAb&eds,

technology has attracted more and more attention in both basic research and practical applications.

Typically, ALD refers to gorocesof forming thin films byfeedingalternating pulses of ggghase
precursors into the reaction chamibelfowed by gassolid chemical reactiaon the surface of the
deposited substrat€igure 8shows the process which includes four steps in more detale€) of
precursomMB pulsefor adsorption reactionn the surface with an initial group (such-A€); (ii) Use
of inert gagN2 or Ar) to purge excess reactants and-pyoducts{iii) Feed of pecursotAC pulse (which
always acts as an oxidamby adsorption reactiowith adsorbedB; (iv) Use of hertgasto purge excess
reactants and bgroducts

-AC + MB3 Y -AMB: +BC (3-1)
(-AM)-B + AC; Y (-AM)-AC + BC (3-2

whereM is themetal element for coating, B the coordinated ligakd,is the oxidant with A is oxygen
whenmetal oxide AM is wantedlhese steps are then repedteckalize the film layer by layer growth

on the substrate surface.

BC
MB ~ @
, %6
AC terminated groups
000060O6OGOGIOG A.!..!.
Precursor 1

3 =

& 5

= e/' . ® o

AWAW AL TAYY

Precursor 2

Fi g@&r eSchematical diagram of the ALD procedur e

22



Here, the ALD technologys adoptedio deposit oxide Sig) Al>Os, TiO2, and VQ using as

precursors SiG+pyridine) Al(CHa)3, TiCls, and VOC4, respectively. HO is adopted as an oxzihg
agent. InFigure 9 the ALD system used in this thesis is presented. The powder samples are loaded in
customized opened container with filters. The feed system and reactor can be heated by therm

controllers (red lines).

ilter

Fi g9r eCust olnD zierds tArsuende nitn t hi s t hesi s

3.4. NH3-SCR reaction system

The NH3-SCR reaction wastudied by usinghe reaction platfornshown schematically in Figure 10
which was developed within this thesis.
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1. Gas bottle; 2. Ball valve; 3. Filter; 4. Mass flow controller; 5. Back pressure valve; 6. Mixing reactor; 7. Gas preheater; 8. Steam
generator; 9. Catalysis cell; 10. Controller box for catalysis cell; 11. FTIR gas analyzer; 12. Controller box for heater band; 13 Heater
band; 14. Thermocouple; 15. RJ45 hub; 16. Computer.

FigdOe Schemat i ct hdéiBeSgCrRa m eafct i on syst em.

Several points should be noted here. Firstly, the exhausted gas is detected by gas phase FTI
Different from the specifically integrated detector for NGCR, from which the gas component values
can be obtainedirectly, the FTIR is advantageous in recording all the possible gas products except for
the IRinactive N. In order to quantitatively determine the amount of the exhausted components, suitable
IR signals are chosen and via calibration the relation betwReintensity and gas component

concentration is evaluated, which is shown in the next section.

Secondly, the NEHSCR reaction is examined by using a Linkam cell. Regardingnthsstu
spectroscopy work, both a Linkam cell and a Harrick cell were usedhwill be specified when

discussing the results.

In general, the NEHISCR catalytic performance, including the Neédnversion and Nselectivity,
is conducted by putting a certain amount of catalyst into the fixed bed cell and feeding the experimentz
gas at a certain temperature with a known inlet gas composition and detected outlet exhauste
composition. In detail, firstly, the catalyst is dehydrated at ®5Gnd N+ 20 vol.% Q for 1 h.
Afterwards the typical SCR reaction gas is fed into the cell beams 500 ppm N§1500 ppm NO, 5
vol.% & and balanced with NWhen considering the effect of vapor and sulfur, 5 vol.# &hd 200
ppm SQ are added in the typical SCR inlet gas and balanced witlhhé gas flow is set as 50 mL/min

and the corresponatj gas hour space velocity (GHSV) is about 6000Quhless noted otherwise.
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Considering the deadtime of the gas transport in the pipe and the reaction time for reaching a stab

equilibrium, 20 mins (or 30 mins) are adopted for each reaction condition.
The catalytic performansare evaluated as below,

[NOJ,,-[NO]

NO conversiorr out 31009 (3-3)
[NO],,

[NO,],,-[NO,]

NO, conversiorr out 31009 (3-9)
[Nox]in
N, selectivity=—LN2low 3 1000 (3-5)
[N 2] 0U'(+[N p] out

where the subscripts in and out indicate the inlet and outlet flows of the reactor, respectively.

3.5. Temperature calibration

Temperature is an important factdfecting the NH-SCR behavior as well as the reaction mechanism.
Typically, the NR-SCR reaction is ought to be tested in a temperature range from low temperature
(about 15CC) to high temperature (about 4%8D0). Thus, accurately anchoring the testedperature is

the foundation for the understanding of NBICR reaction especially at low temperature. Here, two

reactor cellsare adoptedthe Linkam cell and the Harrick cell, which are each calibrated.

For the temperature calibration of the reactor, itusthde noted that the temperature in the cell
space is not even for the side heating mode. In this case, the calibration point is fixed in the center ar
near the upper surface of sample (Bégure 1). Although it is typically lower than the wall side
temperature which would result in a higher apparent temperature, the surface region acts as an importe
role in thein situspectroscopy characterization which is sensitive to the temperature. In addition, during
the calibration, the cell is opened (thesglavindow is removed) and the convective heat transfer makes
great effect on the detected temperatures. Therefore, thelSBAused as a filler above to simulate an

closed atmosphere.
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The temperature calibration results are recorded and subjected to a least square fit analysis yieldil
a relation between the actual temperatuegy)(@nd the apparent temperaturgpgl as shown idrigure

12. In the following, alltemperatures given refer to actual temperatures.
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4. Synthesis of CeOz loaded on mesoporous SBA-15 and its application for NH3-SCR

As discussed in the last section, mesoporous-3BMAas been widely adopted as catalyst support due
to its high specific surface area and chemically inertngggh8tic approaches leading to catalytically
active mesoporous silicates &l owing mostly two routes that is,thei op®t 0 st rtheet e g
il oadi ng*l nsttrhaet ecgayspeo t @f sturipeasyrith@sigendthgdthe silicon source

is mixed with the precursor of the active composition, which then both interact with the template to co
assemble into a porous framewd?k3'The #fAl oadi ng o -sywthesis methgd) majnly r
involves the preparation of stablemesoporous silica matrixollowed by its loadingwith the active
compositiorf? Besidestheintermedide routebetween the preand postsynthess approahes denoted
fimedsynthesis, in which thetemplateremainsin thepore geeFigure §, has been applied owing its
potentialto combire theadvantages dhe pre and postsynthesis approaches, suclyasdactive phase

distribution anddefinedstructure as well as improved catalytic activity

In this section, the preparation of active metal oxide catalysts supported ch5SBAsolidstate
i mpregnation with the assistance neds yan tt lreanpil ad .
on the catalytic test comparing the templassisted method (mexynthesis) with the templafece
method (possynthesis), the former apparently yielded an improved SCR performance which was the
motivation to explore how the template assistance madkeat &d why the prepared catalysts showed
distinct SCR reactivities, which were corresponding to the mechanisms of the synthesis process and SC
reaction process, respectively. Firstlysitucharacterizations were adopted to monitor the synthesis of
Ce(; loaded on SBAL5 by theSS method with/without a templafé.Secondly, the SCR reaction
mechanism was explored for the GEEBA-15 catalyst. In order to exclude the effetsupport, bare
CeQ exploration was inserted before the GEBBA-15 to show the general mechanism of NECR

on ceria.

4.1. Controlling the dispersion of ceria using nanoconfinement: application to CeO2/SBA-15
catalysts for NH3-SCR

Ceriabasednaterials have been considessdpotentiatatalystdor theNH3-SCR reactiondue to their
high oxygen storage capacity (OSC) and excellent redox prop€rdsce crystalline Ce@ cannot
provide asufficienty high specificsurface areaspeciallyafter hightemperature aggregaticBBA-15

has been employed previously asupportmaterial to disperse and stabilize Ggfarticles®* but also
otherNHs-SCRrelated material®
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Recently, the positive effect alurfactantson the loadingf active components in mesoporous

silicates hasattractedconsiderablattention.To this end, previous studies have shown that Sized
ceria particles dispersed on SBA, as achieved with the assistance e€i caused an enhanced
reducibility and defect concentration of the particles, influencing#talytic performancg’ Besides,
surfactamtassisted impregnain has been widely applied in the context of Ni/SBAcatalysts for C©
reforming of CH.8” These studies have revealed that the use of surfact2® Welds a catalytic
performance superior to that of other surfact&f&which was explained by the coordination of Ni
atoms by the OH groups of P123, thus preventing their aggre§&@onsidering that P123 is the
template of SBAL5, a method was put forward that usedrasle SBAL5 for wetness impregnation
after partial removal of P123his method was employed for the synthesis of Cu/8BAnaterials,
enabling a good dispersion of copper even at high loadgs. et al. suggested an improved method
to use the P128ontained SBAL5 combined with soligtate impregnation methods to avoid the extra
step of partial removal of P123, which was applied to the synthesis of CuclSBér thiophene
capture’® CeQ/SBA-15 for sulfir capture? Pt/SBA-15 for hydrogen storagé,Co/SBA-15 for the
oxidation of organic pollutanf§,and Fe/SBAL5 for phenol degradatioi.Also composite catalysts,
i.e., AgCeQ/SBA-15, were prepared by using P1@&mntained SBAL5, showing good dispersion and
catalytic performance for roomemperature reduction of-ditrophenof® Summarizing, previous
studies have demonstrated the great potential of the templateaB4i2&d synthesis afiesoporous

catalystcontaininghighly dispersednetak or metabxides.

