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Summary

This Dissertation describes the role of the architecture of the hierarchical ceria-based gold
catalytic systems in the catalytic combustion processes, aiming to provide knowledge to ground
the quest of searching new catalysts for environmental applications on an informed basis.
In particular, it presents the results of the catalytic activity, selectivity, and stability of the
materials in the reactions of carbon monoxide, propane, and soot oxidation, while the structural
hierarchy is an examined property of the special interest.

Three goals were set in this work: (i) elaboration of the synthetic procedure for obtaining
hierarchical ceria-based Ce1x(REE)xO2x2 (REE- rare-earth element) catalytic supports along
with investigation of their properties and catalytic performance, (ii) elaboration of the
knowledgeable strategy of decoration of hierarchical supports by gold nanoparticles having
desired size, (iii) examining the catalytic properties of gold-decorated ceria-based hierarchical
catalysts and determining the role of the materials architecture in catalytic performance.

The synoptic description of the structural hierarchy, surface properties and catalytic
performance has been obtained by the following techniques: TEM, HRTEM, SAED, ET,
STEM-XED, SEM, XEDS, PXRD, SI-EELS, ATR-FTIR, Raman, H>-TPR, CO-TPR, TPD-
MS, N2 physisorption, TGA, NAP-XPS, along with CO, CsHg and soot catalytic oxidation tests.
Moreover, statistical analysis of the TEM-derived particles size data for assessment of stability
of the metal active phase as well as new approach for TOF calculation has been presented.

The proposed hydrothermal and wet chemical methods allow to obtain mixed-cerium oxide
hierarchical particles having star-shaped and tube-like morphology and differing in texture.
Particles are characterized by three levels of hierarchical organization, and each level of the
hierarchical structure has its own functionality and is vulnerable to further modifications.

As synthesized hierarchical catalyst supports show the improved catalytic performance in CO,
propane and soot oxidation when compared to non-hierarchical powdered nanoparticles. This
effect has been explained by the phenomenon of the facilitated mass transfer and the increased
active sites availability due to the introduced hierarchical architecture. The analysis of the
temperature-dependent and dopant-dependent PXRD profiles had allowed to assess structural
stability of the supports. Rietveld refinement of PXRD had allowed to get insight into
microstructure of the materials. Also, the microscopic analysis and developing the temperature-
dependent profiles of specific surface area based on Nz physisorption study had allowed
to characterize morphological stability of the systems. Two dopant-dependent architecture
transformation patterns induced by temperature has been observed, and the fine architecture
of the ceria-based hierarchical particles is preserved up to 600°C that is particularly important
in the low-temperature catalytic oxidation processes.

The knowledgeable control of the gold deposition onto hierarchical materials is reached
by adjustment of the value of the surface coverage parameter in the urea deposition-
precipitation method. Its calculation is based on the knowledge of the total surface area of the
hierarchical catalyst support. Among three studied variables, i.e., the surface NOs
contamination, the curvature of the surface, and the ratio of the total support surface area to the
molar content of gold precursor, the last one is decisive factor in growth of desired-size gold



nanoparticles on ceria systems. The proposed gold decoration approach allows to produce
variety of gold-decorated hierarchical catalysts.

The gold-decorated ceria hierarchical catalysts outperform non-hierarchical gold-decorated
ceria nanocubes in propane and CO oxidation. Also, the process of doping the materials by
Gd** further increase propane oxidation activity showing two-fold TOF increase. Moreover,
such Gd**-doped catalyst shows four-fold TOF increase over the undoped non-hierarchical one,
proving the synergistic effect of doping and structural hierarchy in propane oxidation.
The increased activity in CO oxidation has been ascribed to the maximization of Au/ceria
interface contact in hierarchical systems and the confinement of Au nanoparticles within pores
of hierarchical support.

The texture differences between studied systems plays important role in catalytic performance
for non-decorated catalytic supports. This effect is not observed for decorated systems;
however, the presence of gold nanoparticles significantly improves selectivity of the propane
oxidation. The stability of Au nanoparticles is increased by their confinement in the porous
hierarchical structure when compared to the gold-decorated ceria nanocubes in which Au
nanoparticles are present only at the surface.

To sum up, the introduction of hierarchy into ceria systems enhances catalytic activity in the
studied combustion processes. The fine architecture of catalyst support is retained in low
temperature regimes and the metallic active phase is stabilized due to confinement. However,
pore geometry and size may restrict the growth of optimally sized Au NPs leading to activity
decline, as demonstrated in CO oxidation reaction. Also, doping modifies particles architecture
that influences the process of growth of Au nanoparticles. Thus, the knowledge of the material
architecture and its temperature-dependent stability is necessary for the precise design of active
multifunctional hierarchical catalysts.



Streszczenie

W niniejszej rozprawie opisana zostata tematyka wptywu architektury hierarchicznych
katalizatorow cerowo-zlotowych na procesy katalitycznego utleniania, celem dostarczenia
ugruntowanego w danych empirycznych rezerwuaru wiedzy dla usprawnienia procesu
poszukiwania nowych katalizatorow do zastosowan w ochronie Srodowiska. W pracy tej
zbadano aktywno$¢ katalityczng, selektywno$¢ oraz stabilno$¢ zsyntezowanych materiatow
w reakcjach utleniania tlenku wegla(I), propanu oraz sadzy, a hierarchia strukturalna jest
wyodrebniong i intencjonalnie wprowadzong do materiatow cerowych witasciwoscia, ktorej
funkcjonalna rola jest badang cechg o szczegolnej istotnosci.

W pracy zostaly postawione i zrealizowane trzy cele: (i) opracowanie metody syntezy
nosnikow katalitycznych typu Ce1x(REE)xO2x2 (REE- pierwiastek ziem rzadkich) o budowie
hierarchicznej wraz z dokonaniem fizykochemicznej charakteryzacji materialéw i zbadaniem
ich wlasciwosci katalitycznych, (i) opracowanie metody dekorowania no$nikow
hierarchicznych nanoczastkami zlota o pozadanej wielkos$ci, (iii) zbadanie wilasciwosci
fizykochemicznych i katalitycznych ukladéw cerowo-ztotowych o budowie hierarchicznej
i okreslenie roli architektury materiatow w wydajnosci katalitycznej.

Synoptyczny opis architektury ukladoéw, charakterystyki powierzchni 1 wilasciwosci
katalitycznych czastek uzyskano za pomoca nastepujacych technik: TEM, HRTEM, SAED, ET,
STEM-XED, SEM, XEDS, PXRD, SI-EELS, ATR-FTIR, Raman, H,-TPR, CO-TPR, TPD-
MS, fizysorpcja N2, TGA, NAP-XPS wraz z testami katalitycznego utleniania CO, C3Hg oraz
sadzy. Ponadto przeprowadzona zostala analiza statystyczna danych pozyskanych metoda
mikroskopowa celem oceny stabilnosci metalicznej fazy aktywnej oraz przedstawione zostato
nowe podejscie do obliczania parametru liczby cykli katalitycznych (TOF).

Zaproponowane metody syntezy umozliwiaja wytworzenie czastek tlenku ceru
o budowie hierarchicznej, charakteryzujacych si¢ gwiazdzista 1 rurkowa morfologia oraz
roznigcych sie tekstura. Czasteczki charakteryzuja si¢ trzema poziomami budowy
hierarchicznej, a kazdy poziom struktury hierarchicznej ma swoiste wlasnosci funkcjonalne
1jest podatny na intencjonalne modyfikacje, celem dalszej optymalizacji wtasciwosci
materialow.

Nosniki katalityczne o budowie hierarchicznej wykazuja wzmozong aktywnos$¢
katalityczng w utlenianiu CO, CsHs oraz sadzy w poréwnaniu z niehierarchicznymi
sproszkowanymi nanoczastkami CeO,. Efekt ten zostal wyjasniony zjawiskiem utatwionego
transportu masy oraz zwigkszonej dostepnosci miejsc aktywnych w materiatach
hierarchicznych. Analiza temperaturowo-zaleznych profili PXRD probek, ktorych sktad byt
modulowany dodatkowo obecnosciag domieszki, pozwolita na oceng stabilno$ci strukturalnej
no$nikow katalitycznych. Udokladnienie profili PXRD metoda Rietvelda pozwolito uzyskac
wglad w mikrostruktur¢ badanych materialdéw. Dodatkowe wykreslenie temperaturowo-
zaleznych profili powierzchni wtasciwej materiatéw w oparciu o badania fizysorpcyjne wraz
z analizag mikroskopowa materiatdw pozwolito scharakteryzowac¢ stabilno$¢ morfologiczng
ukladow. Zaobserwowano wystgpowanie dwoch trybow zmian architektury pod wptywem
temperatury, ktorych przebieg byl zalezny od obecnosci domieszki. Architektura badanych
nosnikow katalitycznych o budowie hierarchicznej jest zachowana dla temperatur ponizej
600°C, co jest cechg szczegdlnie istotng w zastosowaniach w niskotemperaturowych procesach
utleniania katalitycznego.

Kontrole nad procesem osadzania nanoczastek ztota na nos$nikach katalitycznych
o budowie hierarchicznej uzyskuje si¢ dzigki dostosowaniu warto$ci parametru pokrycia
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powierzchni, gdy do osadzania uzyta jest metoda osadzania-wytracania z uzyciem mocznika.
Jego obliczenie jest oparte na znajomo$ci catkowitego pola powierzchni nos$nika
katalitycznego. Sposrdd trzech badanych zmiennych, tj. zanieczyszczenia powierzchni przez
grupy NOs°, krzywizny powierzchni, a takze stosunku catkowitej powierzchni podtoza
do zawarto$ci molowej prekursora ztota, ta ostatnia zmienna jest decydujacym czynnikiem
wplywajacym na proces wzrostu nanoczastek ztota o pozadanych rozmiarach w uktadach
cerowych. Proponowane podej$cie do osadzania zlota pozwala na wytwarzanie ukladow
charakteryzujacych si¢ zréznicowang architekturg.

Dekorowane ztotem katalizatory cerowe o budowie hierarchicznej sg bardziej aktywne
katalitycznie w procesach utleniania CO i propanu w poréwnaniu do dekorowanych zlotem
nanokostek CeQ,. Ponadto domieszkowanie materiatéw jonami Gd*" dodatkowo zwigksza
aktywnos$¢ katalityczng uktadow w reakcji utleniania propanu, wykazujac dwukrotny wzrost
warto$ci parametru TOF w poréwnaniu do uktadu niedomieszkowanego. Katalizator cerowo-
ztotowy o budowie hierarchicznej domieszkowany jonami Gd** wykazuje ponad czterokrotny
wzrost warto$ci parametru  TOF w stosunku do niedomieszkowanego katalizatora
nichierarchicznego, co dowodzi synergicznego efektu domieszkowania i hierarchii
strukturalnej w procesie utleniania propanu. Zwickszenie aktywnos$ci materialdw w procesie
utleniania CO przypisuje si¢ maksymalizacji kontaktu Au/CeO> w uktadach hierarchicznych
oraz efektowi zamknigcia nanoczastek Au w ograniczonej przestrzeni pordéw hierarchicznego
no$nika.

Roéznice tekstury uktadow cerowych o budowie hierarchicznej odgrywaja istotng role
we wzmozeniu wydajno$ci katalitycznej dla uktadow niedekorowanych zlotem. Dla uktadoéw
dekorowanych efekt te nie zostat zaobserwowany, jednak obecno$¢ nanoczastek ztota znacznie
poprawia selektywno$¢ procesu utleniania propanu. Stabilno$¢ nanoczastek zlota jest
zwigkszona dzigki efektowi ich przestrzennego zamknigcia w ograniczonej przestrzeni
porowatej hierarchicznej struktury materiatbw w poréwnaniu z dekorowanymi nanoczastkami
ztota nanokostkami CeO., w ktdérych sg one obecne tylko na powierzchni no$nika.

Podsumowujac, wprowadzenie hierarchii do materiatow cerowych poprawia aktywno$¢
katalityczng uktadow w badanych w tej pracy procesach katalitycznego utleniania. Stabilnos¢
architektury nosnika katalitycznego o budowie hierarchicznej zachowywana jest dla rezimu
temperatur do 600°C, a metaliczna faza aktywna jest stabilizowana dzigki efektowi zamknigcia
nanoczgstek zlota w ograniczonej przestrzeni porow. Jednak geometria 1 rozmiar poréw moga
ogranicza¢ wzrost nanoczastek Au o optymalnej wielkosci, prowadzac do spadku aktywnosci,
co wykazane zostalo w reakcji utleniania CO. Ponadto domieszkowanie modyfikuje
architekturg no$nikéw katalitycznych, co wplywa na proces wzrostu nanoczastek Au. Zatem
znajomos¢ architektury materialdow oraz jej stabilno$ci jest niezbedna do intencjonalnego
projektowania aktywnych, wielofunkcyjnych katalizatorow hierarchicznych.



1. Scope and research goals

The aim of this Dissertation is to determine structure-reactivity dependencies of hierarchical
ceria-based gold catalytic systems in catalytic combustion processes. This subject fits within
a research activity of searching new active catalysts for environmental applications and focuses
particularly on examining the role of material architecture in catalytic oxidation performance.
The research project is parted into three main objectives, and each one is subdivided into
specific research goals.

The first objective includes elaboration of synthetic procedure for obtaining hierarchical
Ce1-x(REE)xO2x2 (REE- rare-earth element) catalytic supports along with a thorough
description of their architecture as well as physicochemical and catalytic properties. Specific
research goals involve investigation of temperature- and dopant-dependent architecture stability
of synthesized supports, comparison of their reactivity with non-hierarchical ceria material,
examining the influence of dopant on the particle’s stability under oxidation process conditions,
and determining selectivity in total oxidation reactions. Also, the influence of the differences
in architecture in terms of texture of hierarchical macroparticles on the catalytic performance
has been studied.

The second objective involves elaborating method of knowledgeable decoration of ceria-based
supports by gold nanoparticles having desired size falling within the range with the highest
expected catalytic activity (2-4 nm). This size range was chosen based on literature premises
such as high activity [1], stability due to interfacial anchoring [2], and efficiency of metal-
support interaction tuning [3] Specific research goals included the determination of critical
factor influencing the size of gold nanoparticles in the process of its deposition on ceria-based
supports as well as developing the method of intentional decoration of hierarchical systems
by gold nanoparticles.

The third objective involves determination of the role of architecture of gold-decorated
Au/Ce1-x(REE)xO2-x2 hierarchical systems in catalytic oxidation performance. In particular,
several merits of materials architecture such as (1) surface area and porosity, (2) mutual
arrangement of support crystallites, (3) nanoparticles confinement, (4) optimal size of nano-
gold, (5) metal-support contact has been identified and discussed to explain the effect
of enhanced catalytic activity. Selectivity and stability of catalysts have also been investigated.

This thesis is a collection of articles that has been published in the refereed international
scientific journals. It also includes the brief recapitulation of research and literature review that
has been contained in the following chapters: Theoretical background, Experimental
Techniques, Results, Conclusions, and Additional Materials.
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3. Theoretical background

Environmental catalysis refers to emission control of hazardous, environmentally unacceptable
compounds. This includes developing technologies and processes for atmospheric pollutants
abatement, solid and liquid waste treatment, greenhouse gas emission decrease, reduction
of indoor pollution [4]. Automotive exhaust gasses in the form carbon monoxide (CO),
hydrocarbons (HCs), nitrogen oxides (NOx) as well as particulate matter (PM) constitute the
main environmentally harmful pollutants due to ever increasing human mobility [5,6]. Because
of the undesirable formation of by-products caused by not complete combustion of fuel
in automotive engines [7], the search for pollutants abatement from mobile sources is a current
issue of the research activity. The elimination of toxic CO, short-chain alkanes such as propane,
and particulate matter as soot emitted from Diesel engines is important for the protection
of human health and achieving environmental sustainability [8,9].

Cerium oxide has been an object of structural and catalytic examination for a long time due
to its unique redox capabilities, namely the ability to store or release oxygen depending
on environmental gaseous conditions that is known in the literature as oxygen storage capacity
(OSC) [10]. Due to that feature, it has been widely utilized in the motor industry as a three-way
catalyst [11], among other applications in solid oxide fuel cells [12], water-gas shift reaction
materials [13] and volatile organic compound catalytic conversions [14]. The high activity
of ceria-based catalysts is due to their ability to reversibly change the oxidation state of cerium
Ce* « Ce® (Ce'V 0, « Ce'Vi«Ce"xO, 1) [15]. This reduction—oxidation reaction is fully
reversible and may be performed cyclically. Also, each low-index crystallographic face of CeO>
exposes a different number of vacancies and has a specific O-vacancy formation energy,
and hence the oxidation activity is highly dependent on the surface chemistry of ceria, following
the order of {110} > {100} > {111} [16].

Moreover, due to the dependence of the oxygen vacancy concentration on size of the ceria
particles, the oxygen uptake/release may be enhanced by knowledgeable nanometer-level
design of the shape and size of the particles [17-19]. The ‘nanosize effect’ is linked to the
increase of defect concentration in nanomaterials [20,21], but also relates to a modification
of such physicochemical characteristics of the particles as lattice parameter [22], surface area
[23], microstrain [24], surface complexation patterns [25] and electronic band structure [26].
Hence, cerium oxide is a promising material as the active support for metal catalysts, making
it suitable for rational morphology design.

However, the agglomeration and sintering of the powdered samples may limit ceria
nanoparticles commercial utilization. Also, there are safety concerns related to usage of nano-
sized materials that may affect environment and biological organisms in an unpredictable way
[25]. One of the possible solutions to this problem is designing hierarchically structured porous
materials composed of ceria crystallites that preserve nanosize-arised properties while keeping
the large size of nanoparticles assemblage unit.

Various types of material hierarchies have been highlighted in the literature, such
as morphological, structural, compositional, and porous hierarchy [27]. Morphological
hierarchy describes materials having units with defined morphology spanning different
numbers of structure levels (e.g., multi-shell hollow spheres) [28]. Structural hierarchy relates
to the repetitive combination of units, forming superstructures composed of mutually ordered



nanoparticles (mesocrystals) [29] or materials with distinguished levels of structural units,
forming complex structures (e.g., hollow nano-cone-constructed ceria [30], ceria nanobundles
[31] and 3D flowerlike ceria [32]). Compositional hierarchy refers to the spatial distribution
of various building units differing in composition (e.g., core—shell mesoporous nanospheres
[33] and hollow@mesoporous yolk—shell structure [34] and the porous hierarchy involves the
distribution of multimodal pores in a material (e.g., micro—macroporous zeolites [35]).
The ensemble of nanoparticles that form a higher-order hierarchical structure may possess
unique properties that differ from those of individual nanoparticles and corresponding bulk
samples, which may contribute to its catalytic performance [36]. Engineering 3-dimensionally
hierarchically structured materials composed of ceria nanoparticles for HCs oxidation may add
value to the present automotive exhaust gas treatment.

In addition to designing material on a meso-to-macro scale, dopants may be introduced into
nanoparticles which modify their properties at the micro-scale level. Presence of dopant in the
cerium oxide structure is inevitably linked to creation of oxygen vacancies by substitution
of Ce** ions by their low-valent counterparts and subsequent removal of oxygen atoms
for charge balance [37]. Such defect engineering in ceria has been studied extensively
in the past with different rare earth and transition elements [38]. Such introduction of trivalent
lanthanide dopants enhances the OSC by facilitating oxygen mobility (creation of extrinsic
oxygen vacancies in the lattice), which enhances the redox properties of the mixed oxide
[39,40]. Also, the presence of rare earths in the cerium matrix improves its stability through the
hindrance of grain growth under high temperature reducing and oxidizing conditions
of operation [41]. Thus, rare-earth-doped hierarchically structured ceria is a promising
improved candidate material for catalytic applications. Nonetheless, little attention has been put
on a modification of nano-sized building units within hierarchical architectures, listing just
a few examples in the literature [42,43].

Another way to modify hierarchical material is to embed metal particles. Supported gold
nanoparticles have been the object of intensive research due to their exceptional catalytic
activity in technologically and environmentally important reactions [44]. The properties
of heterogeneous gold catalysts have been summarized in many excellent reviews involving
their structure and surface chemistry [45], the role of supports [46], and the type of catalyzed
reaction [47]. Also, many suggestions on the optimization of supported gold catalysts
to enhance their activity, selectivity, and stability in established reactions, such as adjusting
the Au nanoparticle size [48-50], engineering metal— support interaction [3,51], shape
modification of nanostructured support [18], and doping [52] have been provided.

Thus, gold-decorated hierarchical materials may show further beneficial properties due to the
additional interfaces between the metal and oxide, inducing multiple interactions [53],
or increased sintering resistance due to the confinement of the metal nanoparticles [54].
However, limited systematic research has been devoted to this topic, especially controlling the
catalytic properties as a function of multi-level catalyst architecture and surface chemical
properties of these advanced systems [53].

In this Dissertation, the role of the hierarchical architecture of ceria-based catalytic supports
and gold-decorated ceria-based hierarchical catalysts on catalytic oxidation performance has
been studied. Although the majority of recent research focused on metal-decorated OD and 1D
nanostructures, this research concentrates on knowledge-driven 3D hierarchical mesocrystal
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catalyst design and studying the influence of architectural attributes including (i) size,
morphology and composition of the catalyst support nanoparticles, (ii) mutual arrangement
of support crystallites, (iii) porosity, (iv) size and distribution of catalyst metal nanoparticles
in hierarchical materials, and (v) surface properties, on the catalytic activity. Also, selectivity
and stability of materials have been examined. The knowledgeable combination of these
structural merits can enable to design real working catalysts for environmental protection.
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4. Experimental techniques

4.1. Synthesis

Hierarchical star-shaped ceria-based catalytic support (HSNPs) was synthesized by
solvothermal method coupled with oxidation thermolysis. Details are presented in [D1, D2,
D5].

Hierarchical tube-like ceria-based catalytic support (tubes) was synthesized by multi-step wet-
chemical approach. Details are presented in [D3, D6].

Cube-like ceria-based nanoparticles (cubes) were synthesized by hydrothermal method. Details
are presented in [D4, D5].

Non-hierarchical ceria-based nanoparticles (NPs) were synthesized by microemulsion (water-
in-oil) technique. Details are presented in [D1-D3, D5-D6].

The deposition-precipitation method was used to embed gold nanoparticles on catalytic
supports. Details are presented in [D4, D5, D6].

4.2. Physicochemical characterization

To get insight into the structure and microstructure of materials, to confirm phase purity as well
as to estimate crystalline grain size powder X-ray diffractograms (PXRD) were recorded
on a PANalytical X’Pert Pro X-ray diffractometer. Scherrer formula was applied to estimate
crystallite sizes. Strain and size contributions to PXRD patterns were resolved by Rietveld
refinement. Instrumental broadening was included by refinement of standard silicon sample
followed by refinement of PXRD profiles with the use of TCH Pseudo-Voigt function.

For particle architecture examination Transmission Electron Microscope (TEM) imaging
and High-Resolution Transmission Electron Microscope (HRTEM) imaging in bright-filed
(BF) and dark-field (DF) modes were collected via the use of Philips CM-20 SuperTwin as well
as double aberration corrected FEI Titan® Themis 60-300 microscopes at the accelerating
voltage of 160 kV and 200 kV, respectively. Nanoparticles size and shape, crystal structure,
size dispersity, agglomeration degree, and materials porosity were determined.

To get insight into textural characteristics of hierarchical samples Selected Area Diffraction
(SAED) patterns were collected.

To obtain 3D visualization of the architecture of hierarchical catalyst Electron Tomography
(ET) was performed.

For visualization of the surface and overall shape of hierarchical macroparticles Scanning
Electron Microscope (SEM) images were collected on FEI Nova NanoSEM 230 equipped with
ETD and TLD detectors.

Elemental analysis was performed using X-ray Energy Dispersive Spectroscopy (XEDS)
(EDAX PegasusXM4). Global concentration measurements were performed on samples placed
in carbon resin. Also, individual macroparticles were analyzed via selected area mode.
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Local composition of the samples at a nanometer scale was studied by Scanning Transmission
Electron Microscope- X-ray Energy Dispersion Spectroscopy (STEM-EDX) technique using
the Cs-corrected S/TEM Titan 80-300 FEI microscope equipped with EDAX EDX

The acquisition of XEDS maps was carried out using an electron probe less than 0.5 nm.
The elemental distribution maps of cerium and gadolinium were generated.

Cerium oxidation state analysis was performed by Spectrum Imaging- Electron Energy Loss
Spectroscopy (SI-EELS) technique employing a source at 200 kV.

The surface chemical profile was checked by Fourier Transform Infrared (FTIR) spectroscopy
on a Nicolet Is 50 spectrometer.

Raman spectra were collected on Renishaw InVia Raman microscope equipped with confocal
DM 2500 Leica optical microscope, a thermoelectrically cooled CCD as a detector and an argon
laser operating at 488 nm.

To get insight into mass loss ratio in thermolysis process during synthesis of hierarchical ceria
Thermogravimetric Analysis (TGA) was performed.

N2 physisorption study was performed on a Fisons Sorptomatic 1900 instrument on ASAP 2020
Micromertics to get insight into materials porosity and stability of architecture. The specific
surface area (Sget) of the nanomaterials was assessed by applying the Brunauer—Emmett—Teller
equation to the as collected isotherms.

To get insight into chemical surface characteristics of studied materials Temperature
Programmed Reduction tests (H2-TPR and CO-TPR) were performed on Autochem 11 2920
(Micromeritics, USA) equipped with TCD detector. Also, Temperature-Programmed
Desorption (TPD-MS) measurement on the bare CeO> hierarchical sample was performed.

For in situ surface characterization of catalysts and determination of oxidation state of gold
Near-Ambient Pressure X-Ray Photoelectron Spectroscopy (NAP-XPS) measurements were
performed using a laboratory NAP-XPS system.

4.3. Catalytic tests

Catalytic tests were performed in CO, propane, and soot oxidation reactions. Briefly, for
CO oxidation 50 mg of the catalyst (fine, unfractionated powder) was placed in a quartz U-type
microreactor and installed in a commercial apparatus (Autochem Il 2920, Micromeritics).
The feed gas consisted of 1% CO, 5% O and 94% He with a total flow rate of 50 ml min with
3°C min! temperature increases between 25 - 400°C. The composition of gases was measured
with an OmniStar QMS-200 Pfeiffer Vacuum mass spectrometer. The stepwise propane
conversion measurements (50 mg of the sample) were performed in the temperature range
of 20-540°C in a gas flow (mixture 2500 ppm CzHs in air (10% O in N2), 100 cm® min™!)
followed by gas chromatography analysis. Soot combustion tests were performed in “tight
contact” mode by placing a ground mixture of 40 mg of ceria and 20 mg soot in a corundum
crucible into a TG analyzer Derivatograph MOM Q-1500D with a programmed temperature
increase of 5°C min~! in the range 25 — 700°C.

Details related to research techniques used may be find directly in publications [D1-D6].
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5. Results

The first objective involved development of the procedure for synthesizing hierarchical
Ce1-x(REE)xO2x2 catalytic supports along with a survey of their structural and chemical
properties. Two types of such supports differing by the architecture and texture are described
in [D1] (star-like particles) and [D3] (tube-like particles). The detailed description of the
support multi-level architecture and the role of each level of the material hierarchical
organization in catalytic performance has been presented in [D1] and advanced in [D2].

The second objective was to develop the method of knowledgeable decoration of ceria-based
supports by gold nanoparticles. The elaboration of decoration procedure tested
on a nonhierarchical model system, i.e., CeO2 nanocubes, is presented in [D4]. The refined
method that enables to decorate hierarchical supports has been advanced and described in [D5].

The third objective was to determine the role of the architecture of gold-decorated
Au/Ce1-x(REE)xO2x2 hierarchical systems in catalytic oxidation performance. Catalytic
performance in terms of reactivity, selectivity and stability of studied systems has been
presented in [D5] and [D6].

Table 1 summarizes types of oxidation processes and catalytic performance parameters studied
in publications D1-D3 and D5-D6. Reactivity is described in terms of half-oxidation
temperature (Tso) [D1-D3, D5-D6], specific reaction rate (r) or turnover frequency (TOF) [D5].
Selectivity is described in terms of chromatography profile results analysis [D2, D6]. Stability
is characterized in terms of a) temperature-dependent shape stability of support macroparticle
[D1, D2, D3], b) temperature- and dopant-dependent stability of the support F-type crystal
structure [D2, D6], ¢) dopant-dependent stability of macroparticle architecture [D2, D6],
d) support stability under process conditions, e) temperature-dependent stability of size of Au
nanoparticles [D5-D6)]

Table 1. Summary of the reaction types and properties studied in publications D1-D6.