Although the medsynthesis approach towards improvedupported catalysthias received
increasing attentigra detailed mechanistic understanding oftdmeplateP123assisted synthesis is still
lacking.Onehypothesiss thatP123 remaining in the pores 8BA-15forms a confined space between
the silica walls and residual P123 in the intrall pores’® °2°° while another proposean interaction
between P123 and the metal precursoffiencingtheir decompositiorbehavior®® However, due ta
lack of direct experimentavidence particularlyin situ analysis none ofthe abovehypothesesave
been verified so faBesides, it was fouhthat the dispersion effect of P123 was limited to samples with
high loadings? Thus, elucidating the mechanism of thenplateassistance will be of great importance

to further improve its applicability to catalysgnthesis.

In the following,the preparation o€eQ/SBA-15 catalysts by solidtate impregnation methods
starting from bare and templatentaining SBAL15is reportedaiming at a mechanistic understanding
of the synthesis. To monitor the calcination process in detasifu Raman, DRIFT, and DR UW¥is
spectroscopies were applied, revealing details of the transformation of the cerium precursor to th

supported oxide. Additional thermogravimetric analysis (TGA) and exhaust gas analysisiRy FT
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spectroscopy allowed the temperatdependent decompasih of the P123 template and the cerium

precursors to be monitored. The differently prepared samples were characterized regarding the
structural and surface properties and tested ig-SIER. Based on these combined results, a synthesis
mechanism was proged and used to develop a novel synthesis protocol to yield catalysts with improved
ceria dispersion and superior BHCR performancelhis work mainly follows the published paper
AControlling the dispersion of CeG3BA-a5 catdystfgr n a
NHs-S C R*®

4.1.1. Catalyst preparation

asSBA15 and tfSBA15. Mesoporous SBALS was synthesized according to the methods reported by
Zhao et al (seeFigure 5.%° Briefly, 4 g of pluronic EQPO0EQ,0 (P123) was dissolved in 150 ml of

1.6 M HCI solution and stirred at 35 € and a speed of 250 r/min for 2.5 h. Then, 11 ml of
tetraethylorthosilicate (TEOS) was added and the obtained mixture was stirred at 35 € at an increase
speed of 400 r/min for 20. The stirred mixture was then transferred to a Teflon bottle for hydrothermal
treatment and crystallization at 85 € for 24 h. Vacuum filtration of the suspension at room temperature
yielded a white powder, which is referredas asmade SBA15 (asSBA15) and which contains the
templating agent P123 in the mesoporous matrix. Calcination of adSB 550 Cfor 12 h with a
heating rate of 1.5 €/min in air yields a white powder, referred to as temfreSBA15 (tfSBA-15),

from which the templating agent P123 has been removed.

asSBAL/H-CeQ-Air/N». Cerium nitrate was employed as the cerium source for the preparation
of CeQ/SBA-15 catalysts. The precursor Ce(j®H O was mixed with asSBAS (see above) via
solid-state gmding at room temperature for 30 min. The thoroughly mixed powder was then calcined in
a muffle furnace at 500 € for 5 h (heating rate: 1.5 €/min) in air (denotedAiy) or N2 (denotecby
-N2) to remove the P123 template and form the £gldases. To gtore the effect of Cefloading,
CeQ/SBA-15 catalysts with low and high Ce®ading were prepared. The sample resulting from a
mixture of 0.173 g of Ce(N§$HH >0 and 0.225 g of asSBAS will be referred to as-CeQ, while
that resulting from a mixturef 0.346 g of Ce(N@#£H 20 and 0.225 g of asSBAS will be labelled as
H-CeQ. Thus, as an example, mixing 0.173 g of Cef8M -0 with 0.225 g of asSBAS5, followed
by calcination in air, gave the sampleSBAL-CeQ-Air.

tfSBA-L/H-CeQ-Air/N 2. Similarly, tfSBA-L/H-CeQ-Air/N 2 samples were prepared by following
the above protocol, except that asSBA was replaced by tfSBAS5. To exsure comparable CeO

loadings, 0.225 g of asSBES was calcined yielding 0.108 g of tfSBI&. Thus, as an example, mixing
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0.173 g of Ce(N@)$HH -0 with 0.108 g of tfSBALS5 followed by calcination in air resulted in the sample
tfSBAL-CeQ-Alr.

Prior to @talytic testing ifNH3-SCR, all sampledreatedin N2 during synthesisvere calcined in

air for 2 hat 500 € to remove residual template.

4.1.2. Characterization of dispersed CeO2 on SBA-15

Three Ce@SBA-15 samples were prepared by calcination of the cerium oxide precursor
Ce(NQ)$HH 20 and the SBAL5 support following different routes, as detaile@ahmeme 2The sample
tfSBA-CeQ-air was synthesized by grinding temptétee SBA15 (tfSBA-15) with cerium nitrate and
subsequent calcination in air to obtain ceria crystallites grown inside15Bgores. For the sample
asSBACeQ-air, P123containing SBA15 (asSBA15) was employed as support material. Using the
same calcination step in air results imi@elispersed inside the SB¥S pores. Moreover, a third route
was designed, which yields the sample asSB#»-N2, by starting from asSBAS5 but changing the

gas atmosphere to inert.N

loading
Ce(NO;), calcination

¢
¢ tfSBA-15 tfSBA-CeO,-air

loading cerium
Ce(NO) mugrauon calc-nanon O

asSBA-15 q,;*’u,, asSBA-CeO,-air
&> O
cerium

migration calcination

asSBA-CeO,-N,

Scheme Different synteh@ SIBBS roaltt &Isy sfteisr 8@ ah g
i mpregnati.on method

Figurel3(a) summarizethe temperaturprogramof thecalcinationprocesswhich ischaracterized
by two stagesi.e., heating from room temperatute 500 € at arate of 1.5°C/min andkeeping the
temperaturat 500°C for 5h.
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Figure13(b) shows wideangle XRD patterns of the calcined samples. Starting with barelSBA
the broad diffraco n p e a k °iadssighedl toamoPpBous silica. For the samples with [Bading,
new peaks appear? 3P 423 and 3613 which canm be agributedl to different
planes of crystalline CeQi.e., (111), (200), (220), and (311), respectively. Detailed analysis reveals
that the peaks show a full width at half maxm(FWHM) in the order tfSBA_-CeQ-air < asSBAL -
CeQ-air < asSBAL-CeO-N». Based on a fit analysis of the ceria (111) diffraction peak and application
of the Scherrer formul¥,the grain sizes are found to decrease as tf8B2eG-air > asSBAL-CeQ-
air > asSBAL-CeO-N2 (seeTable6), reflecting the suppression of ceria crystal growth when the use
of template P123 is combined with & Malcination atmosphere&imilarly, with increasing Ce
loading, the grain sizes decreased as asBB2eG-air > asSBAH-CeG-Nz, indicating that amnert
calcination atmosphere can further improve the ££e€persion compared to the effect of the surfactant

template alone.

Table6 summarizes some physical propertiéshe CeQ/SBA-15 samples as determined on the
basis ofN2 adsorption isothers) including the specific surface argasrevolumes and pore sizesThe
CeQ-containing samples exhibit smaller specific surface areas than bare tefrg@de88A 15 (tfSBA-
15), decreasingn the ordertfSBA-L-CeQ-Air > asSBAL-CeQ-Air > asSBAL-CeQ-N2, owing to
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micropore blocking and, in the case of asSB&£e(G-Nz2, also the reduction of mesopore diameter by

ceria loading onto the inner surface of the porous matrix.

Tab6.Eomposspecanyrifcace area, and por cCigh YBIASh ar
samples compareldS to bare SBA

CeO2 Stotal V'otal
Samples Dp [nm]P° dceoz [nm]?
(Wt.%) [m?/g]? [cm3/g]°
tfSBA-15 0 616 6.3 0.64 --
tfISBA-L-CeOgz-air 39 414 6.3 0.43 7.8
asSBA-L-CeO2-air 39 359 6.3 0.39 6.4
asSBA-L-CeO2-N2 39 280 5.8 0.32 54

aTotal BET surface area.

b Pore diameter determined from the adsorption branch by NLDFT.
¢ Total pore volume.

d Calculated from XRD results using the Scherrer formula.