Publication D1 D2 D3 D5 D6
Hierarchical
Ce1x(REE)xO2-x2 star star tube Aul/star Au/tube
system
CO oxidation % - - v -
CsHs oxidation - Y, Y Y, \Y;
soot oxidation v Y% Y% Skx Skx
reactivity v % % v v
selectivity - v -* *x %
stability v v v % v

* described in D6; ** presented in Additional Materials

The main research results are briefly summarized in the following parts of this Dissertation.
The discussion of many minor research results, which provide additional insight into the nature
of the materials studied but constitute a digression to the main research goals of this
Dissertation, have been omitted and can be found directly in publications or supplementary
information files attached to each publication.
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5.1. Hierarchical supports
5.1.1. Synthesis

Several synthetic protocols have been developed to produce ceria nanostructures, and typical
examples involves hydrolysis [55], precipitation/coprecipitation [56], surfactant-templated
synthesis [57], sol-gel [58], combustion [59], microemulsion [60], hydrothermal/solvothermal
[61,62]. Hierarchically organized macrostructures composed of nanoparticles are produced
with the use of combined templating strategies [63], self-assembly [64], post-synthetic
modification [65], 3D printing [66]. A variety of CeO, systems showing hierarchical
architecture have been described in the literature and this is summarized in Table 1 in ESI [D1].
The most catalytically active architectures in CO oxidation involve globin-like spheres [67],
nanobundles [31] and hollow cone particles [30]. However, somewhat limited systematic
research has been devoted to study the influence of materials architecture on its catalytic
behavior, especially controlling catalytic properties as a function of multi-level catalyst
architecture [53].

The novel combined hydrothermal synthesis of mixed rare-earth-doped cerium formates
followed by post-synthetic oxidative thermolysis of the material yielding star-shaped oxide
hierarchical particles has been presented in [D1]. The morphology of the particles (see Fig. 1.A)
is dissimilar to the flower-, coral- and urchinlike hierarchical ceria reported in the literature
differing in diameter of the arms, mean particle size and porosity [D1, D2]. Such morphological
differences influence the physical properties of the hierarchical material affecting stability
and catalytic performance. The preservation of star-shape morphology after thermolysis has
been confirmed by microscope imaging, and this proves the effectiveness of this synthetic
strategy in production of hierarchical ceria particles co-doped with all rare earth elements [D1].

Fig. 1. TEM images of Ce(HCOO)3 particles synthesized in different conditions: A) Star-
shaped morphology (DMF and formic acid), B) Sphere-shaped morphology (formic acid), C)
Clumped rod-shaped morphology (DMF and formic acid neutralized by ammonia) (adapted
from Fig. 1 in D2).

The advancement on the nature of the morphology formation of star-shaped cerium formate
particles has been presented in [D2]. The morphology of cerium formate crystals depends
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on two factors recognized in the literature, i.e., temperature and type of ceria precursor, leading
to the formation of needle-shaped or rod-shaped crystals [68]. In addition to the recognized
factors, the composition of the solvothermal reaction mixture also influences the particles
morphology, as has been shown in [D2]. Synthetic protocol modification leads to formation
of sphere-like Ce(HCOQ)sz particles under strongly acidic conditions without the use
of dimethylformamide (Fig. 1.B) or clumped rod-shaped Ce(HCOO)s; particles after
neutralization of the reaction mixture by NHs (Fig. 1.C). This experimental observations have
been discussed in the light of possible non-classical crystal growing processes involving (1)
assembly of fully developed crystals, (2) aggregation of formate nanoparticles/nanocluster
at early crystallization stage followed by star-shaped-like multidirectional crystal elongation
or (3) site-selective adsorption of additives/the DMF decomposition products inducing
preferential growth [D2]. To confirm either of the presented hypothesis further research on the
early stages of cerium formate crystal formation using in situ microscopy techniques like fluid
cell HRTEM imaging or, alternatively, cryo-TEM shock-frozen samples is needed.

The novel wet chemical synthesis of hierarchical Yb-doped ceria macroparticles with tube-like
morphology has been presented in [D3]. The multi-step synthesis involved microemulsion-
based preparation of CeO> nanoparticles, subsequent chemical transformation of nanoparticles
into Ce(HCOO)s followed by surfactant-assisted precipitation method. This strategy produced
hollow inside and closed on one side tube-like hierarchical macroparticles composed of ceria
nanocrystallites (Fig. 2).

Fig. 2. (A) SEM and (B) TEM image of CeO> tube-like hollow inside hierarchical macroparticle
(adapted from Fig. S2 in D3).

Optimization of this synthetic procedure involving modification of surfactant and base ratios in
the reaction mixture has been presented in Supplementary materials in [D3]. Presence of CTAB
and proper amount of NH4OH is necessary for the correct run of the synthesis. The complete
transformation of Ce1xYbxO2.x2 into Ce1xYbx(HCOO)s at an early stage of material preparation
is confirmed by PXRD (Fig. Al in Additional Materials). The mechanism of final CeO-
morphology formation probably includes template-assisted assembly of nanoparticles, but its
exact form has not been identified.
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5.1.2. Architecture

The distinctive feature of rare-earth-doped ceria particles with star-shaped morphology is their
three-level hierarchical architecture (Fig. 3.A-C), and preferential orientation of ceria
crystallites within hierarchical macroparticle that has been confirmed by SAED pattern
collected from the large area of the particle (Fig. 3.B). The first level is composed of nano-sized
ceria crystallites. In the second hierarchy level, the nanocrystallites are arranged into porous
rod-shaped arms. Then, these mesocrystalline units are arranged into star-shaped particles
on the third organizational tier. The preservation of star-shape morphology of doped-ceria
material after thermolysis process has been confirmed by TEM, HRTEM and SEM imaging
and thoroughly described in [D1], proving the effectiveness of the applied synthetic strategy
in production of hierarchical material.

Fig. 3. TEM images showing the three-level hierarchical architecture of Ceo9REE.101.95 0Xide
material. (A) 1st level: CeO. nanocrystallites; (B) 2nd level: porous arm; the inset presents
a SAED pattern collected from the whole area visible in the image; (C) 3rd level: star-shaped
microparticle (adapted from Fig. 2 in D1).

Each level of the hierarchical architecture of the star-like mixed oxides has its own functionality
and it is vulnerable to modifications. Briefly, the introduction of a rare-earth dopant modifies
physicochemical properties of nanocrystalline building blocks at the first hierarchy level
affecting nanoparticle size [D1, D2], microstrain [D2], oxygen vacancy concentration [D1],
Hz reducibility [D1, D2], while the overall hierarchical architecture of the macroparticle
is preserved. The properties may be further modified by varying the dopant concentration. Also,
the introduction of dopant modifies properties at the second hierarchy level, i.e., affecting
the type of porosity [D2] and specific surface area [D1, D2]. The presence of varied-sized pores
may facilitate mass transfer and thus enhance combustion performance when compared to the
non-hierarchical material. Vulnerability for modification of the architecture at the second
hierarchy level is related to control of the physical conditions of the thermolysis process that
may affect porosity and texture [65]. The third level of organization permits easy anchoring
of soot particles between the arms of the star-shaped particle increasing the contact of soot with
active ceria surface in the catalytic process (Fig. 4.B-C). Also, large external surface provides
larger area for deposition of metal active phase. Morphology change by synthetic conditions
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manipulation is a potential area for further modification of third-level architecture of the
particle.

Fig 4. Anchoring of soot in hierarchical particle; SEM images of CeO. star-shaped particle
(A) before addition of soot and (B) after addition of soot. (C) TEM image of arms of CeO star-
shaped particle after mixing with soot (adapted from Fig. S10 in D1).

The properties of hierarchical star-shaped particles as a function of concentration of dopant and
temperature treatment have been investigated in [D2]. Gd ions have been chosen based
on literature premises, since Gd-doped ceria possess the highest conductivity values which
is ascribed to optimized ionic radii mismatch and subsequent structural distortions [38]. The
particle architecture, in terms of star-shaped morphology and porosity, is preserved up to 70%
of the dopant concentration level, and the highest surface area has been observed for 40% Gd-
doped sample (180 m?/g). The porosity is characterized by occurrence of slits and cavities
creating confined spaces and overall Sger area may be increased by changing dopant
concentration. The samples preserve high surface area (> 115 m? /g) after heat treatment
in 550°C [D2]. Also, preferential orientation of ceria nanoparticles is preserved in 550°C, and
some loss of organization is observed when particles are heated in 900°C [D1]. Temperature-
dependent study of the F-type structure stability of ceria nanocrystallites revealed preservation
of ceria fluorite structure up to 700°C, however, this effect depends on dopant concentration
(see Fig. 4 in [D2]).

The three-level architecture of the star-shaped particles is affected mutually by dopant
concentration and temperature. For the first hierarchical organization level, two temperature-
dependent nanoparticles growing modes have been observed. When the material is heated
at temperatures up to 600°C, the NPs size increase is rather slow on behalf of a fast reduction
of NPs microstrain [D2]. This contributes to maintaining the stability of macroparticle
architecture, which is especially important in low-temperature catalytic oxidation. Increasing
dopant concentration induces enhancement of microstrain. The second mode above 600°C
is linked to the fast growth of nanoparticles, which modifies the particle architecture (Fig. 5.A).
Moreover, the temperature-induced architecture changes depend also on the presence of dopant.
While undoped CeO> HSNPs form system of grown-together cube-octahedral particles
of different sizes in which well-defined architecture is preserved to lesser extent (Fig. 5.B), Gd-
doped ceria evolve into fused small crystallite agglomerates forming the porous arm with the
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well-preserved mesoscale organization (Fig. 5.C) Such collective intergrowth of NPs
in mesocrystal creates additional porosity, as was inspected by SEM imaging (Fig. 5.D-E). This
thermally induced functional adaptation of the material is linked to greater stability of such
architecture in violent soot combustion reaction.

[A]

400 °C

CeO,
mesocrystal

Fig. 5. (A) Scheme showing dopant-dependent changes of mesocrystal architecture induced
by temperature; (B) TEM image of the arm of CeO2 HSNPs heated in 700°C; (C) TEM image
of the arm of Ceo.9Gdo.101.95s HSNP heated in 700°C; (D) SEM image of Ce.9Gdo.101.95s HSNPs
heated in 400°C; (E) SEM image of Ceo.9Gdo.101.905s HSNPs heated in 900°C. (A-C adapted from
Fig. 15in D2, and D-E from Fig. 10 in D2).

The tube-like particles show hierarchical architecture composed of three levels. The average
size of ceria nanocrystallites at the first level of hierarchical organization is around 10 nm, and
this value is similar to the size of CeO; crystallites that build star-shaped particles [D3]. Ceria
crystallites are non-rigidly aggregated at the second organization tier forming porous walls
of tube-like macroparticles. CeO2 NPs do not adhere closely to each other creating small slit-
like pores, and the crystallites are not organized preferentially (Fig. 6.A) as opposed to star-
shaped particles (Fig. 6.B). This difference in texture makes a significant distinction between
the two hierarchical materials. The third hierarchy level forms tube-like macroparticles hollow
inside and closed on one side.
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Fig. 6. (A) TEM images of tube-like hierarchical support and (B) star-shaped hierarchical
support. SAED patters shown on the right. (A presented as Fig. A2 in Additional Materials and
B adapted from Fig. S8 in D1).

The tube-like morphology of hierarchical particles is preserved up to 20% of Yb3*concentration
level, and rather shapeless agglomerates form above this doping level value. This may be related
to either phase separation [69] or formation of defective F-type (F#) and C-type (C#) structures
of crystallites [70] that hinders the formation of hierarchical macroparticle during synthesis
[D3]. The overall shape of the macroparticle is maintained even after annealing at 900°C,
despite the rapid growth of CeO2 NPs building units (see Fig. 1 in [D3]).

For comparison purposes non-hierarchical powdered ceria samples composed of shapeless
nanoparticles (average size 6.8 nm) and nanocubes with well-defined morphology (average size
17.8 nm) were produced by microemulsion wet chemical synthesis and hydrothermal method,
respectively. Such crystallites do not organize into the higher order structure and form loose
agglomerates of nanoparticles (see Fig. 6 in [D5]). The detailed description of the temperature-
dependent growth of microemulsion-derived NPs is presented in [D1] and [D5]. The
physicochemical characterization of nanocubes is presented in [D5].

5.1.3. Catalytic performance

Sectorial emissions of air pollutants from road and non-road transport indicates that non-
methane volatile organic compounds and particulate matter constitute considerable input into
total environmental pollution [71]. Utilization of noble metal-free CeO2-based mixed oxides
show potential in low-to-middle temperature oxidation of CO and soot particles [37].
Utilization of nanocrystalline ceria in CsHg oxidation has been somewhat limited [72]. The soot
combustion process is sensitive to nanoparticle morphology [73,74]. Also, CO oxidation
is structure-sensitive when catalyzed by ceria-based materials differing in morphology and
porosity [75]. In this Dissertation the influence of the organization of nanoparticles into
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hierarchical macrostructures on catalytic oxidation performance has been studied. The results
of catalytic reactivity testes in CO oxidation, soot combustion, and CsH3 oxidation have been
presented in publications [D1, D2, D3], and are summarized in Table 1.

Table 1. Catalytic performance of active catalytic supports differing in morphology (non-
hierarchical nanoparticles (NPs) or hierarchically structured nanoparticles (HSNPs)) and
presence of dopant (undoped CeO, or Gd-doped ceria (GDC-10%)). All samples within
reaction groups were tested in similar reaction conditions.

Catalyst support T [°C] Catalyst support T [°C] rasgec ! M3900C X 10° [mol m2h™*
_§ CeO, NPs >400 °1” Ce0, NPs 508 P2 550 031" | 5.61P2 1 4037 95 5102 5 7031
-'"é CeO, HSNPs (star) 334 0" g |Ce0, HSNPs (star) 45012 15.1 04 /182172
S |GDC-10% HSNPs (star)| 323 PU” E Ce0, HSNPs (tube) 495 13 2.4 /11409
§ |ce02NPs 539 (04" ::é GDC-10% NPs 470 2" 1.2109% 7 3047
:‘-: CeO, HSNPs (star) 443 0" g GDC-10% (star) 425 172 3.81P4 /183"
S CeO, HSNPs (tube) 468 1™ YDC-10% HSNPs (tube) 4553 1.303 /10,93

* sample pre-heated in 550°C; items without asterisk designate smaples pre-heated in 400°C

# calculated from data presented in [D2] and [D3]

CO oxidation performance in terms of temperature of half-oxidation (Tso) is enhanced for
hierarchical star-shaped particles when compared to powdered non-hierarchical ceria NPs. This
effect has been ascribed to the facilitated mass transfer and the increased surface active sites
availability in a hierarchical system [D1]. Since all tested samples were pre-heated in 550°C
to clean the surface from carbonate or nitrate residues [76], the effect of catalytic enhancement
has been ascribed to materials architecture rather that surface chemistry effects. Introduction
of Gd**ions into ceria crystallites slightly improves CO oxidation performance shifting Tso into
lower values. This effect has been ascribed to modification of ceria crystallites microstructure.
PXRD data post-processing have revealed that the nanoparticles strain is increased after doping
(cf. Fig 7 and Table in [D2]), and simultaneous enhancement of relative surface H:
consumption is observed that indicates increased surface reducibility of doped hierarchical
material (cf. Table 2 in [D1]).

Also, Tso values for soot combustion indicate superior reactivity of both hierarchical systems,
star-shaped and tube-like, over non-hierarchical ceria nanoparticles. Key-lock catalysis concept
has been used to explain this effect [77]. A schematic representation of this concept adopted for
star-shaped hierarchical particles studied here is presented in Fig. 7. Thanks to the possibility
of fitting the shape of soot agglomerates and soot nanoparticles to diversified porosity and
morphology of hierarchical particles soot combustion is enhanced due to maximized soot-ceria
interphase contact [D1]. Such soot-ceria contact is limited in case of non-hierarchically
structured bulk ceria (Fig.7). Interestingly, CeO. HSNPs show slightly better soot oxidation
performance when pre-heated in 550°C (Tso = 443°C) than pre-heated in 400°C (Tso= 463°C).
This may be related to the temperature-induced change of ceria crystallites morphology without
loss of preferential orientation of crystallites [D1]. Even that specific surface area is reduced
for sample pre-heated in 550°C, large external surface area of star-shaped macroparticles
enables easy anchoring of soot.
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CeO, bulk
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Fig. 7. Image of (A) soot embedded within the porous star-shaped CeO> macroparticle (SEM),
(B) soot particles within macropore of the arm of CeO, HSNPs (TEM), (C) bulk CeO: particle
(SEM) and (D) model of soot combustion by hierarchical HSNPs (key-lock concept) (adapted
from Fig. 12 in D1).

Propane oxidation performance shows superiority of both, undoped and doped, hierarchical
materials of either star-shape or tube-like morphology over non-hierarchical ceria particles (see
Tso in Table. 1). Moreover, the preferential orientation of ceria crystallites within star-shaped
particles facilitates oxidation since the shift of Tsoto lower vales is observed when compared
to tube-like particles. To weigh up activity of catalyst supports the reaction rates at 330°C and
390°C normalized by catalyst BET specific surface area were calculated based on data
presented in publications [D2] and [D3], and the results are shown in Table 1. The data show
emergent phenomenon in catalytic propane oxidation, i.e., the substantial increase of reaction
rate in low temperature regimes for CeO> star-shaped HSNPs (see r33oec in Table 1). This effect
relates to ceria nanocrystallites mesoscale organization into hierarchical architecture, since
no such effect occurs for non-hierarchical nanoparticles [D2] and nanocubes [D5]. The
presence of Gd-dopant Kills the occurrence of as observed low-temperature mechanism
of propane oxidation, however, dopant induces shift of Tso into lower values as compared
to CeO2 HSNPs. The effect of dopant in facilitating oxidation rate is not visible at 390°C. This
can be caused by blockage of active sites for propane oxidation by dopant at the surface of ceria.

Selectivity of catalytic oxidation by star-shaped and tube-like hierarchical materials was
examined in propane oxidation reaction and analyzed via inspection of gas chromatography
profiles [D2, D6]. Two oxidation modes have been observed. Total propane oxidation proceeds
for both materials at temperatures up to 390°C. At temperatures above 400°C the gradual
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increase of trace amount of conversion by-product is detected. Its relative quantity reaches
0.3%-1.4% at 540°C for hierarchical samples and it is treated as minor impurity in the oxidation
process. The retention time close to the propane peak one suggests that this decomposition
product possesses relatively high molecular weight. Its occurrence may be link to the shift from
the surface heterogeneous pathway of propane oxidation (<400°C) into mixed hetero-
homogeneous mechanism (>400°C) for which gas phase reactions start to dominate [78].
Comparison of this by-product formation in hierarchical samples with non-hierarchical ceria-
based supports (cubes and NPs) shows similarity in magnitude, but the formation extent
is stabilized at lower conversion temperatures for low-doped hierarchical samples (cf. Fig. S9
in [D2] and Fig. A3 in Additional Materials).

Stability of the star-shaped hierarchical catalytic support under process conditions was
examined in CO, propane, and soot oxidation reactions. The temperature of 900°C is known
for being sufficient for ceria sintering that is confirmed by TEM imaging of microemulsion-
derived ceria NPs sample (cf. Fig S8 in [D1]). CeO: star-shaped particles proved to be more
resistant to high-temperature treatment during catalytic CO oxidation over non-hierarchical
NPs in terms of preserved conversion level and specific surface area [D1]. While CO
conversion reaches ~45% in 400°C for star-shaped particles heated in 900°C, the conversion
falls to <10% in 400°C for ceria NPs heated in 900°C. Star-shaped particles show the presence
of a residual inner surface that is over twofold higher than for nonhierarchical NPs [D1].
Microscopic inspection of particles after propane oxidation tests shows preservation of star-
shaped morphology (third level of the material hierarchical organization) and mesoscale
nanocrystal arrangement (second level of the material hierarchical organization [D2].
The similar effect of preservation of hierarchy has been observed in the violent soot oxidation
for Gd-doped star-shaped catalytic support. The effect of doping on the support stability
enhancement is presented in Fig. 8 [D2]. Shape-stability of tube-like catalytic support has been
confirmed by microscopic imaging of high temperature-treated sample (900°C) [D3].

= CeO,NPs

m CeO,
HSPs 700 °C

Cep9Gdg; O 65
HSPs 700 °C

TSO% (OC)

¥ CeO,
HSPs 550 °C

Ce(4Gdg; 0465
HSPs 550 °C

Vi

Soot combustion cycle

Fig. 8 . Functional stability of undoped or Gd-doped hierarchical star-shaped support tested
in six cycles of soot oxidation. Final temperature for each cycle was 550°C or 700°C. (adapted
from Fig. 12 in D2).
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5.2. Gold decoration
5.2.1. Model nanocubes

Several methods of deposition of gold on active and inactive catalytic supports have been
presented in the literature [79-82]. These methods include impregnation [83], co-precipitation
[84], deposition-precipitation with the use of NaOH (DP NaOH) [85] or urea (DP urea)
as precipitating agent [79], anion/cation adsorption [79,86], chemical vapor deposition [87].
The principle of deposition-precipitation method is that the surface acts as nucleating agent for
metal hydroxide formation, and the use of urea provides the gradual and homogeneous addition
of hydroxide ions throughout the reaction mixture. Thus, this prevents precipitation of gold
particles away from the support surface producing systems with high metal loading and small
Au particle sizes [79]. Due to that formation of metal agglomerates or large Au particles is
avoided, as this is the case for simpler and industrially attractive impregnation method. The
capability of the DP urea method for controlling the form of nano-gold species deposited on
model ceria cubes and hierarchical materials has been investigated in publication [D4] and [D5],
respectively.

The gold decoration process with the use of the DP urea approach proceeds easily for large
CeO- cube-like nanocrystals (dav = 67 nm) resulting in the presence of uniformly distributed Au
NPs with average size of 3 nm [D4]. Contrarily, application of the same deposition procedure
with one change, i.e., the use of small CeO cube-like nanocrystals (dav = 14 nm) instead of large
ones, gives systems with no visible Au NPs while presence of gold is detected spectroscopically
in SEM-EDX measurements (Fig. 9.A). Moreover, temperature treatment of the sample
in a reducing atmosphere (H> flow) induces formation of Au NPs on the surface of small ceria
nanocubes. In publication [D4] three hypotheses have been tested to explain the effect of no Au
NPs presence on the surface of small ceria nanocubes.

Fig. 9. Gold-decorated CeO> nanocubes (dav = 14 nm): (A) no Au NPs visible o the ceria
surface; low value of Mau/Sceo2 (B) Au NPs visible on the ceria surface (dav = 1 nm);
intermediate value of Mau/Sceoz ; (C) Au NPs visible on ceria surface (dav = 3 nm); high value
of Mau/Sceoz (adapted from Fig. 3 and Fig. 8 in D4).

Firstly, the effect of post-synthetic surface contamination by NOs™ groups was examined [76].
Heating samples at 550°C to remove nitrates followed by deposition of gold with the use of the
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same synthetic protocol have shown no presence of Au NPs. Thus, the NO3s™ surface groups do
not prevent the formation of Au NPs.

Secondly, the influence of curvature of the surface of ceria nanocubes on growth of Au
nanoparticles has been investigated [88]. In particular, the hypothesis that the curved surface
of small ceria nanocubes prevents formation of gold nanoparticles has been tested. Deposition
process was conducted on the specially designed sample composed of variously sized ceria
nanocubes having both, flat and curved surface. It turns out that Au NPs form on small, curved
ceria nanocrystals, thus the curvature of the surface is not the critical factor preventing
formation of Au NPs.

Thirdly, the ratio of the total support surface area to the molar content of the chloroauric acid
in the reaction mixture (Mau/Sceo2) has been tested to explain the lack of Au NPs visibility on
small ceria nanocubes. The determination of the surface area of the support has been made
basing on empirical distributions of the nanocube particles size that was obtained from TEM
images [D4]. This approach takes into account the contribution of all lognormally distributed
particle sizes, and it is a better approximation of the total surface area than arithmetic mean-
based approach. Increasing the as defined ratio proved to be successful in controlling the form
of gold species formed, since larger Au NPs (dav = 3 nm) are visible for high values of the ratio
(Fig. 9.C) and small Au NPs (day= 1 nm) form on the surface when intermediate ratio values of
chloroauric acid to the total surface area is used in deposition procedure (Fig. 9.B). Moreover,
for small ratio values the thin film of gold/the ultra-small gold clusters are formed. Their
presence has been confirmed by a combination of HRTEM and TEM-EDX techniques [D4].
This explains spectroscopic detection of gold in the sample for which no Au NPs is observed
during microscopic investigation (Fig. 9.A). In summary, exceeding some threshold value of
Mau/Sceo? ratio leads to the growth of nanoparticles according to the Stranski-Krastanov (SK)
model, as the most likely scenario [89].

5.2.2. Hierarchical systems

The modification of the gold deposition procedure has been developed in [D5] in order to better
estimate the values of the Mau/Sceo2 ratio for variously gold loaded samples, and to test the
applicability of as taken approach for decoration of hierarchical systems by gold nanoparticles.
In the new approach, the surface area of the support was determined from N2 physisorption
(Seer specific surface area), and Mau/Sceo2 ratio was remodified into surface coverage
parameter (SC) [D5]. Due to the structural complexity of star-shaped and tube-like particles,
this approach allows to precisely calculate the needed amount of the gold precursor (HAuCla).

For low value of the surface coverage parameter (SC = 0.5) no gold particles have been
observed in TEM inspection of the gold decorated star-shaped particles (Fig. 10.A), however,
the gold presence inside the support was confirmed by SEM-EDS selected-region elemental
analysis that indicates 2.7 Au-wt% in CeO, sample. Due to lack of electron transparency in the
thicker areas of the support particles the exact morphological form of gold has not been
identified. The use of larger value of SC = 2 leads to the formation of Au NPs that deposit along
the pores inside the hierarchical support that is confirmed by TEM imaging (Fig. 10.B).
However, for this SC value no Au particles were observed on the support exterior surface.
Accelerated diffusion of metal precursor into the crystal mesopores may be responsible for the
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formation of nano-gold particles in the interior of hierarchical support at first when relatively
low SC values are used [90]. Increasing gold loading (SC = 5) induces additional formation of
gold nanoparticles on the exterior surface of the hierarchical catalyst support (Fig. 10.C).
Presence of Au NPs inside the hierarchical support has been confirmed by Electron
Tomography (see animation in CS&T repository!). A large value of the surface coverage
parameter (SC = 8) causes formation of metal agglomerates on the particles exterior surface
(Fig. 10.D). Such gold overloading decreases metal-support contact. Due to the large capacity
for metal loading hierarchical systems have promising use in electrocatalysis [91].

X
N

Fig. 10. TEM images of Au/CeO> catalyst showing the influence of the surface coverage
parameter (SC) value on the 4™ level of the particle’s architecture (gold-decorated hierarchical
material): A) SC=0.5,B) SC =2, C) SC =5 and D) SC = 8 (adapted from Fig. 3 in D5).

Au 0.5 Au 2 Au

The course of N2 adsorption—desorption isotherms of the gold-decorated materials is similar to
non-decorated samples preserving the same hysteresis loop type, which proves the stability of
the architecture after the gold deposition process. Also, the small loss of specific surface area
from Sger=144 m?/g to SgeT=117 m?/g after gold decoration is observed for CeO hierarchical
star-shaped system, which proves preservation of porosity of hierarchical materials after the
process of urea-assisted gold deposition [D5].

At the same time, this gold deposition approach is not effective for precise gold decoration of
the non-hierarchically structured ceria NPs, leading to the formation of large gold crystals (5-
30 nm) next to the ceria nano-sized particles. This indicates that the organization of the ceria
nanoparticles into a hierarchical structure allows for easier manipulation of the material in terms
of its further processing in metal deposition while retaining nanosized properties of the support
at the same time [92].

! Supplementary movie reposited at https://pubs.rsc.org/en/Content/ArticleLanding/2022/CY/D2CY01214F#!
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5.3. Hierarchical catalysts
5.3.1. Activity

Catalytic activity of gold decorated materials has been tested in propane and CO oxidation for
star-shaped hierarchical systems and propane oxidation for tube-like systems [D5,D6]. Also,
for comparison purposes soot oxidation test results have been presented in Additional Materials
(see Fig. A4 in Additional Materials).