The N adsorption/desorption isotherms of the SBRand Ce@SBA-15 samples all show profiles
typical for mesoporous materials (deigure 14(a)), but with variations inhee shape of the hysteresis
loop. Bare SBAL5 powder shows the typical shape of a mesoporous material with an H1 hysteresis loof
at the relative pressug@p® of 0.550.75, reflecting uniform hexagonal pores with a narrow pore size
distribution centered aomd 6.3 nm diameter. For samples loaded withCa@ecrease in the micropore
area compared to bare SBA is observed. Also, the closing point of the hysteresis loop shifts to lower
relative pressure values of about 0.45, which implies that @=fOrmed inside the pores, resulting in
open and narrowed mesopof@d.he desorption branch of the hysteresis loop &BA-L-CeG-air
shows twosteps, representing open mesopop’(of 0.530.70) and narrowed mesoporggpl of
0.450.53), respectively. For asSBIACeQ-air, a weak feature from open mesopores and a forced
closure of the hysteresis loopmp® = 0.46 is observed, which is albtnted to inkbottle type pores. In
contrast, the desorption branch of asSB&£eO-N: is characterized by a smoother decrease, which is
somewhat similar to that of SBA5, representing a more uniform pore size along the channels, while
the shift of the cve to lower relative pressure values compared to bare-EBresults from the

decreased pore size after the coating with £eO

Figure 14(b) shows the pore size digutions calculated from the adsorption branches of the

isotherms. The samples tredie air, tfSBAL-CeQG-air and asSBA_-CeQG-air, exhibit a maximum at
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a pore size of around 6.3 nm, i.e., at the same diameter as the origindl5SSBAplying that a

constderable amount of surface area inside the pores is uncoated. Especially the pore sizeslof tfSBA
CeQ-air are distributed over a wider range towards lower values, suggesting the presence of CeC
crystallites inside the pores. In contrast, asSBBeG-N. shows a maximum at a decreased pore
diameter of 5.8 nm, as a result of a more even coating of the pores withaaa&e@ For illustration,

Fig. S41 in the Supporting Information provideshetatic diagrams of the pore structures of these
three samples, as proposed on the basis of the above analysis. In summary, far-G8BAair, the
growth of crystalline ceria results in the presence of narrowed pores, while in the case ofLasSBA
CeQ-arr the limited diffusion of the cerium precursor leads to the formation ebatite pores. By
contrast, for asSBA.-CeOQ-No, extensive diffusion of cerium ions results in an evenly coated porous

matrix.
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4.1.3. Mechanism of CeO:2 dispersion during calcination

Previously, the goodispersion on asSBA5 has been proposed to be due to the existence of template
P123, resulting in confined spaces for Ge@stal growth, however, without providing direct evidence.
To elucidate the interaction between the SBAsupport and the ceriaespes during calcination, TG
analysis and online ggsase FTIR spectroscopy, as wellimsitu Raman,DR UV-Vis, and DRIFT

spectroscopies were applied

First, TG analysisvere appliedo gain detailed insight into the decomposition of the template

contaning SBA15 during calcination compared to bare asSB¥KS and the cerium precursor
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Ce(NGy)#$6H 20 as reference (sdagure 15(a)), following the temperature program givenHigure

13(a). The observed thermalatenposition of bare amade SBA15 shows a single weight loss of 47

wt. % at about 120 €, which is associated with the decomposition of triblock copolymer P123 slightly
embedded in the siliceous pore wédli®revious stdies have addressed the decomposition mechanism
of bare cerium nitrate Ce(NJ%H 20 in air by TGA, as summarized in Fig. -84% 01 Here, by
combining TGand DTG analysis (sed-igure 15a) and S43), It is identified 221 € as a critical
temperature point, attributed to the onset of cerium nitrate decomposition. Weight losses observed belo
221 € are assigned to the release of surface water and structuralwiaiterat temperatures above 221

€ the decomposition of nitrate resuliedhe release of N(yas (see belovisigure15(b)) and a further
substantial weight loss of 35 wt.%. Sample tifSBA e calcined in air shows a substantial decrease

in weight below 200 € due to lower onset temperatures for the release of water and cerium nitrate

decomposition compared to bare cerium nitrate.

However,becausefor the mixed samplegérium nitrateésBA-15), theweight losgeflects a more
complex interplay of different processes, the exhaustomagsnuouslymonitored by gaphase FTIR
spectroscopy. To this enBigure15(b) depicts the temperatupgogrammed evolution of N(yas(at
1629 cmb)®” resulting from cerium nitrate decomposition. As a reference, theeN@ution of bare
Ce(NG)3-6H20 salt is shown (see lighilue curve), which is characterized by a sharp increase at 240
€ and a slower decline up to500 €, in agreement with the literatur®! There is an additional small
peak at about 120 €, indicating the evaporation of aqueous acid azeotrope, as disctissedmext
of Fig. S42. Compared to the bare cerium salt, the;Nignal of tfSBAL-CeQ-air appears within a
much narrower temperature range, suggesting the influence cfLSBA the decomposition of cerium
nitrate. The lack of NeXeatures at loweemperatures.e., at around20°C andat190-230°C, suggests
the inhibition of azeotrope formation llyy SBA-15. In contrast, the sample asSBACeG-air shows
an increasing signal at 1850 €, which is attributed to template P123 decomposition, piadg water
to form the HNQ azeotrope, as well as a stronger nitrate decomposition peak with an onset at ~250 €.
For asSBAL-CeO-No, the cerium nitrate precursor is observed to decompose within a very narrow
temperature window 80 € -300 €), indicating differences in the interaction between precursor and

template as a function of the calcinatmonditions

Fig. Figure15(c) depicts the temperatupgogrammed evolution of exhaust €@as(at 2350cm
H102 resulting from the decomposition of template PIR28.bare asnade SBA15, the decomposition
starts at around 155 € and extends up to 500 €. Sample tfSBBAILeG-air shows a small feature at
240-350 €, originating from residuaP123after calcination. By comparison Bigure15(b) andFigure
15(c), it can be seen that the temperature range of the€l@ed band overlaps with that of the NO
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band, possibly leading to synergetic effects indeeomposition and oxide formation processes. The

sample asSBA._-CeQ-air exhibits several C&related peaks. Compared to the single broad l6&0d
detected for bare asSB¥5, these more discrete features indicate the presence of different intermediate
staks during P123 decompositidm. contrast, when the calcination is performed i & significant
amount of CQis released within a very narrow temperature window-27® ), strongly overlapping

with that of the NQrelease (seEBigure15(b)), reflecting an interaction between the decomposition of
P123 and that of cerium nitrate, whilee CO, emission at higher temperatam@an be ascribed tihe

decomposition of oxygenontaining fragmentsf the template.
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To gain more detailed insight inthe decomposition processésgure 16 shows the temporal

evolution ofall exhaust gases during calcination, as detected by onlinghgae IR analysiseatures
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ataround 11501250 cmt are assigned to-O-C stretching mode¥? those at 1350 crhand 28063000
cmit to C-H bending and stretching modes, respectiv&and those at 1750 and 3638ttt C=0Oand

O-H stretching modes, respectivefy.

For bare asSBAS5, the P123 decomposes diredibygaseous Cfas well as C1 or C2 fragments,
starting at around 170 €. In the case of tfSBACeG-air, the decomposition of cerium nitrate, leading

to NG, formation, and small amounts of ¢@nd G ketone are observed from 260 € onwards. The
exhaust gs evolution of asSBA-CeQ-air is characterized by four stages, beginningoaiut 160 (1),

240 (1), 300 (1), and 350 € (1V), respectively, consistent with the discrete €aks inFigure15(c):

In stage |, G fragments (including ketone, alcohol, and ether) are formed, whilesN@vs a gradual
increase, indicating that P123 fragments may affect the decomposition of cerium nitrate, cortbiglering
higher onset temperature for decomposition observed for HiSEB&G-air. In stage Il, which
corresponds to the temperature range of the original cerium nitrate decomposition, a facilitatec
decomposition of P123 compared to bare as3BAs observed, wbhh may be attributed to a catalytic
effect by the formed ceria (see below). In stage Ill, most of the residual P123 is catalytically convertec

by ceria to CQand HO, while in stage IV more stable fragments are decomposed.

Summarizing, from the abowe situgasphase resulist is concludel that P123 fragments facilitate
the decomposition of cerium nitrate, while in turn the formed ceria catalyzes the decomposition of P123
Interestingly, for sample asSBIA-CeQ-N, P123 and cerium nitrate decompose almost simultaneously
within a narrow temerature window at about 280 €, which equals the decomposition temperature of
cerium nitrate, according to the tfSBACeQ-air and asSBA.-CeQ-air results. Thust is concludel
that the inert atmosphere inhibits the decomposition of P123 at low teomesrétee also Fig. S9,
allowing an increased catalytic interaction between cerium nitrate and P123 at eteugtedature,

boosting the nucleation of nano ceria.
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The in situ Raman spectra of tfSBA-CeQ-air, asSBAL-CeQ-air, and asSBA.-CeQ-N2
during calcination are mainly characterized by Raman features at 457, 745, and 1q46efig. S4
5). The band atbout 460 cm is assigned to the triply degenerate symmetrical stretching magle{F
ceria®? and its position and shape are known to depend on the detailed ceria lattice sfttiThuee.
Ramanfeaturesat 745 cm' and 1046 cm originate frombending and stretching vibrations of free
nitrate,respectively:®® Figure17 compares the temperatelependent transformatiarf cerium nitrate
into ceriafor the three samples, focusing the nitrate stretching mode at 1@46* to monitor the

precursor decomposition (a) and thg fode at 457 crhto describe formation of crystalline ceria (b).
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For tfSBA-L-CeQ-air, the cerium nitrate features disappear at 300 €, while those for ceria start to

appear at 250 €, implying simultaneous cerium nitrate decomposition and ceria formation. Initially, a
broadF.grelatedbandis detectedit about 450 cri, whichunderg@s a narrowing angkd-shift to 457

cmit with increasing temperaturthus indicatinghe growth of ceriarystallites (see Fig. S&a)). The
additional smaller features about 25@nd 27%m* are attributedo nitro- and ceriarelated vibrations

and dscussed in the context of Fig.-54
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In the case ofhe asSBAL-CeQ samples, temperature windows of about-380 € (in air) and
250450 € (in N2) were detected. SampsSBAL-CeQ-air shovs the g bandonly at about 300C,
suggestingn inhibited ceriagrowth procesdn contrast, in the case a6SBAL-CeQ-N2, a kg band

is only indicated, consistent with the presence of amorphous ceria and/or very small ceria crystallites.
Previously,a possible iorexchange reaction ailicate adsorbent has been repoffed®
CeO-NO2+ OH Y CeOH + NOs (4-1)