To evaluate propane oxidation TOF was determined at low conversions of a given process
(<15%). In [D5], the TOF, defined as the rate of propane consumption per number of active
sites, was calculated in two ways depending on the assumptions about the nature of the catalyst
active sites. Firstly, the specific reaction rate was normalized to the mole number of Au
contained in the mass of the active catalyst phase (Au/Ce1xO>.y) [93]. As this approach assumes
that each gold atom is an active site, it is suitable for systems in which the particles are highly
dispersed and have a narrow size distribution. Since hierarchical systems are characterized by
a high degree of complexity (gold deposited on the active support, high gold loading, relatively
broad Au NPs size distribution, and varied localization of Au NPs within hierarchical system)
a different approach has been taken to describe hierarchical gold catalysts.

In the new approach presented in [D5] the gold atoms at the Au/ceria interface have been taken
as active sites and the number of Au atoms in the ring around gold nanoparticles (modeled as
a half-sphere) has been quantified based on histograms generated from TEM data. This
approach is rationalized by DFT-confirmed experimental observation that the oxidation of Au-
bounded CO occurs at the Au/CeO2 interface [94]. Also, chemisorption study revealed that
despite the lower accessibility of the metal surface in embedded Au@CeO: systems, the
increased activity may be ascribed to the larger extent to metal-support interaction [95]. Such
approach allows to determine the number of active sites more accurately than just taking the
average particle size, especially for the polydisperse or the non-uniformly distributed wide
particles size range systems.

Propane oxidation activity in terms of as defined TOF was compared between catalysts differed
by three attributes, i.e., morphology, dopant presence, and gold loading (Table 2). Firstly,
activity of gold-decorated nanocubes was compared with gold-decorated hierarchically
structured star-shaped system (Au5/CeO> cubes vs Au5/CeO2 HSNPs). Secondly, hierarchical
ceria catalysts have been compared with Gd-doped hierarchical ceria catalysts (Au5/CeO;
HSNPs vs Au5/GDC-10% HSNPs). Thirdly, variously gold loaded catalysts, in terms of surface
coverage parameter values, has been compared (Au2/CeO2 HSNPs vs Au5/CeO2 HSNPS).

As a result, hierarchically structured gold catalysts, both, undoped and Gd-doped, outperform
non-hierarchical nanocubic gold ones (see TOF in Table 2). This effect has been ascribed to the
maximization of Au/ceria interface contact in hierarchical systems. Both systems, cubic and
hierarchical, are characterized by similar Au NPs size. However, twofold difference in gold
loading in terms of weight percentages between hierarchical catalyst (Au2/CeO2 HSNPs) and
non-hierarchical (Au5/CeO, cubes) sample may be responsible for the observed result.
Nevertheless, two-fold increase of gold loading in ceria hierarchical systems (Au2/CeO:
HSNPs vs Au5/CeO, HSNPs) shows insubstantial changes in TOF values. Thus, gold loading
plays smaller role in activity enhancement on behalf of metal-support contact maximization.
Due to the confinement of Au NPs within hierarchical supports this contact is increased, which
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is discussed in the literature as a crucial factor facilitating catalytic activity [95,96].
The influence of surface properties of catalysts has been discussed in [D5].

Table 2. Activity of catlaysts in propane oxidation (adapted from Table 2 in [D5]).

Catalyst r300°c X 102 TOF300°c % 102
(molco gaut ht) (s1)
Au2/CeO, HSNPs (star) 0.77 0.49
Au5/CeO, HSNPs (star) 0.61 0.43
Au5/CeO; cubes 0.76 0.26
Au5/CeO2 HSNPs (tube) 1.10 -
Au2/GDC-10% HSNPs (star) 1.85 1.18
Au5/GDC-10% HSNPs (star) 0.72 1.11
Au5/GDC-10% cubes 0.96 0.61
Au5/GDC-10% HSNPs (tube) 0.89 -

On the other hand, Gd doping facilitates propane oxidation for both nonhierarchical and
hierarchical gold catalysts, showing a two-fold TOF increase. Also, the Gd-doped hierarchical
gold catalyst shows over four-fold TOF increase as compared to the undoped non-hierarchical
one, proving the synergistic effect of doping and structural hierarchy in propane oxidation [D5].

Comparison of propane oxidation activity between star-shaped and tube-like hierarchical
catalysts has been also presented in Table 2. Due to small contrast differences between Au and
Ce in TEM imagining as well as specificity of the examined tube-like hierarchical system such
as (a) the lack of clearly defined ceria planes at the surface of hierarchical macroparticles, (b)
similarity of size of Au and CeO2 nanoparticles, (c) lack of porosity, and thus reduced electron
transparency on the sample edges, the construction of reliable histograms was infeasible. Due
to that, catalysts were compared in terms of reaction rates at 300°C. Contrary to the undecorated
catalyst supports, where the preferential orientation of the ceria crystallites at the second
hierarchy level improved the activity of the system (cf. star-shaped and tube-like HSNPs in
Table 1), this effect is not observed for gold-decorated systems (Table 2) in terms of reaction
rate values. Further research to determine the TOF would provide more insight.

Comparison of the influence of the type of admixture (10%-Gd or 5%-La-5%-Yb) indicates
that double doped ceria significantly lowers Tso in propane oxidation over Gd-doped ceria
having values Tso = 361°C and Tso = 391°C, respectively. Since this two samples have similar
mean radius of doped entities (see Table 1 in [D6]), but are differed in the type of lattice
deformation, it is inferred that it is not the mere presence of deformations (defects) in the
support crystal lattice that matters, but its type also plays significant role in altering catalytic
behavior of studied catalysts [D6].

The CO oxidation activity of the star-shaped hierarchical catalysts differed by the gold loading
and the Gd doping has been summarized in Fig. 11.A. Hierarchical gold catalysts (Au5/CeQy)
reduces CO oxidation to ambient temperature (Tso=18°C) as compared to non-hierarchical
gold-decorated Au5/CeO- nanocubes (Tso = 85°C). This effect is caused by the confinement of
Au NPs within pores of hierarchical support. TOF values calculated based on Au/ceria interface
contact extent correlate well with the percentage values of the contribution of optimally sized
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Au NPs (2-4 nm) to the whole distribution of Au NPs sizes (Fig. 11.B). This also correlates
with the order of Tse in CO oxidation (Fig. 11.A). Analysis of interdependence between catalyst
architecture, Au NPs size, and gold loading indicates that the presence of optimally sized Au
NPs leads to enhancement of CO oxidation. Trade-off between gold size and maximization of
Aul/interface contact within hierarchical support is crucial in catalytic performance facilitation
[D5]. Moreover, increasing gold loading does not necessary lead to catalytic oxidation
enhancement. Pore geometry and size may restrict the growth of optimally sized Au NPs
leading to activity decline. Thus, the knowledge of the materials porosity is necessary for

optimal catalyst design [D5].
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Fig. 11. (A) Activity of catalysts in CO oxidation; (B) Size distribution plots of Au NPs detected
in the surface/sub-surface region of hierarchically structured catalysts (adapted from data in D5

and Fig. 13 in D5).

Catalytic oxidation of soot by gold-decorated hierarchical systems depends on the architecture
of the catalyst support. Whereas for star-shaped gold-decorated catalyst slight enhancement
of catalytic performance is observed, the opposite effect is visible for tube-like systems (Fig.
A4 in Additional Materials). This effect may be linked to greater stability of gold nanoparticles
within pores of hierarchical star-shaped support (discussed in Section 5.3.3). The influence
of ceria-supported gold nanoparticles on soot oxidation performance has been observed in the

literature [97].

5.3.2. Selectivity

Combustion process, especially in the automotive gas emission, results in formation of primary
products of carbon dioxide and water as well as pollutants such as CO, hydrocarbons, nitrous
oxides, sulfur oxides, Diesel soot [98]. Selectivity of catalytic processes in emission control is
of major importance to deal with environmental atmospheric contamination. In this research,
selectivity of gold-decorated star-shaped and tube-like hierarchical catalysts was evaluated in
propane oxidation reaction. According to Maillet et al. there are two possible ways for partial
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oxidation of propane [99]. The first takes place at temperatures below 400 °C, and the reaction
products are CO, and H20 (complete oxidation). On the other hand, at temperatures above 400
°C, the reaction of incomplete propane oxidation takes place, which results in the presence of
CO in the final gas mixture.

For no gold-decorated hierarchical particles the formation of additional co-product is observed,
and this is probably hydrocarbon due to similar retention time to propane [D2, D6]. However,
decorating the hierarchical ceria-based macroparticles with nanosized gold results in an
improvement in the selectivity of propane oxidation up to 100% (no apparent co-products) [D6].
During the analysis of the catalytic results, it was noticed that the signal related to the presence
of the unwanted co-product does not appear at all even at high temperatures [D6]. This may
indicate a different mechanism of the propane oxidation taking place on the gold decorated and
non-decorated samples. Probably, for non-decorated oxides, the dominant mechanism is
associated with the use of lattice oxygen [100], while for the decorated systems, the process
most likely goes according to the Langmuir-Hinshelwood mechanism with adsorption of
propane and oxygen on different sites [101].

5.3.3. Stability

A typical lifetime of industrial catalysts for low temperature water gas shift reaction reaches 2-
4 years [102]. Several factors contribute to catalyst stability such as resistance to poisoning and
fouling, lack of thermal degradation and sintering, resistance to vapor formation or solid-solid
reactions. Loss of stability of Au/ceria systems has been reported in the literature and possible
factors that influence activity decline has been identified as: Au NPs growth, over-reduction of
ceria, poisoning by carbon-related species [103]. Au/ceria system is generally of not heightened
stability, and Au/zeolite is a promising more stable candidate for CO and VOC oxidation [104].
However, here the influence of hierarchical architecture on stability of gold nanoparticles has
been closely examined [D5, D6].

As a result, it was shown that confinement of gold nanoparticles within star-shaped hierarchical
support allows to preserve a significant fraction of small gold nanoparticles that play an
important role in low-temperature CO oxidation [D5]. Au NPs size distribution from the
collected TEM images of hierarchical catalysts examined before and after CO and propane
oxidation is presented in Fig. 12.A-F. For both, undoped and Gd-doped hierarchical systems
there is a systematic reduction in the proportion of particles with optimal size of 2-4 nm,
however, this reduction is larger for Au5/GDC-10% HSNPs catalyst. This is due to the shift of
the whole size distribution into larger values. Examination of Au NPs growth on model gold-
decorated cubic samples shows the similar growing behavior, namely the shift of the whole size
distribution into larger values (Fig. 12.G-J). This relates to the non-restricted growth of metal
particles on the surface of this systems. Unique in this respect is the Au5/CeO2 HSNPs catalyst,
for which the shift of the entire size distribution is not observed, but the distribution in anchored
in low size values (< 2 nm) (Fig. 12.B-C). TEM inspection shows that for this sample Au NPs
are visible inside the pores of the hierarchical support [D5]. Thus, confinement of Au NPs
within pores of hierarchical support enhances stability of catalyst active phase in terms of size
of metal particles.
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Fig. 12. Histograms showing size of Au NPs deposited on hierarchical supports (HSNPs) and
nanocubes (cubes) before and after propane and CO oxidation. (adapted from Fig. 14 and S21
in D5).

The initial differences in the Au NPs mode size values within Au5/CeO2 HSNPs and Au5/GDC-
10% HSNPs systems are caused by differences in the support architecture. Namely, small pores
in Gd-doped hierarchical support forces Au NPs out of the interior of the hierarchical material
and leads to the growth of the Au NPs on the exterior surface of star-shaped particles [D5].
Also, collective intergrowth of GDC-10% crystallites may be linked to process of facilitated
gold migration [D2, D5].

To confirm this observations, two-way ANOVA has been conducted on Au NPs size data. Two
levels of the dopant presence (undoped Au5/CeO; and doped Au5/GDC-10%) and two levels
of morphology (cubes and HSNPs) have been tested. Because of the lognormal nature of Au
NPs size distribution all data were logarithmically transformed and met normality requirements
(see details in Fig. S23 in ESI). The interaction between the dopant presence and morphology
was significant, F(1.1307)=272.89, p <.001. Tukey HSD post-hoc analysis has shown that there
is no significant difference between the size of Au NPs embedded in Au5/CeQO; cubes and
Au5/GDC-10% cubes (p > .001). Oppositely, there is significant difference in Au NPs size
embedded in Au5/CeO2 HSNPs and Au5/GDC-10% HSNPs (p < .001). Comparison of mode
size values proves the rapid growth of particles within doped system, 4.2 nm for Au5/CeO;
HSNPs and 7.5 nm for Au5/GDC-10% HSNPs. Interestingly, there is a significant difference
in the Au NPs mode size between Au5/CeQO> cubes and Au5/CeO: hierarchically structured
particles (p < .001) with values of 4.2 nm and 5.1 nm, respectively. This proves confinement of
nano-gold within CeO- hierarchically structured support having pore sizes sufficient for
unrestricted growth of metal particles. Significant difference between GDC-10% cubes and
GDC-10% hierarchically structured particles (p < .001) proves, again, the rapid growth of
particles that may be caused by support intergrowth Thus, the knowledge of materials
architecture is necessary for the precise design of optimal hierarchical catalyst [D5].

For tube-like hierarchical catalysts the significant growth of Au NPs is observed, and this is
reflected in the loss of catalytic activity in propane oxidation [D6]. To further increase active
phase stability alloying of Au nanoparticles is a possible strategy [102]. Also, addition of
catalytic promoters may suppress gold migration within pores of hierarchical support. From the
other hand doping ceria is a promising strategy to increase stability of hierarchical catalyst
support [D2].
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6. Conclusions

The realization of the first goal of this Dissertation is summarized in the following conclusions:

1.

The synthetic protocols presented in this Dissertation are suitable for production
of hierarchical materials having various architectures. Namely, the composition of the
reaction mixture in the hydrothermal synthesis influences the morphology of rare-earth
doped cerium formate particles leading to formation of the star-shaped, sphere-shaped,
or rod-shaped particles. Further thermolysis leads to the formation of hierarchical ceria-
based materials with a specific texture due to the preferential orientation of nano-ceria
building units. Also, the multistep wet chemical synthesis allows to produce tube-like
hierarchical ceria. The adjustment of synthetic protocols may lead to fabrication
of hierarchical materials differing in characteristics on each of the three levels
of hierarchical organization.

. The ceria-based hierarchical catalyst supports show the improved catalytic performance

in CO, propane and soot oxidation when compared to non-hierarchical powdered
particles, either nanocubes (average size <18 nm) or nano-sized NPs (average size <7
nm). This effect has been ascribed to the facilitated mass transfer and the increased
surface active sites availability in hierarchical systems. Key-lock catalysis concept has
been used to explain the effect of superior reactivity of both hierarchical catalytic
supports, star-shaped and tube-like, in soot oxidation.

Stability of the architecture of ceria-based hierarchical catalytic supports was assessed
in several experiments. Preferential orientation of crystallites and the high Sget surface
area is preserved up to at least 550°C, and morphology of particles up to 900°C.
Temperature-dependent study of the F-type structure stability of ceria nanocrystallites
reveals preservation of ceria fluorite structure up to 700°C. Introduction of dopant into
ceria crystallites (demonstrated by Gd doping) increases preservation of architecture
at the second and third level of hierarchical organization in the violent soot oxidation
process.

The temperature-induced changes of the star-shaped particles architecture proceeds
in two temperature regimes. For temperatures below 600°C, growth of NPs is rather
slow on behalf of fast reduction of NPs microstrain. This contributes to maintaining the
stability of particle architecture, which is especially important in low-temperature
catalytic oxidation processes. The second mode above 600°C is linked to the fast growth
of ceria nanoparticles but the architecture changes are dopant-dependent, and additional
porosity is formed in the Gd-doped sample.

Two propane oxidation modes have been observed. The total propane oxidation
proceeds for both materials in temperatures up to 390°C. At temperatures above 400°C
the gradual increase of trace amount of conversion by-product is detected. Its occurrence
may be link to the shift from the surface heterogeneous pathway of propane oxidation
(<400°C) into mixed hetero-homogeneous mechanism (>400°C) for which gas phase
reactions start to dominate.
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The realization of the second goal of this Dissertation is summarized in the following
conclusions:

1. The deposition-precipitation method is appropriate for the decoration of ceria surface
by gold nanoparticles regardless of the morphology of nanocubes, either flat or curved.
The run of the decoration process and the size of gold nanoparticles is very sensitive to
the ratio of the total support surface area to the molar content of the chloroauric acid in
the reaction mixture.

2. Knowledgeable control of the gold deposition onto hierarchical materials is attained by
adjustment of the value of the surface coverage parameter. The calculation of this
parameter is based on the knowledge of Sget surface area of the catalyst support. Such
control allows to produce variety of gold-decorated catalysts (layers/ clusters of gold,
gold nanoparticles localized in different parts of the hierarchical support, and gold
particle agglomerates).

3. The presented gold deposition approach that utilizes the concept of surface coverage
parameter is not effective for precise gold decoration of the non-hierarchically
structured ceria NPs having average size < 7 nm. Oppositely, the organization of ceria
nanoparticles into a hierarchical structure allows for deposition of nanogold (< 4nm) on
material composed of ceria nanoparticles (< 7 nm). Due to that nanosized-arised
properties of both, gold and ceria, are retained at the same time.

The realization of the third goal of this Dissertation is summarized in the following conclusions:

1. Hierarchically structured ceria-based gold catalysts, both, undoped and Gd-doped,
outperform non-hierarchical gold-decorated nanocubic ones in propane oxidation. Also,
hierarchical gold catalysts (Au5/CeQO>) reduce CO oxidation to ambient temperatures
(Ts0=18°C) as compared to non-hierarchical gold-decorated Au5/CeO2 nanocubes (Tso
= 85°C). Those effects have been ascribed to the maximization of Au/ceria interface
contact in hierarchical systems and the confinement of Au NPs within pores
of hierarchical support.

2. New method for calculating TOF parameter has been presented. According to the
proposed approach the gold atoms at the Au/ceria interface has been taken as an active
sites, and the number of Au atoms in the ring around gold nanoparticles (modeled
as a half-sphere) has been quantified based on histograms generated from TEM data.
As demonstrated in propane oxidation reaction, Gd doping facilitates propane oxidation
for both nonhierarchical and hierarchical gold catalysts, showing two-fold TOF
increase. Also, the Gd-doped hierarchical gold catalyst shows four-fold TOF increase
over the undoped non-hierarchical one, proving the synergistic effect of doping and
structural hierarchy in propane oxidation.

3. The texture differences of non-decorated ceria-based hierarchical samples influences
the catalytic performance in propane oxidation. Preferential orientation of ceria
crystallites within star-shaped particles improves oxidation performance over tube-like
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ceria that do not show this characteristic. However, gold-decorated hierarchical catalyst
does not show preservation of this effect, indicating that the preferential orientation
of crystallites does not modify the nature and the number of Au-Ce-O active sites
in a substantial way. Instead, Gd-doping highly increases catalytic activity of the
studied systems.

Decorating ceria-based macroparticles with gold nanoparticles significantly improves
the selectivity of the propane oxidation process. The stability of Au NPs is increased by
their confinement in the porous hierarchical structure when compared to the gold-
decorated ceria nanocubes in which Au NPs are present only at the surface.

Increasing gold loading does not necessary lead to catalytic oxidation enhancement.
Pore geometry and size may restrict the growth of optimally sized Au NPs leading
to activity decline. This has been shown in CO oxidation reaction. Thus, the knowledge
of the materials porosity is necessary for optimal catalyst design.
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Fig. Al. PXRD of Ce1xYbx(HCOO)z (x = 0-0.5) as an intermediate product in wet chemical
synthesis of tube-like Ce1.xYbxO2-x2 hierarchical catalyst support.

Fig. A2. TEM images of tube-like hierarchical support at different magnification levels. SAED
pattern (rightmost image) show no preferential orientation of ceria crystallites.
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Fig. A3. By-product formation in propane oxidation by ceria-based supports differing in
architecture (A) and presence of gold (B); HSNPs refers to star-shaped hierarchically structured
nanoparticles, NPs refers to non-hierarchical powdered ceria nanoparticles.
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Fig. A4. TG curves of soot oxidation for hierarchical samples differed by the architecture (star-

shaped or tube-like) and the presence of gold (Au x, x refers to the value of surface coverage
parameter).
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Function of various levels of hierarchical organization of the
porous Ceo9REE( 10195 mixed oxides in the catalytic activity.

Piotr Wozniak,*® Wtodzimierz Mista® and Matgorzata A. Matecka?

In this paper, the effect of the nanocrystallites hierarchical arrangement on CO oxidation and soot combustion activity has
been investigated. Hierarchically structured star-shaped particles (HS stars) were compared with microemulsion-derived,
loosely arranged nanoparticles (NPs). The star-like Ceo9REE0.101.95 mixed oxides were synthesized by the oxidative
thermolysis of the CeosREEo1(HCOO)s mixed formates. The study of the synthesis, structure and catalytic activity of the
porous, star-like ceria based mixed oxides was presented for the first time. It was shown that each level of the hierarchical
structure of the star-like mixed oxides has its own functionality and it is vulnerable for modifications. In-depth
characterization of as synthesized ceria allowed to determine relationship between hierarchically-structured nature of
material with its catalytic activity in CO oxidation and soot combustion. It was concluded that the presence of the 3D
structure composed of ceria nanocrystals significantly improves the stability and catalytic activity of star-like material in
comparison to nano-powdered one. Moreover, introduction of the trivalent RE-ion into the ceria structure lead to further
improvement the CO oxidation performance. Finally, key-lock catalysis concept was applied to explain the enhanced activity
of the hierarchically structured star-shaped ceria particles as a catalyst in the soot combustion process in comparison to

nanocrystalline CeO,.

l. Introduction

Cerium oxide has been an object of structural and catalytic
studies for a long time due to its unique redox capabilities,
namely the ability to store or release oxygen depending on
environmental gaseous conditions that is known in the
literature as oxygen storage capacity (OSC)*. Due to that feature
it has been widely utilized in the motor industry as a three-way
catalyst2, among other applications in solid oxide fuel cells3,
water-gas shift reaction materials* and volatile organic
compounds catalytic conversions®. High activity of ceria based
catalysts in various applications (like oxidation of harmful
organic compounds) is due to their ability to reversibly change
oxidation state of cerium Ce* <> Ce3* (CeVO, <&
CeV1«Ce'"yO2/2)8. This reduction-oxidation reaction is fully
reversible and may be performed cyclically.

In recent times, the research efforts were directed to the
characterization of cerium oxide nano-sized materials with
specified morphology such as cubes, octahedrons, rods,
nanosheets, putting specific attention to the influence of
surface type on its chemical performance®78. Among others of
as so far obtained morphologies are nano- and microspheres,
hollow spheres and nanowire arrays®. Nevertheless, three-
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dimensional materials that are hierarchically structured attract
more and more researcher’s attention.

In spite of the familiarity of the hierarchical organization
concept in materials science and biosciences, fabrication of
hierarchically 3D-structured devices composed of nano-sized
building blocks was introduced in nanomaterials synthesis
science relatively recentlyl%1112  The property of ‘hierarchy’
refers to certain ordering of singled out units, and various types
of hierarchy has been signalized in the literature depending on
unit type. Structural hierarchy constitutes a tactical repetitive
combination of structural units!® that group into higher
description-level classes in which building elements are denser
within groups than between them?4. Compositional hierarchy
refers to the specific varied spatial arrangement of parts of a
material (atoms, molecules, larger entities) whereas transport
hierarchy describes distribution of flow through open pathways
in fluid systems (pore systems). Hierarchical porosity may be
described by the multimodal and multiscale pore distribution
inside the material'>, however, the interplay between the pore
systems that facilitates the flow distribution allows to name the
system ‘hierarchical’l3. Functional adaptation at each level of
organization is believed to be responsible for hierarchical
materials exceptional properties!>. Moreover, tunable porous
structure, controllable macroscopic morphologies, variety of
synthesis approaches and adjustable functions, make these
materials useful in many applications such as gas monitoring,
water treatment, catalytic conversion1215,

In the field of heterogeneous catalyst synthesis, one of the
widespread foregoing scientific pursuits so far has been
material pore engineering as well as reduction of the size of its
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building units to the nano-regime in order to obtain larger
surface area. However, from an engineering point of view,
nano-sized materials in the form of powders are difficult to
handle. Creating hierarchical micro-sized structures that are
built of nanoparticles seems to solve this obstacle. Unique
properties of nanocrystalline particles, the concentration of
edges and corners as well as significant surface to volume ratio,
are retained. At the same time, the existence of a hierarchy
creates pores that further increase the surface area of the
material. Due to that reaction kinetics is favored via mass
transfer melioration. This is confirmed by the previous studies
in CO oxidation performance of hierarchically structured ceria
such as nanobundles!é, globin-like spheresl’, coral-likels,
urchin-like1819, flower-like2021.22.23 and spindle-like?* particles.
Also, the soot combustion process is sensitive to nanoparticles
morphology?>2%, Five types of cerium oxide catalysts for soot
oxidation has been differentiated so far?’. While nanometric
materials, fiber catalysts and three dimensional ordered
mesoporous (3DOM) materials’ architecture increases the
contact area between ceria and soot particles, in the case of
core-shell particles and exposed lattice plane-controlled
catalysts the number of active sites is increased, as reviewed by
Liu et al.?7.

Nonetheless, in all of the above mentioned studies
concerning ceria hierarchical structures, little attention has
been put into a modification of nano-sized building units via
oxygen vacancy formation through doping, listing just a few
examples in the literature?®2°. Introduction of dopant into the
cerium oxide modifies its structure, namely oxygen vacancy
defect concentration, by the substitution of Ce** ions by their
trivalent counterparts and subsequent removal of oxygen
atoms; due to that the balance of charge in the material is
retained3°. In contrast to the well-known structures of pure
oxides, the intermediate (defective) structures of the ceria
based mixed oxides are much less known, and some ideas about
a model of their structure has been presented in previous
works31,32,33,34,3536 A5 DFT study has shown, the energy of 4.55
eVis needed to remove oxygen atom from the surface of cerium
oxide, while only 0.26 eV is needed when the Ce3* ions are
present on the surface in close proximity of oxygen vacancy
already formed3’. the of trivalent
lanthanide dopants enhances OSC by facilitating oxygen

Hence, introduction
mobility (creation of extrinsic oxygen vacancies in the lattice),
which enhances the redox properties of mixed oxide383%, Also,
the presence of rare earths in cerium matrix improves its
in high
conditions  of

stability through the hindrance of grain growth
temperature  reducing oxidizing
operation?7.2%, Thus, rare-earth doped hierarchically structured
ceria is a promising improved candidate material for catalytic
applications.

In this study, 3D hierarchical ceria material with three
distinct structural hierarchy levels was synthesized, and the
material demonstrated functionality at each organizational tier
by combining three characteristics: (1) enhancement of OSC
through rare earth doping at nano-sized level (2) well defined
porosity at materials intermediate organizational tier, (3)
shape-selectivity at micron-sized level of structural hierarchy.

and
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The following objectives were set for this work. Firstly, the
presentation of facile and reproducible synthesis of star-shaped
hierarchically structured material composed of mixed rare-
earth cerium oxide nanoparticles as the building blocks.
Secondly, proving the concept that all of the hierarchical
organization levels are vulnerable to modification and serve a
particular function in catalytic performance. Especially, the CO
oxidation reaction has been chosen as an example. Thirdly,
postulating the reasonable explanation for decreased
temperature of soot combustion taking into account the role of
material’s hierarchical structure.

Il. Methods and Characterization

II.A Materials and Synthesis

Mixed Ceg oREEq 1(HCOO); formate (REE refers to rare-earth
element: La, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Sc, Y)
star-shaped crystal agglomerates were obtained by
solvothermal method. Proper amounts of Ce(NO3)s*6H,0 and
REE(NO3)3*6H,0 were dissolved in 15 ml DMF under continuous
stirring. At the same time benzenetricarboxylic acid was
dissolved in 20 ml of dimethylformamide followed by the
addition of 15 ml of formic acid. The two solutions were mixed
with 1 min of stirring and subjected to heating at 130°C for 3
hours under autogenic pressure in the solvothermal reactor. To
remove postsynthetic residues the obtained product was
centrifuged and washed with DMF and acetone for several
times and dried at 652C. Then the material was put into the
furnace and subjected to oxidative thermolysis (in static air) for
3 h at 400°C to trigger the formation of CegsREE( 101,95 porous
hierarchically structured crystalline material. For further
catalytic studies samples were pre-heated at 550°C for 3 hours
in static air to remove possible surface nitrate deposits as
described in“°.

Nanocrystalline CeO,, oxide synthesized by
precipitation in microemulsion (water-in-oil) technique. Details

was

of this technique is described in our previous paper*l. The
powder sample was dried and then preheated in static air at
5502C for 3 h.