Thus, one may deduce that the dispersion of cerium within the pores is related to the extent c
migration of soluble C¥, stabilized by hydroxyl groups of P123, prior to forming solid €a@stallites
at higher temperatures. Thus, a &teémperature window is expected to facilitate the migration process

of cerium ions within the pores, resulting in a better dispersion.
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In situ DR UV-Vis spectra were recorded to gain information about changes in the coordination

environment of cerium ionduring the transformation from Ce(NRto CeQ (seeFigure 18). The

initial DR UV-Vis spectra of tfSBA_-CeQ-air, asSBAL-CeQ-air, and asSBAL-CeQ-N: at low
tempeatureare characterized liypical featuresf Ce(NQ)z at 218, 255, and 314 nm, which correspond

to a 4f-5d electronic transfer of G§ a charge transfer (CT) oP@p to Cé* 4f/5d, and a CT of CG&

5d to & 2p, respectively?’ At higher temperature, spectra show a broad absorption band-82@20

nm, which can be attributed to a CT band éft® C&"* (at ~270 nm) and intdsand transitions (at ~310

nm) of ceria. With increasing temperature from room temperature to 500 C, HSBAQ-air (see
Figure18(a)) shows an increase of the bands2&trdn and 35 nm, but a decrease of the band at 220
nm, which is attributed to the transformation of nitrate to oxide. In addition, there is a shift of the
absorption edge from 370 nm for Ce(B§Xo 470 nm for Ce@ For the samples asSBACeQ-air
(seeFigurel8(b)) and asSBA.-CeO-N2 (seeFigurel8(c)) similar overall changavere observed, i.g.

the band at 260 nm increased, while the shoulder band at 320 nm disappeared. The presence of nc
signals in the UV region can be explained by the strong absorption of the -caritaming P123
template. Similarly, the absorption edge shifted from 137to 450 nm for asSBA-Ce(Q calcined in

air or in Ny/air. The intensity at about 380 and 250 nm has been reported to be proportional to the amour
of Cé* ions in an octahedral/polymeric and a tetrahedral coordination environment of CeO
respectively}:°® Thus, it is concludedthat there is more tetrahedrally coordinated cerium present in
asSBAL-CeQ-air/N2 than in tiSBAL-CeQ-air after calcinatior(see Fig. S4).
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For bareCe(Q, thedirectband gap energy {Ecan be calculated from the DR U¥s spectra
according t&°
Chv = A(hv - Eg)'? (4-2)

whereUi s t he absorption coefficient, which is de
the evolution of the fvalue during calcination can be derived (&g S47). In the lowtemperature
range, the gradual wavelength blueshift in the UV alismrp(i.e., & decrease) is due to the

removal/dissociation of crystal water and chelated M€cording t&'°
Ce(NQ)xH 0 Y Ce{ NO Y $ZesQNObu(sTe O (4-3)

The K values decrease rapidly for tfSBACeO-air to reach a relatively stable state at about 275
€, while asSBA-L-CeQ-air and asSBA.-CeQ-Nz require higher temperatures of /3C and 500
€ to reach their final state, respectively. In addition, with increasing temperature from 300 to 500 C,
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the band gap energy increases from 2.90 eV to 3.12 eV for tf&BZeO-air, suggesting the growth

of CeQ crystallites. In contrast, fasSBAL-CeQ-air, the band gap reaches its minimum value of 2.85
eV at about 375 € and then stays unchanged at higher temperature, indicative of a stable ceria crystalli
size. Finally, for asSBA_-CeQ-N>, the determined fvalue suggests that theeno dominant ceria
crystal phase formation withoNit 500 €, while subsequent calcination for 2 h in air at 500 € induces

an g redshift to 2.71 eV, which may indicate the formation of tiny cestallites.

Figure 19 showsin situ DRIFT spectra otfSBA-L-CeQ-air, asSBAL-CeQ-air, and asSBA. -
CeQ-N2 during the calcination procesBhe assignments for ttebserved IR features are summarized
in Table S41. Briefly, in the lowwavenumber egion (14001800 cmt), mainly bandsof nitrogen
containingspecies,and in thehigh-wavenumber region>8000 cm') hydroxytrelated featuresre
detectedIn addition, therarefeatures attributed to vibratiahmodes of organic groups, such a®©C
C=0, and CH, originatingfrom P123in the case of thasSBAl15-basedsamples, and frora small
amount of residual P128 the case dhe tfSBA15-basedsampleAs can be seen figurel9, all three
samples exhibit aistinct change in vibrational structue¢ a critical temperatureln detail, at low
temperaturg, sampletfSBA-L-CeQ-air showsa broad band at about 32@GB500cm?, originating from
H-bonded hydroxyl groupsvhich disappears men the temperatuiis raisedfrom 225°Cto 275°C,
suggestinghe removal otrystalwaterfrom Ce(NQ)s-6H.0. Simultaneouly, a strong declinef the
nitrate features (at 1400800 cm') is detected'® indicating thedecomposition of cerium nitrate.
Similarly, for asSBAL-CeQ-air and asSBA_-CeQ-N2, thae are rathessuddenspectralchangs
within 225-275°C and 275300°C. These observatiorfarther prove that the inert gaauses delayin
the decomposition of the cerium precursbine asymmetricpeakat 3740 crit is typical for Si-OH
groups, while théeature aB700 cmt is attributedto Ce-OH.1%4It is noteworthythattfSBA-L-CeG-air
shows gpeak at 3740 crhoverthe whole temperature rangeroviding &idence for the presenad
uncovered silicagven aftelCeQ formation For asSBAL-CeQ-air, at the beginningo peak at3740
cm?is detectedbut at temperatures2¥5 °C, indicating that surface $)H is initially covered bythe
template but emergesfter the removal of P12t low temperaturg the samplasSBAL-CeO-N>
shows spectra similato those ohsSBAL-CeQ-air, but the appearancetbe CeOH peak at 3700 cm
! evidenceghat the silica surfacis coated by ceriaBased on thesehangeof the surface hydroxyl
groups it is concludedthat P123inside the poreshiinks to the pore walWwhen thetemperaturdas
increagd. After reaching a critical temperature, surfaceO&l is exposedOn the other hand, the
observatio of CeOH in the absence of silanol features clearly shows that the formed ceria coats the

silica surface.
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4.1.4. The roles of P123 template

Previously, it had been proposed that the template could form a confined space to hinder the grow!
of larger crystallites. An unverified hypothesis was that the confined space was formed between th
P123 micelles and the inner wall of SBA. As part ofthedetailed analysisn situDRIFT spectra show
Si-OH-related signals at about 3734-dmwhich appear after the removal of P123, strongly suggesting
that P123 shrinks to the wall with increasing temperature. Especially, at low temperatures, the P12
chans are stabilized by their integration into the silica wall, while in the shrinkage stage, the water loss
would break the central micelle structure (Seheme B Thus, P123 tends to shrink to the inner wall,
forming a confined space in the pore cented eerium ions entering the pore are coordinated by P123,

as shown irBcheme 3overturning previous hypothes€sn the furthercourse of the synthesis, cerium,
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initially coordinated by P123 in the central confinement, is dispersed onto the silica surface when the

template is removed at higher temperatures $ebeme B
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Based on the findings described above, the calcination process inwbhegssteps, i.e.,
decomposition of cerium nitrgtenigration of cerium specigandnucleation/growth of ceria.he final
dispersion of cerigs shown tadepend on the relativdecompositioriemperatures of P123 and cerium
nitrate.The TG and FTIR resultzave revealethat thedecompositiorbehaviorof cerium nitratéeSBA-

15 mixtures sigificantly deviates from that of bareerium nitrateand P123 containing SBA15,

confirming the presenasf interactiors between cerium nitrate aride P123template

Calcinationof mixedsamplesn air with the assistance &f123results irthe coordinatia of cerium
ions by P123, while cerium nitrate migrates into the p&Bsie to the catalytic reaction between cerium
ions and P123, ceria nanoparticla® formed by oxidation in air, while without P123, thermal
decomposition of cerium nitrat&ccursoverawide temperature rangaccompanied bypucleation and
growth of ceria crystétes (seeScheme % The catalytic reaction facilitadehe oxidation ofP123
coordinatecterium to ceria nuclei @venlower temperature than tleetical decomposition temperature
of bare Ce(NG)3:6H20. Meanwhile, reduction by P128nsumedattice oxygen which slows down

the growth of ceria nanocrystathus increasinglisperson of ceria on SBA15.
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Based on the knowledge of the catalytic effect of P1&3 synthesis protocol for CeSBA-15
was modified by application of an inert> Mitmosphere to further improve the ceria dispersion.
Considering the low thermal stabilif P123 which decomposeat a temperatureof about 115°C
(TGA) in air, the nitrogen atmosphere could delay the decomposition of iRi@3arbon chain
fragmentsthusinhibiting the catalytic oxidation induced formation of ceria nucleiregarly stage until
the decompositiontemperatureof cerium nitrate Reaching thigemperature reswtin an explosive
nucleation of ceriand catalytic decomposition of P123, which favorable for the formation oh

homogeneous nanoscale grain structure.