11.B Characterization methods

The as-prepared materials were subjected to detailed
microscopic studies in order to investigate morphology,
structure and microstructure. High resolution transmission
electron microscopy images (HRTEM) and selected area
electron diffraction patterns (SAED) were acquired by means of
a Philips CM-20 SuperTwin microscope. Scanning electron
microscope images were collected on FEI Nova NanoSEM 230
equipped with ETD and TLD detectors. For better Z-contrast,
ESBD was applied while the pole tip protection mode was used
to image detailed microstructure of materials. The elemental
analysis was carried out with the use of the EDS spectrometer
(EDAX PegasusXM4). Global concentration measurements were

This journal is © The Royal Society of Chemistry 20xx



performed on samples placed in carbon resin and pressed at
1802C in 250 bar in order to obtain a flat surface. Signals from
three randomly selected areas of ca. 4500 um?2 were collected
to assure satisfactory statistical averaging.

Structure of materials was confirmed by the X-ray powder
diffractograms (XRPD) recorded on a PANalytical X’Pert Pro X-
ray diffractometer equipped with Ni-filtered Cu Ka; radiation
(Kot; = 1.54060 A, V = 40 kV, | = 30 mA). Application of Scherrer
formula to (111), (200), (220) and (311) peaks of cerium oxide
PXRD patterns was used to estimate crystallite mean sizes. The
surface chemical profile was checked by FTIR spectroscopy on
Nicolet Is 50 spectrometer. Raman spectra in the 50-1500 cm-1
range were measured using a Renishaw InVia Raman
microscope equipped with confocal DM 2500 Leica optical
microscope, a thermoelectrically cooled CCD as a detector and
an argon laser operating at 488 nm.

Sorption properties of microemulsion-derived cerium
nanoparticles and selected star-shaped mixed cerium oxide
samples were tested on Sorptomatic 1900 Fisions. Temperature
programmed reduction tests (H,-TPR) were performed on
Autochem Il 2920 (Micromeritics, USA) equipped with TCD
detector. 50 mg of sample was placed in quartz reactor and
flushed with helium for 15 minutes followed by reduction
measurements in the 30 cm3/min flow of 5% Hy/Ar; in the
temperature range of 25°C - 900°C and 10°C/min temperature
increase.

11.C Catalytic tests

The catalytic activity of the samples was tested in CO
oxidation reaction. Typically, 50 mg of the catalyst (fine,
unfractionated powder) was placed in a quartz microreactor (U-
type microreactor, H=18 cm, D =9 mm, D(active zone) = 6 mm)
and installed in a commercial apparatus (Autochem Il 2920,
Micromeritics). The feed gas consisted of 1% CO, 5% O, and 94%
He with a total flow rate of 50 ml/min with 3°C/min
temperature increase between 25°C - 400°C. The composition
of gases was measured by OmniStar QMS-200 Pfeiffer Vacuum
mass spectrometer that was calibrated by gas mixtures of
known composition and purity (CO 4.7; H, 5.0; He 5.0). Soot

Fig 1. SEM images of star-shaped Ce(HCOO); particles: A) before thermal treatment;

combustion tests were performed in “tight contact” mode by
placing grinded mixture of 40 mg of ceria and 20 mg soot in
corundum crucible into TG analyzer Derivatograph MOM Q-
1500D with a programed temperature increase of 52C/min in
range 25°C - 700°C. The model soot used in this work was a
carbon black Printex-U from Degussa S.A.

I1l. Results and discussion

11l A. Materials characterization

Solvothermal method employed in this study has led to the
formation of mixed Ceo9REEp1(HCOO)3 formate crystal
agglomerates self-organized into the star-shaped micro-
particles (see Figure 1A.). Only one type of morphology was
observed in all of the investigated samples, as inspected by SEM
and TEM microscopy. Self-organization phenomenon occurs
frequently in nature and one of its most well-known illustration
is process of snowflakes formation“2. In the literature, many
reports on the particle / crystallite organization of various types
such as liquid crystals?3, nanoparticles** and biomaterials*>
might be found.

Heating formate particles at 4002C induced oxidative
thermolysis and formation of cerium oxide material with
preserved star-shaped morphology and porous texture that is
visible in the SEM image (Figure 1B). Thermogravimetric
measurement presented in Figure 1C indicates that this
temperature is optimal for material’s synthesis, since complete
combustion ends at 3802C. As shown in Bokhonov et al.*, the
Ce(HCOO)s; thermal decomposition process is strongly
dependent on the heating atmosphere, since the
decomposition temperature of the cerium formate changes
from 300 to 400 °C for processes conducted at oxidative and
inert atmosphere, respectively. Additionally, they postulated
that the presence of oxygen in the gaseous atmosphere is
crucial for obtaining ordered nanocrystalline CeO, from the
Ce(HCOO); precursor®t, The mass difference (see Figure 1C)
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Thermogravimetric curve of Ce(HCOO); sample presenting mass loss ratio.
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corresponds to the stoichiometric ratio between cerium
formate and cerium oxide that confirms complete chemical
change after thermal treatment.

Morphology of particles obtained in this study is significantly
different from flower-, coral- and urchin- like ceria reported in
the literature so far, inasmuch as the diameter of the
arms18.20.21,2246 and mean particle size?223 are both larger in
star-shaped particles (see Section III.B and IlI.D). It may be due
to the use of different synthesis methods used in our and other
works18.2246:47 Syuch morphological differences may potentially
be a source of differences in the physical properties of the
above materials, such as mechanical strength. The correlation
between morphology and physical properties of polymeric
materials was discussed in the literature*®. As has been
concluded by Wei et al.1® ceria hierarchical structures with thin
arms suffer more damage during the decomposition process,
hence larger arm thickness may increase durability of the
material at higher temperatures of operation. Also, porosity of
particles investigated here (see description of macroporosity in
Section 1I.D) differs from previously reported star-shaped
particles?6.

The distinctive feature of as synthesized ceria material is its
three-level hierarchical organization that is presented in Figure
2. The first level is constituted by nano-sized oxide crystallites
(Figure 2A) that are organized into a second-order structure of
rods which are visible in TEM images as the arms of star-shaped
particles (Figure 2B). The image shows the porous texture of the
material while the inserted SAED pattern collected from the
entire area of the image presented in Figure 2.B suggests
preferential ordering of crystallites, as diffraction maxima are
visible in the form of distinctive points instead of Laue circles.
Third level comprises micro-particles with star-shaped
morphology (figure 2C). The synthesis methods and some
characteristic of the star-shaped porous particles build with the
ceria nanoparticles has been presented previously in the
literaturel®22.2646 However, the number of reports available is

small and they are limited to the description of pure CeO,
materials. Functionality and modification amenability of each of
the as distinguished levels of hierarchy are presented in the
following parts.

111.B. First level of structural hierarchy

The 15t level of hierarchical organization is comprised of
nano-sized cerium oxide crystallites. This level was subjected to
modification by incorporation of 10 mol% dopant into ceria
matrix, leading to formation of series of Ceg9REE( 101.95 sSamples
containing different rare earth metals (REE: Sc, Y, La, Pr, Nd, Sm,
Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu). In the literature, a lot of
reports about the ceria based Cei1xREE«O.4/2 mixed oxides
(where REE: La%950, Nd5152, Sm51,53, Eu53.54, Gd55:56, Tm57, Yb57.58
and Lu®8) may be found. However, the most of the existing data
are obtained for samples prepared by solid-state reaction
between polycrystalline oxides at high temperatures in an
oxidizing atmosphere. The phase composition of mixed oxides
strongly depends on heating temperature and composition of
the oxide (e.g. Ce1xYbx07.4/2)°153:55,59.60 Different authors do not
agree on the limits of RE-ions solubility in the ceria
matrix>7.58,61,62. However, various authors consent that for low
levels of ceria matrix doping (as in our case ~10 mol%), the solid
solutions Ce1xRExO2.4/2 could be formed>153:555859.60  |n this
work, the gadolinium doped sample is used as a representative
example to discuss as obtained results.

As shown in Figure 3.A.,, PXRD patterns confirm the
formation of phase pure formate precursors, both in undoped
and gadolinium doped materials, which proves well miscibility
of dopant ions in the Ce(HCOO); matrix. A literature review
indicates that, in contrast to the mixed oxides, the data about
mixed formates (Cei«REx(HCOO)3) has not been available
before and it is a new and interesting topic. Diffraction maxima
positions and their relative intensities correspond well with

Fig 2. TEM images illustrating three-level hierarchical organization of CegoREE 10195 oxide material. A) 1st level: CeO;
nanocrystallites; B) 2" level: porous arm; an inlet presents SAED pattern collected from the whole area visible in the image; C) 3"

level: star-shaped micro-particle.
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Fig. 3 A)-B) PXRD patterns of selected Ce;xREEx(HCOO)3; (x=0; 0.1) before and after thermal treatment; C) SEM image of porous
Ce0.9Gdo.101.95 micro-particle; D)-G) EDS mapping of Ceo.9Gdp.101.95 star-shaped particle: D) cerium, E) elemental distribution on the
particle arm (fragment marked on figure 3.C), F) oxygen, G) gadolinium.

cerium formate reference data (ICSD, ref. 00-049-1245). As
Figure 3.B indicates, the presence of 10 mol% gadolinium
dopant causes a shift of diffraction maxima into higher 20
positions, which is in accordance with Vegard’s law?®3. Since the
incorporation of species with smaller ionic radius causes lattice
constant decrease (Rces+* = 0.1196 nm; Rgqz+* = 0.1107 nm)®4,
the proper trend reflecting Vegard’s law is observed for all other
rare earth doped samples with some divergence from linearity
(see figure S1 in Supplementary Information). Also, PXRD data
for temperature treated Ce(HCOO)s; sample confirms the
formation of pure CeO; oxide (ICSD, ref. 00-004-0593), what is
in good agreement with the literature data82246,

PXRD patterns of all the rare-earth-doped formates as well
as oxide samples confirm the full integration of dopants into
formate crystal structure and fluorite lattice, respectively
(Figure 4). Composition for almost all examined samples is close
to the presumed theoretical value of 10 mol%, as EDS
spectroscopy measurements indicate (see Table 1). The PXRD
peaks shift is not observed only for Sc3* ions that suggest its
impaired incorporation into crystal lattice, which was confirmed
by the SEM-EDX measurement. Out of all tested RE3* dopants

Al

“l“‘ I

(220)

arb. units

‘@ Normalized Intensity

15 20

only this ion does not adopt coordination number IX that may
explain  miscibility decline, since this coordination is
characteristic for Ce3* in the formate structure (see Ce(HCOO);
structure visualization in Figure S2 in Supplementary
Information). Additionally, as presented in Figure 3C-3F, the
dopant ions are distributed evenly across all the volume of star-
shaped micro-particle. For better illustration purposes the
sample containing 50 mol% of gadolinium dopant was
measured by the SEM-EDX-mapping.

As visible in Figure 4, location of 26 diffraction maxima and
their relative intensities follow the order of cerium formate
reference data indicating homogenous growth of mixed rare-
earth formate crystals in all the samples. Also, peak broadening
observed in all Ceo9REEp10195 oxide samples
formation of small oxide crystals®>. The mean size of CeOz.s
nanocrystallites determined from PXRD data is 11.8 nm, and the
size decrease for doped Ceg9REEp10195 nanocrystallites is
observed that fall within the range from the lowest value of 6,3
nm for CegolUpi10195s to highest value of 9.1 nm for

indicates

Ceo.9Gdo.101.95 (see Figure 5.A). Additives such as lanthanide
RE3* ions are

Normalized Intensity
arb. units

Fig 4. PXRD patterns of CegoREEg 1 series : A) Ceg9REEq1(HCOO);s (formates); B) Ceg.9REE0.100.95 (Oxides).
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crystal lattice size (crystal sizes were determined by Scherrer formula; experimental lattice constants were determined by Rietveld
refinement) *data for Sc and Y not included on graph. B)-D) HRTEM and TEM images of CeO, star-shaped particle heated at 4009C,

C) 5502C and D) 900°C.

known to hinder strongly crystallite growth of ceria during
heating in an oxidizing atmosphere. This inhibiting effect is
explained by additive segregation at the ceria grain
boundaries®. On the other hand, this observation could be
explained by creation of oxygen-ion vacancies through doping
that causes contraction of lattice parameter in fluorite-type
mixed oxides®’. Moreover, as Rietveld refinement of PXRD data
indicates, systematic lowering of lattice constant with dopant
ionic radius decrease is observed (See Figure S3 in
Supplementary Information), which reflects Kim’s empirical
relation®®, While the calculated and empirical trends are similar
in overall shape, the lattice parameter values are systematically
larger for ceria materials studied here, which may be attributed
to nano-size effect. Lattice expansion has been reported for
many metal oxides, and while its origin is debated, it may be
ascribed to negative surface stress®®. The value of lattice
expansion of +0,46% for CeO, nanoparticles observed here is
similar to the literature value of +0.45% reported for particles
with sizes 6-25 nm7°. According to the literature, the influence
of surface on pure CeO; structure is very strong for very small
nanocrystals with mean size ~2 nm (where the ratio Ce3*/Ce** is
~1), while for visibly larger ceria crystals ( >15 nm), with the ratio
Ce3*/Ce* = ~0.01, it is practically negligible’%.72. As Tsunekawa
et al.”! revealed, this effect is clearly visible in the ceria lattice
parameter change, since for large crystals of CeO; af = 0.5411
nm, and a quick raise of this value was observed with
nanocrystallites size decrease below 5 nm.

The high resolution TEM image of CeO, sample heated at
4002C is presented in Figure 5.B. Nanocrystallites are arranged
regularly, forming longitudinal structures and exposing mainly
{100} and {110} crystal planes, which is partially agree with73.74,
as the authors postulated that small CeO; particles with the
fluorite structure exhibit, most frequently, the truncated
octahedral shape defined by eight {111} and six {100} facets.
This incompatibility may be related to differences in crystal
growth mechanism. Furthermore, {100} and {110} crystal facets
are more reactive than {111} terminations due to their less
energetic surface stability, hence the prospective boosted
catalytic performance of this material is signalized”>. Size of
nanocrystallites that built star-like CeO, that was prepared by
thermolysis conducted up to 5502C is nearly the same (9.6 nm)

6 | J. Name., 2012, 00, 1-3

as 4009C-treated material. Interestingly, higher temperature
treatment had induced crystal rearrangement possibly by
facilitating the spreading of ceria species, as was previously
reported in the case of hierarchically structured ceria multishell
hollow spheres growth’¢. This effect is visible here as the change
of particles morphology. As shown in Fig. 5C, they are getting
more round. Thereinafter, preferential orientation is still
observed as indicated by the inlet SAED pattern. However, the
growth of nanocrystallites is observed when a material is
subjected to temperature of 9002C. The mean size of crystallites
increases to 45.5 nm and ordering is lost, as indicated by SAED
pattern that presents more randomly scattered diffraction
maxima (Figure 5.B).