4.1.5. DeNOx performance

Figure 20 summarizes the catalytic performance of @8BA-15 samples in NEHSCR within a
temperature range of 18150 €. Sample tfSBAL-CeQ-air shows the lowest NO conversion (<30 %)
over the whole temperature range (Begire20(a)) and the lowest Nselectivity in the highemperature
range (se€igure20(b)). The low reactivity in NH-SCR is in agreement with that of bare Ge€ported
previously®?> Sample asSBA.-CeQ-air, which is based on 4sade SBA15 and is calcined in air
atmosphere, shows a dramatic improvement in NO convasmbh selectivity, exhibiting a maximum
in NO conversion of about 60% at 300 €. Combining the template interaction with a calcination in inert
N2 atmosphere yields sample asSBACeQ-N», which shows a further significant increase in NO
conversion compad to asSBAL-CeQ-air, and even the Nselectivity slightly improves. Thus, the
NH3-SCR performance of these three samples follows the order asSB#»-N, > asSBAL-CeQ-

air >> tfSBAL-CeQ-air, which resembles the extent of ceria dispersion on the-EBgurface, as

discussed above. At high ceria loading, similar trends were observed (se¢ &igvh overall higher
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NO conversiongompared tdow cerium loading. Especially, thé, selectivityof asSBAH-CeQ-N>
was significantly higher than that of asSBACeQ-air, demonstrating that an inert calcination

atmosphere could further improve the Gel3persion and thus the catalytic performance even at high

ceria loading
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4.1.6. Conclusion

Herein Studiesof the synthesis mechanism GeQ/SBA-15 catalyst are reportedy the solid-state
impregnation methodsing a combination of TG and IR gpkase analysis, as well @ssitu Raman
DR UV-Vis, andDRIFT spectroscopies. These studies have revealed that ceria fororatir@soporous
SBA-15 during calcinationnvolvesfirst cerium precursordecomposition, themigration of cerium
species, and fingl ceria formation at high temperatuBased orthefindingsthe roles of the template
insidethe mesoporousnatrix can be explainedn one hand123 ad asa physical barrier t@revent
the growth of ceriapn theother, P123 actgsachemical reactantvhich interactsith cerium ionsthus

enablingthe catalytiadecompositiorof the cerium precursor

With the gained mechanistiknowledge 6 the formation ofCeQ/SBA-15 materials a new
calcination protocol was developed based on an intended retardatidhe decomposition othe
template andhe cerium precursor, leading to laigherdispersion of ceria inside the porasd thus a

significant improvement of catalytic performance inNGCR
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An important finding of the study is thdahe precursoitself can facilitatethe synthesis ofhe

catalyst, as demonstrated here for a céased catalyst, by usingoth the templateand the gas
atmospherdo control the catalytic reaction conditionBhe resuls underline the importance tie

details of the calcination process for defining the catalyst properties. Applicatiositafspectroscopy
allows one to monitor the preparation process, including calcination, thus facilitating a rational synthesi:
of supported catalysts as shown here in the context efdé@ement. The outlined approaslexpected

to trigger more studieson the development of improved catalysts based oareful designof the

catalyticpreparation reactions
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4.2. Reaction mechanism of CeO2/SBA-15 in NH3-SCR studied by in situ DRIFTS

Ceriais known to contairmbundant oxygen vacancies amabrdinatedunsaturateaerium ions on the
surface and bulk, provikdg superior oxidative properties and the potent@functionas catalyst for
low-temperature NEtSCR!'! Considering the poor NdSCR reactivity obareCeQ,*? **composite

oxide catalysts wermtroducedto improve the DeN@performance, such dsnary systems including
CeQ-MnOy,”° CeQ-TiO2,’® CeQ-WOs,'* and Ce@Mo0s, % ternary systemincluding Ce@WOs-
TiO2,'6 CeQ-CuO-TiO,*" CeG-MnOx-Nb20s,*18 or even quaternary catalyst such as EM0O0x-
NbOs-TiO2.11° While improvements in catalytic performandd@ conversion N2 selectivity) were
observed the resultsreflected different reaction kinetics among tee ceriabased catalyst$. For
exampleaddition of MnQ to CeQ was reported to improve the redox projgsf barecerig resuling

in high NO conversion but lowelectivity, and to enhance thel route compared withareceria at

low temperature$?° On the other hand, modification GeQ with WOz was reportedo increasehe
number and strength alcid sites,resuling in a bioader operahg temperature window but little
improved NO conversiot?! The above examples illustrate that the added oxides promote the reaction
differently, highlighting the importance of first clarifying the SCR reaction mechanism on bare ceria to
allow for rational development of improved cebiased SCR catalysts. Howeveonsidering the lower
activity of bare ceria, its mechanism was rarely explored despite its relevance for the discussion of ceri:
based mixed oxide catalysts and the fact that ceria may play multiple roles such as main ative site,

promotort?2 and/or supporit®

Like in many other mechanistic stedi on NH-SCR, previous work on ceria focused e
following two aspects{i) The site wher&lHz is adsorbed and activate., eitherLewis acid sites (L
acid sites) or Bmnsted acid sites (B acid site§)) The reaction route aidsorbed Nklwas i.e., either
the reactiorwith gaseous NO to forran NH2NO intermediatdE-R route)or the reactiorwith nitrate
species to forman NH3NO intermediatgL-H route). Previous studies dwH3-SCR over bareceria
concludel that the reaction followed the EE mechanism?® essentially in accordance with the amide
nitrosamie mechanism typically reported for.®s/TiO2 catlysts!?* On the other hand, based on
kinetic experiments, Zhang et al. concluded th& Bnd L-H routes were operat. Besides, CO
pretreated ceria was shown to increase tHe sharet?® implying the existence of an active NO
adsorbate on the ceria surface. To this end, DFT calculations aif1@8¥r° and experimental results
have demonstrated that the interaction of NO or. M@h ceria gives rise to diverse-¢bntaining
species?’ Considering the temperatudependent distribution of 0, species (such as gaseousy
NO2, N2O4 or adsorbed B, NO, NO, NO', nitrite, and nitrate) on the surfat¥,it stands to reasoto

assume the existence of élmechanisnwithin a specific temperature range, comprising adsorbed NO
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species and N#dadsorbed on surface acid sites. In principle, L and B acid sites coexist on the ceria

surface!?® However, previous experimental resusthowed only the presence of L acid sit@syhich

implies that the surfac€H group (B acid sites) show a poor protonation activity. Even for the L acid
sites, the acid strength was shown to be wéakhich was invoked as reason for the lower catalytic
performance. While increasing the ceria acidity was considered to be a good strategy to improv
ammonia adsorptiof¥, it was further noticed that the increased atidrgjthwould inversely weaken

the interaction of NO with the ceria surface. It is therefore essential to identify the contribution of acidity
and redox properties of ceria for the catalytic performambiHiz-SCR, thus providing guidance for the

rational development of cerlzased composite catalysts.

Herein, Ce@SBA-15 catalysts wergrepared by solidtate impregnationinert mesoporous SBA
15 was chosen as support material to achieve a higher surface area and thus a larger number of ac
ceria sites.Operando vibrational spectroscopywas applied to monitor the surface dynamics by
combining DRIFB with simultaneousgasphase FTIRcharacterizationKinetic experiments were
conducted to explore the contribution ofH.and ER mechanisms. Ae resultsof the combined
spectroscopic and kinetapproachprovidenew insight into the interactioof NO andbr NHz with the

ceriasurface allowing us to unravel themechanism of NE&tSCR over ceria catalysts

4.2.1. Catalyst preparation

For the preparation of SBA5* 4.0 g P123 was completely dispersada mixture of 120 ml HCI
solution (2 M) and 30 ml water in a PP bottle at 35 € with 250 r/min stirring for 2 h. Then 10 ml TEOS
was added at 35 € with 400 r/min stirring for 20 h. After that the bottle was placed in an oven at 85 C
for 24 h for hydrdbermal crystallization treatment. After vacuum filtration, theresle SBA15 was
calcined in a muffle furnace heated to 550 € for 12 h (heating rate: 1.5 C/rGiel» was loaded ao
SBA-15 by solidstate impregnation by grindiregmixture of 0.173 g O&0Oz3)3-6H.0 and 0.108 g SBA
15underambient conditioafor 30 min. Theesulting mixed powdeawras calcined in air flow at 50T

for 5 h(heating rateof 1.5°C/min). It will be referred to as Cef5BA-15. The specific surface area of
CeQ/SBA-15 was determined &45 m% " (BET method), and the pore volume as 0.447gm

(nitrogen adsorption).

4.2.2. Catalytic performance

Figure21depicts the catgtic performance of CeZ6BA-15 for the NH-SCR reaction at temperatures

ranging from 100 to 508C. The conversion is characterized by an increase between 100 and 300 €, a
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plateau at 300 450 € (maximum conversion58%), and a decline at temperatures > 460 The N
selectivity decreased from 100% at 100 €88- 91% at 300- 450 €, and finally to82%at 500°C, as

aresut of increased generation ob@.
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4.2.3. Operando DRIFT spectroscopy

h

Low temperature adsorption. Thein situDRIFT spectra for Nkladsorption and NO+£xo-adsorption
over CeQ/SBA-15 at 200°C are shown ifrigure22, respectivelyThe sample was first calcinati500
°C for 1h for dehydration and then cooled down to 2D N>+20 % Q atmospherdefore recording

spectrumwhich was useds reference.

As presented ifrigure 22(a-b) after NH; adsorption, threéeaturesappear aaround1445, 1600
and 1673 cmin the DRIFT spectra, increasing with blekposurdgime. In detail, the band at 1600 ¢cm

lis ascribed to the asymmetric deformation mode of coordinated NH L

a CaNH3),svhile e s ,

the weakfeaturesat around 1445 and 1673 crhare assigned to the asymmetric and symmetric
aci &NHs)i t a gnfNHal, respectively3#134
Correspondinglythe strong peaks at 3281 and 3364'@reattributed to theymmetric and asymmetric
stretching mode of N of NHs-L acid sites, v(NH, NHz).135 136The other bands at abcd®07, 3053,
3160are tentatively assigned to theH\stretching vibration interaicly withtheo v e r t o n ¢ via f
a Fermi resonanc&hestrongpeakat 1513 crit is assigned teNH2 species resulting from4dbstraction

of adsorbed NE*3® ¥"which reducs theintensity of thesurface MOH (M=Si and Ce}roups due to

deformation mode of NH bound ©

B
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hydrogen bondormation whichis verified by negative peaks of isolated@ at 3740 cnt and Ce
OH at 3610 cr.
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The bands at 1536 and 1544 tane tentatively assigned tbeinteraction between Ngwith CeG
crystal surface. For the NHdsorbate, the infrared spectra exisibypical vibratioral modes for NH
of both NH; and NH* speciesat 1603 and 1440 cf respectively® which implied no possibility to
assign the bands at 1536 and 1544 to these two spRai@ss et al, reported a band at 148®0cnt
after ammonia adsorbed on CuO/%illowed by thermal desorption and assigned it to NO stretching

of nitroxyl HNO species?® 13°Thus, itis supposed that Ndoleculesarecoordinated on Lewis acid
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sites C&" but bonded with adjacent oxygen site asG@BH: or chelating C4O]2-N by oxidation. In
detail, itis noted that the 1536 chband appeared at 3 min and 1544'dvand at 15 min, and the NH

feature atl513 cm' turned to decrease at 15 min. Thus, a-step process was deduced in whichsNH

is adsorbedirst on L acid site C& andthenoxidized by adjacent lattice oxygen to-OeNH; in afast
step. Furthermore, the monodentate@B8l specieds furtheroxidized to be chelating bidentate-Ce
[O]2>-N with slowerrateaccording to:

NH, NH, N

—> —>

—0—Ce*—0— —0—Ce*—0—
H H H

—0—Ce"—0—

In addition, the negative peaks at 1524 and 157% ara attributed to the monodentate and bidentate
nitrate, which are residual from the preparation process and interact M4tiThus the adsorbed N
onthemetal siteis suggested to bexidized by the lattice oxygen and thgenerateanO-N vibration

It should be noted that the continuous increase of features at 3281 and 334 biHs-L acid sites
provesthat the lattice oxygereservoir ¢ limited and the majoritgf ammoniais still adsorbed on cerium

cations in such a reductive atmosphere.

There are two weak features at 2150 and 2258, amhich are tentatively assigned to the stretching
mode of NIN, 3(NIN), di Prewously,regardingthe dataledrassignmenh o
of features in the range of 212300 cm', Martra et alassigned these to;Nons*° while Matystak
et al. assigned a similar band at about 2206 twradsorbed BO (asymmetric NN-O stretching,**
which is close to theypical feature of thegas phase 2 vibration at about 2216/2234 ¢ On the
other, the negative inductive effect ofNQ should also cause a higher wavenumber than the positive
inductive effect of CéN,. Thus,thetwo bands at about 2150 and 2258 drobservedor NHz adsorption
(Figure22 (b)), aretentativelyassigned to th€eN [ N  @-NIdN, respectively.

There arédwo possible routes for the dinitrogen formation from ammohdaording toRoute |,

first hydrazine forrs from two NHs, followed byH-abstradbn on the surfacé
2CE*" +2NHs Y 2 TgN2Hg) + 2H'Y 2Ce* - (No) + 6H (4-4)

Another possible processthat the NH is oxidized to md to oxygen sites and then reagtith
the secondNHzto formaNlI N bond ( Route I 1),

Ce"*-0+2NHY C'¢0]2-N+3H + NHz3Y G®@Nz+ 6H (4-5)
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The abstracted Hrom NHs; combined with surface $DH groups to form BD, which resulted in
adecrease dheintensty at 3740 crit. The band at 3659 chassigedto CeOH, increased, which is
attributed to the reduction of €2 by NH:.

For the former route I, Amoret al. compared the ammonia and hydrazine adsorption and oxidation
behavior on the metal oxides and proposeddhathydrogen could easily be removed frammonia
giving rise to radicalike NH; species (band at 1513 &j**whichcan underga radicallike coupling,
giving rise to hydrazine, whidis easily oxidizedurther tonitrogen by highvalence cations like CG&

For the latter route Il, Nkis oxidized as nitrate/nitrite like speciesr{tda at 2448/2537/2727 cinand
anchored to surface lattiaxygen (bands at 1536/1544 cthwas proved above, and then the ,NO
species reastwith another NH following the L-H mechanism othe SCR reaction. Thudjothroutes

offer areasonablexplanatio for the formationoN[ N cont ai ni ng speci es.
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same speciesds digddre{s@entitegb rgi se t o dinstihec siplkeRt
was deducsamaitnhagt cdlrdi natf'edt noNHtapdadide wiillher Ge
abstrbayktdwindati on i nteraction on ttriaen sof @ désssd .
(CeH) t o -nai tnriittroo -ONe i esnd( fCaal |y t o -sa tng &fCaet o
N)X2fhese two types of coordinated sites also

speci gan dBNINFd he>aM@400@ pt i ox@ys peicv eiss ar Mf oeexdpietcht e

di fferent oxidation states and coordination s

Thermal stability. In this experiment, the Cef$BA-15 samplewas pretreated in Nd-br NO+Q; for

1h at room temperature to reach a saturated adsorptionastdt@as then, whilkeeping the gas flow
subjected tancreasing temperatws@&om 25 to 400C. In-situ DRIFT spectra were recorded to explore
the thermal stability ofhe adsorbed spesias shown irFigure23. The sample exposed te Bt 25°C

wasused tameasure the backgrousgectrum
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Figure23(a) showsthe spectra of surface species aNét; adsorption at increasing temperatures.
The spectrum at room temperature is characterized by a broad and strong band at’2885 tothe
formation of ritric acid hydratesat room temperatur@® The peaks at 3258, 3320, and 3399'are
assigned to the Il stretching of adsorbed NN L acid sites. Withthetemperature increasing, these
three peakareblue-shifted to 3272, 3376, and80 cm?, which indicate the shorteimg of N-H bonds

and is further attributed toNH> generated for the preliminary oxidation of BJHtonsisteh with
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computatioal resultst?® The decreasing intensity with temperature rising from 100 to°@inplies
that NH; adsorbed on the surfacenot stable at high temperature. Teéatures al824 and 1939 crh

were assigned to ND stretching of nitrosy1?® and the peak at 2099 chwas assigned to adsorbed
NO.,***all of which show that Nklon L acid sites (C¥) prefes to be oxidized as NQby binding to
oxygen sitesvia N-O bond. Their increased iensity with increasing temperature indicatbe
disappearance of ammoniaamineat high temperaturies mainly attributed to an enhanced oxidation

of NHs on the surface.

In Figure 23(b), the adsorption of NO+Oat room temperature ressiin typical band at 1534,
1568, and 1598 c/ attribuedto monodentate, bidentate and bridging nitkdibeations respectively.
It can be seethatthe bands decrease withcreasingemperaturelue todecomposition of nitrate. On
the otherhand the appearance and enhament offeatures at 1357 ci(NO’), 1818 and 1943 ch
(V(N-0)),t?8 155and 2096 cm (NO) indicate that the NO adsorbed €€ sites is thermaly stable,
while the & site bound NQeads to the formation afxidated productscluding nitrate (1534598
cmd), NOz (2214 cmt), and NQ (2556 cmt), which decrease in intensityith increasng temperature.
The spectrumat room temperature sheva feature atabout 1750 cmidue to ND dimers?® With
increasingtemperaturetwo peaks atl818 and 1943 cthare observed due tN-O stretchingof
mononitrosyl as well as bands at 2096 ¢iior NO, and at 1357 crhfor NO™ species. Its foundthat
the Ntbound species all show a positive correlation with temperature which may be explairedrbase
the highly oxidized C¥ ionsand the stronger coordirmat N-Ce&** bond.The empty orbital of Ce 4f and
Ce 5d also decreasdte h éack donation of N=0, whialeducew(N-O) but strengtbnsthe coordinated
bond. Thus, its deduced that NO can be adsorbethon oxygen siteasN-O-M™ andon metal cation
asN-M™_ It is also found that the -Bound products at low temperaturentainnitrogenwith high
oxidation staté+lll or +V), while that of N-bound NOat higher temperature contain nitrogen {#ith
low oxidation statelt is further deduced that the reduction of NO to N&associated with a high
reaction barrier and the reduction product NOmore reactive than the oxidation produNCO’, NO;,
or NGs.

Thttemperatuokedbdehlhbmayy Nblé u Dtyarnantoebde eBomagi nl y ad s «
on L acid sites whth tleceva steedmpteernapteurraet ur e wawui a p
hydrogen abstractiingom,t Ipe odhiabl @gr e diDePoiddftc bt sd t
botdhobNnd ni tbroiutna an darf@o rsnpeedc.i efst | NOv ptreenbpeear dast out
ohoxygen sites to form wnliltir)at ewlsiplee i ®&ts i( *-&r) e !

to interact with cermom tatf onib o gmidtdrcaaspytle d(g+ |
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Interaction between NHs and NOx. In this experiment, catalyst samples were pretreated in 500 ppm

NH3 (balanceN>) at 200°C for 60 min follaved by exposure to gas mixture of 500 ppm N05% O
(balanceNy), or pretreated in 500 ppm NO5% O (balanceN2) at 200°C for 60 min followed by
exposure t@ gas mixture of 500 ppm NHbalanceN>), as shown irFigure24. The sample exposed to

N2 at 200°C wasused tameasure the backgrousgectrum
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As presented ifrigure 24(a), exposure tdNO+O» leads toreacton with adsorbed Nkland the
peaks forNH: (at 1513 crrt) disappeawithin 3 min exposureafter whichthe spectrashowa similar
behaviorasfor NOx adsorption inFigure22(c-d). This indicates that the adsorbedNH2 should be the

active species to react with NQt is worth noting that the relative intensitytb&peak at 1358 crhfor
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NO" speciess higher than that iRigure22(c). The reasors that the NHpre-treated surface overmore

redu@dCe** sites allowingfor more NO adsqtionand electron accegucefacilitating NO™ formation.

In Figure 24(b), the peaks at 3281 and 3372 tattributed to the L acid site coordinated NH
disappear after 10 mins exposure ©+D. gas Thus,it can bs deduced thdt acid sitegather than B
acid sites should be the active adsorption sitesdormonia In addition, thepeals of -ON> species (at
2260 cmt) and N speciesdt 2150cm™) disappeasdue tocompetitive adsorption of NQat 2220 cm
1y and NO (at 1356 crit) by NO adsrption on oxygen sites and metal cation sites, respectivagy.
peakfor NO; (at 2848cm?) is blueshifted to 2855 crh after reactiorindicaing a structural change
from bridged Qttice N-Olattice t0 monodentate nitrite &ice-N-O, in agreement witthe formation of N@
(at 2560 crrt) after 5 min, andiponfurther oxidation, ofNOs (at 2411 and 2795 ct after 20 min,

indicating that the surface adsorbedN$loxidizedto NOyx species.

In Figure 24(c), NHs reacing with adsorbed N@species resudtin the fast disappeaanceof the
peak at 1358 cth(NO™ or N,O2% species}?while the peaks for nitrate species (18E®3 cmt, 1301
cm?) show little change after reaction with BIFhis implies that NNO2> or NO should be the active
NOx specieswhich isable to react with NEklvia the L-H route. The discrete peaks for monodentate
(1537 cm?t) and bidentate (1567 cHnitrate transform into a broad band at about 1552, endlicating
that the ammoniss adsorbed on the surface and oxidized licéabxygernto HNOy species (1544 cm
1) the signal ofwhich overlag with the original NOx signal. h the 20064000 cm! range $eeFigure
24(d)), the appearance of @es at 3275 and 3365 chadue toN-H stretching of coordinated NHn L
acid sites indicagthe competitive adsorption of NHA broad band at about 222260 cm' is
observedincludingintact NO (at 2220 crit) and newly generated dihydroge®N; species (at 2260
cmY), indicating that NOspeciess inert tavardsreacton with NHs, and tlatexcessive Nklis anchored
to the oxygen sites. The absenceadfand at about 2150 chimplies that the routevia hydrazine
interactng with metal cationsnd forming Ny, is blocked in this case. The reason might be attributed to
the activated surface by N©ccupying the metal cation siteprevening the generation of hydrazine
M™. The peaks at 2852 and 2932 tane assigned tdlO;, resulting fromNO bourd to the MO site as
M-O-NO. Itis found that with Nkl proceeding, these two peaks gradually disappear. Combining the
changes at 1358 ¢m22202260 cm! and 28522932 cm., it is deduced that NO adserdn the oxides
surface to form NboundCe-NO 1358 cmt) and GboundCe- ONO* (2220 cmt). The former one (Ge
NO speciesganreact with Habstracted NE(Ce-O-NH>) to from Ne+H20, or react with oveoxidized
NH3 (Ce-(O2)-N)) to form N:O species (2260 cr), while the latter one (GONO species) is fither
oxidized to NQ (2553 cmt) and NQ (2411 and 2795 ci), whichare inert tavardsNHa.
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Thus, from thdn situ IR spectroscopic analysis of tirgeraction of NH and NO+Q, NH, and

NO" are evidencetb be the active species for adsorbedsdkd NQ. In detail, NH prefessto adsorb
on L acid sites (Ce cations oxidized to NH and finallyconsumed by NO quickly. The other species
(such as unoxidized N dinitrogen species) sesno be oxidized byoxygen toyield NOx. The
adsorption of NO form a variety of NOy species, of which NQcan reactwith ammonia vigheL-H
route, while the N@ and NQ" are inactive.

Temperature dependentNH3-SCR. Figure25 showsin sit/operandoDRIFTS resultof CeQ/SBA-
15 exposed tdNHs-SCRreaction conditionst various temperatur@screasingrom room temperature
to 450°C. The sample exposed expgas at 2%C wasused taneasure the backgrousgectrum

At room temperature, the bands at 1604'and 3281, and 3369 chareassigned to Nklon L
acid siteswhile the bands at 1532 and 1572 tand a weak shoulder band at 1590'ane assigad
to O-bound nitrate speciedhe feature at358 cm' is attributedto N- bound NO on the metal cation.
With increasingtemperature, themount ofadsorbed ammonia decressa agreenent with the
desorption peak of ammoniathae heating stepsHigure25(b)), which furthershowsthat theamount of
adsorbed NHlis sufficient at low temperatus€100-250°C); at higher temperaturethe disappearance
of NHz is due tats oxidation to form irreversilyl NxOy species instead of desorptj@ecounting for the
low level of NHs concentration irthe exhaust. The band at 1513c(rNH,) is absentascompaed
with NHz adsorptionimplying that the Habstraction of Nklto NH2 might be the rate determining step.
The nitraterelated feature§15001600 cm') increase at low temperatuf®00-200 °C), followed by
decomposition at 20800°C. Especially, only monodentate Nexistsat high temperature and the other
two structural nitratebavedisappearedlhe feature at 2222 chis assigned tahe stretching mode of
-NO* species on MD- sites. The unchanged band expdahlmat NO is formed due to NO adsorption on
oxygen sites, buloesnot reactwith NHs. Another bandesulting fromNO adsorptioris observedt
1358 cm* which originates fronNO™ on redued Ce** sites.Although the NOwas active to react with
NHs, the residual of NOon the surface implies that the B4 not suffcient, which is consistent with
the absence of Ntbpecies.

Figure25(b) showsthat NO is formed at lower temperatgrguchas 200°C. It has beenliscussed
in the literature thathe produton of NoO was due to the ow@xidation of NH at high temperature.
Here, more detailsre provided which showhat NH is coordinatedo a Ce site first, and one
abstracted by lattice @elding aCe-O-NH2 species which further reaavith gaseous NO or adsorbed
NO to formanNH2NO intermediate finally Nand HO. However, the G©-NH: canbe over oxidized
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by nearneighbor lattice Qo Ce[O]2-N, which react with gaseous NO to form chelating coordinated
[O]2>-N-N-O, andthendesorbed as 0.
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4.2.4. Kinetics

As discussed aboviyr the SCR reaction aB-R routeand alL-H routehave been proposetiere, a

simple model for the reaction rateestablished
lot=lE-R T I'L-H (4-6)

wherethero, re-r, andrL.n represent the rate tiietotal reactionthereactionvia theE-R route, andhe
reactionvia the L-H route, respectively. Considering that the gas reactions ieadgorption and
reaction stepsanda large amount of source gasprovided to ensura sufficientnumber ofreactant
molecuksadsorbed on the surfagaben the reaction orders thie adsorbed reactangse0 andthat of

gaseous reactandsee 1 Thus, one obtas)
lot= ke-rR[NO] + ri1 (4-7)

Here, theker is the rate constant fahe E-R route and [NO] represerg the gaseous NO
concentration whichs approximately equal to the inlet geasncentration From the equation, the
reaction rates known to be proportional to the NO concentratibimerefore a serés of gas mixtures
with varying NO concentration (500 ppm NH 5% O with 100 to 600 ppnNO) was applied to

CeQJ/SBA-15to examine the reaction rates, as showFkigure26(a). The reaction ratevas found to
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show an approximate linear relationship with NO concentration in thenxasres The slopdollows

the order: 200C < 300°C< 400°C. From equation (Z), it is known that the slope is associated with
the rate constant ahereaction viathe E-R route, and the intercepiith the reaction rate vithe L-H
route although theris no physical meaning to set [N@]zero. Thusthe data werenly fitted athigher
concentratios (406600 ppm)to obtainthe values ofker close to theapplied NH3-SCR reaction
conditiors. Then, rer and r..4 can be calculated biger[NO] and rwt - ke.rR[NO] by substituting
[NO]=500 ppm, respectivelyF{gure26(b).
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Figure26(b) showsthe contribution oftheL-H route to the total retion at different temperatuse
It is apparent that at low temperature (20, the L-H mechanism contribu$el0.4 % to the NO
conversion, whilattemperaturgof 300°C or even 400C, the contribution oftheL-H route decrease
to less tharb % of the whole reaction rate, which expginhysomeprevious workghat NH-SCR on

bare ceria follows only the-R route?® 66125

4.2.5. Reaction mechanisms

Based orthe discussion above, an outline of thesp&CR reaction on cerigan be providedn broad
terms, the reactioproceeds vidwo mechanismshe E-R and L-H routes, simultaneouslyrhe E-R
mechanisnplays the main role andvolves theadsorption of NHwhichthen reacgwith gaseous NO,
while the L-H mechanism involv&two adsorbed molecules, Nidnd NO,which react on the surface
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and contributegspecially at low temperatigel he proposedreaction mechanisns shown inScheme
5.
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FortheL-H mechanism, NO and N#dre adsorbed othe ceria surface at different sites. Nivns
a loneelectronpair as electron donor to coordinate vatterium cation. NO cabe adsorbed on different

surface sites formingvarietyof NxOy species, of which NQvhichaccepsone electron fronaredued
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Ce**ion shovgahigh reactivity to ammonia. Thus, an adjacent cerium ionipaiecessary for providing

nearbyactivated sites. N&lis oxidized by adjacent oxygen to Blenchoring on the O sites whieine
in closer distance to the adsorbed Nffoup. By reactionof adjacentNH2> and NO,a N-N bondis
formed leadingto NH2NO as arintermediatevhich maydesorb from the surface and furthdecompose
to N2 and BO. With temperature increasing, the NBlfurther Habstracted as bidentate-{£&].-N and
thusthe L-H route is inhibited due to the increased distance between the adsorfi@fh-SBleand NO.
On the other hand, during thedthstraction of Nkl the surface O or surfac®H may further react to
OH and HO whichis desorbed from the surface and feamoxygen vacancy % , whichis reoxidized

by oxygenfrom the gas phase

For the E-R mechanism, NElis also adsorbed on the L acid siiesrium catiohandis oxidizedto
NH2 (O sitg, which thenfurther react with gaseous NO to formnNH2NO intermediatavhich desorbs
from thesurfaceleading toN2 andH20. However, at high temperature, #asorbedNH, may beover
oxidized to chelating GfO]>-N by two adjacent oxygeinns, whichby reactionwith gas phas&lO via
E-R routecanform N.O at high temperature. Similartp theL-H mechanismthe oxidation of NH

resulsin the formation of oxygen vacancies whatere-oxidized bygas phasexygen.

4.2.6. Conclusion

In situ DRIFT spectracopy was applied toCeQ/SBA-15 catalysts exposed to different gas
compositions and temperatures relatetheNHsz-SCR reaction. The results provide deep insight into
the mechanism of the SCR reaction on ceria catalysts. Fitsidyevidencedhat boh E-R and L-H
mechanisms coexist on the surface, especially at low temperakordetail, NH is adsorbed o
oxidative sites anttansformed ito active NH, which canreact with adsorbed NO via theHL route
and with gaseous NO via theREroute. Furthemore, in the lowtemperature range, the oxidation of
NH3z by surface lattice oxygen might be rateterminingrather than th@oor acidityor the adsorption

of ammonia. The Fabstracted ENH> can quickly react with NO to forrirst NH2NO andthenN2 and
H20 products, while oveoxidized NH canproduce chelating nitritgfO]>-N which reac$ with NO to

form N2O at high temperature.
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5. Synthesis of binary ceria-based catalysts and their application for NH3-SCR

In the previousstudies the P123assistedsolid-state impregnation methodas adoptedo prepare
Ce(Qy/SBA-15 materials and used situ spectroscopy to elucidate the role of P123 in the loading of
CeQ on SBA15* However, due to the overall poor NKBCR reactivity ofCeG-only catalystg}? 113
bimetallic oxides were added to form MECeQ catalysts, such as WeQ, TiO-Ce®, MnOx-
CeQ, and so on, which were reported to own improvedISER reactivity due tgynergistic effec.
Thus, the goal was to prepare bimetallic oxides on mesoporous SBAd then applhem to the NI+

SCR reaction.

Herein, firstly, a preliminary screening was performed by preparing various @& mixtures
supported on SBAS5 in order to identify possible SC&tive combinations. After thatppper oxide
was addedo form CuGCeQ/SBA-15 binary oxide catalysts, which are expected to improve the NH
SCR performance due the redox equilibrium G&+Cw?* z Ceé*+Cu'.** It is a challenge to disperse
bimetallic oxides on mesoporous supports. Here, the SSI misthddptedor the preparation of Ce©
CuO/SBA15 catalysts and the role of P1i83xploredn controlling the synthesis conditions, as well
as the resuihg product structures and N+$CR performances. To unravel the synthesis mechanism and
to relate the preparation to the catalytic performameesitu DRIFT, DR UV-Vis, and Raman
spectroscopieare employedbesidesonline FTIR monitoring of the ggshasecomposition Similarly,
MnOy-CeQ/SBA-15 catalysts are prepared accompaniednbgitu characterization. Interestingly, a
higher reactivity was observed compared with G0€/SBA-15 catalysts. Finally, the mechanism of
NH3-SCR over MNnQ-CeQ/SCR was studd in detail byin situDRIFT spectroscopy.
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5.1. Exploring bimetallic oxides supported on SBA-15 for NH3-SCR applications

As noted above, ceria itself can not satisfy current DefdQuirements and thus bimetallic oxides are
widely applied to the NEISCR. Ths involves the question of how to choose a suitable second metal
element to improve the catalytic reactivity of ceria. To evaluate possible promotion of material
propertiess®’, five metal oxides (CuO, MnONIO, MgO, and LaOs) were tested in combination with
ceria. Among them, Cu (3#s) has the redox pair CICW?*, Mn"* (3dP4<’) shows various valence of

the manganesalement, Ni* (3cf4<’) also shows several valent speciest{NWi?*, Ni®*), Mg®* (39) is

an alkalineearth metal, and 24 (6s°5d") is a rare earth metal. The former three metal elements can
adjust both the acidity and redox properties in different dsgrehile the latter two show lower but

permanent valence which only makes effect on the acidity.

5.1.1. Sample preparation

Silica SBA15 was prepared as described previot¥19.173 g Cea{0s)s-6H20 (0.4 mmol) was used

as ceria precursor. 0.100g Mn(j§o4H-0, 0.096 g Cu(Ne)2 3H0, 0.116 g Ni(NG@)2 6H.0, 0.103
Mg(NOs). 6H20, and La(NQ@)s 6H-O was adopted as the second metallic oxide precursor and the
prepared samples are denoted as CeMO (M=Mn, Cu, Ni, Mg, La), respectively. The moral ratio of Ce
M is equal to 1:1. The soligtate impregnation (SSI) method was applied to load the bimetaidie

on 0.108 g SBAL5. As a reference, 0.346 g Ce(j$BH20 (0.8 mmol) was also used to load the €eO

on 0.108 g SBALS. All the precursor were nitrate salts in order to exclude the effect of different ligands.

5.1.2. Catalytic test

Figure27 summarizeshe atalytic performance of these five mixed samples (plus bare ceria) applied to
NHs-SCR for temperatures ranging from 100 to 800 The GHSV was set as 60008 lit is found
CeQ/SBA-15 shows a typical volcano curve for Nénversion with the maximum peak at about 300
°C. while CeNiO and CeMnO show better Neédnversions at all temperatures, with maxima at around
200 €. Their N2 selectivityshows asimilar temperaturelependent behavior, going through a minimum

at around 300 €. At higher temperature (500), the N selectivity increases while the N@onversion
decreases which is attributed to the generation of iIN€ead of NO. CeCuO shows a le@ano curve

for the NG conversion as bare ceria but with a lower optimal temperature window. JI$edddtivity
decreasesmonotonicallywith increasing temperatures due to the generation,Gf IRor the CeMgO

and CeLaO samples, lower NEonversions and Nselectivity in NH-SCR are observed.
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Figure28 shows then situ monitoring of the exhaust gas during exposure of the bimetallic oxide
samples to NEtSCR conditions for stepise increase in temperature from 100 to 300 TheCeO
and CeCuO catalysts share a similar behavior: at low temperature, there are sydegadiption peaks
implying a reduced surface and sufficient Néh the surface. For CeCuO. at 200 €, NO strongly
decreases while NCand NO appearjndicating that the Cu doping increases the oxidation of2CeO
For CeMnO and CeNiO, high NO conversions as well asrigiioval due to their high oxidation ability.
To this end, the appearance of N&hd NO indicates oveoxidation, especially for CeMnO.tAigh
temperatures, the NO signals appear again with fdflacing the MO, which is tentatively attributed
to the oxidation of NO with Nkfto N.O at medium temperature but the oxidation ofsKHNO, at high
temperature. For CeMgO and CelLaO, the stroegprption peak of NHand the high Nkllevel at
constant temperature imply that the low reactivity at low temperature is due to the low oxidation ability
instead of the acidity. At high temperature, the NO concentration is even higher than the inlet ga
indicating that NH s catalytically oxidized to NO, N&and NO.

64



FigeBen ®mbhutoring of thesSeCRharuesatc tg eosn foovrer NH
oxi de samplyaes( h)a)CeCEUWO, (c) CeMnO, Ced)aOCe Mip®||
a siwepe increase in temperature from 100 to 5

5.1.3 Characterizations

Figure29 showsex situRaman spectra of CeOCeCuO, CeMnO, and Ce®lisupported on SBAS.
Only CeQ exhibits a peak at 464 chdue to the iy mode of fluorite ceria. It illustrates that the

secondary metal element is completely with ceria under the present preparation methods.
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