Table 1. Concentration of rare earth elements and oxygen
vacancies in cerium matrix.

Rare earth EDS (% at)? EDS (% at)b Oxygen
element formate oxide vac. conc.©
Sc 2 1 0.08
Y 9 7 0.15
La 11 11 0.16
Ce - - 0.07
Pr 11 11 0.46
Nd 9 10 0.17
Sm 9 9 0.15
Eu 9 10 0.16
Gd 11 11 0.15
Tb 12 12 0.35
Dy 11 12 0.18
Ho 9 10 0.18
Er 11 11 0.16
Tm 10 11 0.18
Yb 10 11 0.16
Lu 8 8 0.15
aEDX global measurements of the pellet; PEDX local

measurements of individual star-shaped microparticles. (see
Fig. S7 coxygen vacancy
concentration determined from RAMAN spectra.

in  Supplementary Materials);
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Introduction of dopants modifies material’s oxygen vacancy
concentration characteristic3®. This value can be determined by
the RAMAN spectra, on which one intense band at ~460 cm-!
and two weak bands at ~546 and 600 cm-lare observed (Figure
S4 in Supplementary Information). First of them is attributed to
the vibrational mode (F2g) of F-type structure, but the other
two can be assigned to oxygen vacancies introduced into the
ceria matrix’7.78. In Table 1, the oxygen vacancy concentrations
calculated, as a ratio loys70)/lr2gas0) 77, for all investigated
samples has been presented. As defined defect concentration
for doped samples is two times higher than for undoped cerium
oxide for almost all rear earth admixtures. Increased values for
praseodymium and terbium doped ceria may be the method
artefact due to radiation absorbtion, since only this samples are
coloured (dark samples). Guo et al.”” revealed that the Pr- or Th-
doped CeO; absorbed visible light strongly; thus, by the use of
Raman spectroscopy with excitation wavelength applied only
the outer surface information of the sample may be
determined, what could be a consequence of the surface phase
segregation on RE3*-rich and Ce**-rich phases in the single
crystals of the Cei«RExO.y/; 6. Characteristic for fluorite
structure F»g mode visible in all Raman spectra undergoes shifts
towards higher values with the increase of ionic radii (Figure S5
in Supplementary Information), which is in accordance with
literature”. FTIR spectra of mixed rare earth cerium formats
indicate no difference with industrially produced reference
cerium formate material proving that solvothermal synthetic
method enable to avoid nitrate deposition as it is a common
problem known in the literature® (Figure S6 in Supplementary
Information).

11l.C. Second level of structural hierarchy

The 2" |evel of hierarchical organization, designated here as
arms of the star-shaped particles, is characterized by diversified
microstructure, as determined by TEM and SEM microscopy.
Release of CO,; and H;O during thermal decomposition of
formate precursor is responsible for the formation of voids and
channels, which is in accordance with porosity formation by

heat treatment control reported in the literature?*. The most
prominent examples of porous structures formed are presented
in Figure 6. Macropores are randomly distributed in the star-like
Ceo.9Tbo.101.95 particles with a mean size of 147 + 90 nm (Figure
6.A), however, the observed dominant mean value of pore size
across the RE-doped samples is ¥60 nm. Close-up look at the
macropore rifts and cavities is visible in Ceq9Gdo.101.95 arm in
Figure 6.B. Analysis of CeosY0.101.95 TEM images indicates that
material is characterized by the occurrence of micro- to
mesopores with 1.5-2.5 nm in size (Figure 6C). Presented, in
this work, images are in agreement with data, which have been
shown for pure ceria mesoporous materials?24¢ derived by the
thermal decomposition of the Ce(HCOO)s.

For comparative purposes three types of samples treated
with two temperature conditions of 5502C and 9002C were
tested: undoped star-shaped particles (CeO,_Star, heated at
5502C and 9009C), gadolinium doped star-shaped particles,
(Ceo.9Gdo.101.95_Star, heated at 550°C) as well as
microemulsion-derived nanoparticles (CeO,_NPs, heated at
5502C and 9002C). Details of precipitation in microemulsion
(water-in-oil, W/0O) technique were described in our previous
paper*l. TEM images for corresponding samples (Figure S8 in
Supplementary Information) show that microemulsion-derived
nanoparticles, with the mean size of 6.4 nm determined from
PXRD data, tend to agglomerate into bigger structures
comparable to the size of star-shaped particle arms. In our
previous papers3638  thorough characteristic for the
nanocrystalline Ce14YbxOz4/2 (x = O - 1) treated at elevated
temperatures and under various atmospheres has been carried
out.

Sger surface area determined from N, adsorption curves
(Table 2) is of the value of 103 m?2/g for CeO,_Star_5502C and
gives evidence for porosity presumed by TEM and SEM images
observation. This value is slightly higher than the one of 79 m2/g
determined for CeO,_NPs_5502C. This gives an evidence that
ordering of nanocrystallites into second-order porous structure
in star-shaped particles is superior over the unstructured
organization of nanoparticles in microemulsion-derived sample
The values of Sger greatly exceed the one obtained for bulk
ceria reported in the literature ( 8.5 m?/g). Nitrogen

Fig 6.Porous structures unveiled by TEM and SEM imaging: A) macropores randomly distributed in Ceg9Tbo 10195, B) macropores

in Cep.9Gdp.101.95s arm, C) micro- to mesopores of CepsY0.101.95.
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adsorption/desorption isotherm of the Ceg.gsPdo.1102-y sample
prepared by microemulsion technique (heated in oxygen flow

at 5002C) was previously presented by Kurnatowska et al.81. The
value of Sger for above material was 110 m2/g what is in quite
good agreement with our data. The difference is due to the
presence of Pd-ions and consequently, smaller than in our case,
mean crystallite size (5 nm) calculated for Ceg.goPdo.1102-y
sample. Data that have been presented here for
CeO,_Star_550°C are consistent with those obtained for
hierarchically structured ceria reported in previous literature
works ranging from 57.13 m2/g for globin-like microspheres?’ to
171.6 m2/g for spindle-like microparticles?4. Introduction of 10
mol% Gd3* dopant into the ceria matrix caused an increase of
surface area from 103 m2/g to the value of 146 m?/g, contrarily
to previous report by Xiao et al.?? in which 10 mol% of La3*, Pr3+,
Y3+, Zr** and Sn** caused decrease in Sger calculated for the
flower-like ceria particles. On the other hand, the RE3* additives
(such as La3*, Pr3+, Tb3* and Lu3*) are known to hinder strongly
crystallite growth of Cei«REE/O,.,,; oxides during heating in
oxidizing atmospheres*%.66.82, This effect allows to explain the
specific surface area increase for Cep9Gdp.101.95_Star_5502C
sample in comparison to CeO,_Star_5502C one. The ease of
rare-earth ion incorporation along with their good miscibility
with cerium formate matrix opens the possibility for testing the
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influence of dopant on surface availability and engineering
materials with increased surface area.
the surface area
microemulsion-derived
temperature treatment at 900 2C giving the value of one order

of star-shaped and

lost

However,
cerium material is under
of magnitude lower than samples heated at 550 2C, namely 13
m2/g and 5 m%/g for CeO,_Star_900°C and CeO,_NPs_900°C
respectively. In spite of surface area decrease, star-shaped
particles still possess BET surface area more than two times
higher which proves material’s endurance and sintering
resistance. Probably the basis of this effect is the preferential
mutual arrangement of ceria nanocrystals in the star-like
particle.

To compare reduction characteristics of five as chosen
samples, H,-TPR measurements were performed. Figure 7
presents H, reduction profiles of star-shaped and
nanocrystalline particles. Surface reduction at lower
temperature range (<625 °C) and bulk reduction at higher
temperatures (> 625 °C) has been observed, which stays in line
with previous literature reports838485, Maximum of surface
reduction occurs at the temperature of 5152C for non-doped
and gadolinium doped samples, however, the process of H;
conversion in CeO,_Star_5502C sample starts earlier as
suggested by additional profile hump at ~4002C. The presence
of two low temperature peaks has been observed

CeO,_NPs_550°C
CeO,_NPs_900°C
——CeO,_Star_550°C

\

TCD signal / arb. units

200 400 600 800

Temperature [°C]

Fig 7. The H,-TPR profile for the samples with different organization of building units. A) Nanoparticles organized into hierarchically
structured star-shaped material (CeO,_Star, CeGdO,_Star), B) non-organized nanoparticles (CeO2/NPs).

Table 2. BET surface area determined by N; adsorption; material’s reduction properties determined by H,.TPR (see description in

the text);
Sample CeO,_Star CeGdO,_Star CeO,_NPs CeO,_Star CeO,_NPs
Heating temperature [2C] 550 550 550 900 900
BET [m2/g] 103 147 79 13 5
H, consumption [mmol/g] 1.09 0.91 1.24 0.94 0.66
Surface H; consumption [%] 38.4 49.4 54.8 11.4 5.4
Bulk H, consumption [%] 61.6 50.6 45.2 88.6 95,6
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by many authors848586_This effect, observed also by us for high
area pure ceria sample, is most probably due to reduction of
surface and sub-surface Ce** ions, though some contribution
from surface carbonates cannot be excluded®. On the other
hand, Wu et al.8> postulated that the first surface reduction
peak could be assigned to the surface hydroxylation and initial
reduction of CeO,. Also, adsorbed oxygen species may be
reduced firstly followed by reduction of oxygen from the
surface outermost layer8>. Moreover, comparison of these two
specimens shows the increase of the value of surface to bulk
reduction ratio for Gd-doped particles (see Table 2). Surface
activation by increasing dynamic oxygen exchange capacity
through doping may be responsible for this observation®’.
Concurrently, the maximum amount of oxygen extractable from
the sample, indicated by overall H, consumption, is lowered for
Gd-doped sample, which stays in accordance with Henning’s
report®’” on bulk reduction suppression in mixed metal Ce;-
xGdxO,.5 oxide. This is caused by vacancy stabilization that is
connected with, both decrease in Ce?#*/Ce3* conversion
capability as well as replacement of Ce** ions by non-reducible
Gd3* ions22.87,

High temperature treatment at 9002C causes dramatic
decrease of hydrogen consumption in the low temperature
region of the H,-TPR profile measured for the star-shaped
particles, as suggested by 11.4%/88.6% surface to bulk ratio
value. Additionally, in the literature, a linear correlation has
been observed between the surface area and the hydrogen
consumption at the low temperature region88, Nevertheless,
surface reduction is still more efficient in CeO,_Star_9002C than
in CeO,_NPs_900¢9C, as indicated by 5.4%/95.6% surface to bulk
reduction proportion.

Similar division into the surface and bulk reduction was
observed in microemulsion-derived sample, however, after
9002C temperature treatment the surface reduction and the
bulk reduction shift into higher temperatures (Figure 7.B). This
indicates lower temperature stability of microemulsion-derived
particles, and the lack of such property in star-shaped
counterpart samples shows its greater persistence and suggest
longer durability. The CeO,_NPs_5502C particles showed the
highest H, consumption value per gram among the tested
samples. However, the temperature treatment causes a large
change of relative H, consumption in microemulsion-derived
particles (-47% ) as opposed to star-shaped particles (-12%),
which also confirms greater stability of pores in hierarchically
structured ceria material. Similar result was observed by
Terribile et al.?® for the ceria samples prepared by use of
surfactant-assisted route (porous sample) and by conventional
precipitation method (powder sample).

All in all, gadolinium-doped star-shaped cerium particles
have the lowest H, consumption value among the 5502C heated
samples, while at the same time possess the highest BET surface
area, as N, adsorption study suggest. To explain this
discrepancy, namely the large adsorption surface and actually
low active surface at once, the doping effect that influences
nanocrystallites structure and morphology should be taken into
account. While crystallites size depletion and simultaneous

This journal is © The Royal Society of Chemistry 20xx

retention of secondary porous architecture may be associated
with the increase of available surface, the creation of stable
oxygen vacancies through doping, on the other hand, may lower
the amount of accessible oxygen that is being consumed (by
lowering Ce* ions amount). Simultaneously, however, the rate
of oxygen consumption is retained due to more feasible oxygen
migration in the material. Our results of H, uptake in the H,-TPR
process are presented in Table 2 as the quantity of mmol of
hydrogen consumed per 1 g of sample (CeO; or Cep.9Gdo.101.95).
Comparison of H, uptake values calculated per 1 mol of the Ce-
ions for both samples, the values for CeO,_star_550°C and
Ce.9Gdo.101.95_Star_5502C becomes almost equal. Thus,
Ce0.9Gdo.101.95_Star_5502C material microstructural
characteristics may improve its catalytic performance due to
facilitated redox kinetics, as it is suggested in the
literature87.91.92 (this will be demonstrated in the CO oxidation
study presented in the part III.E.1).

I1l. D. Third level of structural hierarchy

The 31 level of hierarchical organization constitutes the
morphology of micro-particles themselves, and in
Ceo.9REE(.1(HCOO)s specimens, it is determined to be the self-
assembly of formate crystallites into star-shaped entities. It is
suggested that the water present in synthesis may be the main
driving force of crystals assemblage!® In all of the REE doped
samples star-shaped microparticles were formed. However,
there is some diverseness in morphology, with the largest
differences in micro-particle sizes as well as arm thickness. The
thickness of the arms falls into the scope from 50 nm to 1 um as
indicated by TEM and SEM image analysis.

The presence of two types of star-shaped morphology is
observed in all of the synthesized samples, namely particles
with thick and rank arms, as presented on an insert in Figure 8.A
(Ceo.9Ybo.1(HCOO); case) as well as star-shaped particles with
thinner arms with more space between them, as it is visible on
the insert in Figure 8.B (CeosDy0.101.95 case). All samples
contained mixture of this two morphologies, but nevertheless
the dominance of stars with thick arms was observed for Ce, La,
Pr, Nd and Yb containing samples. As suggested in the literature,
the growth of formate crystals occurs along [001] direction?6.
The comparison of the PXRD, SEM and TEM data with those
available in the literature for cerium formate“® shows a strong
agreement between our results and the literature data.

The number of arms in the star-shaped particle across all
tested samples is varied from a low number (Figure 2.C.),
through moderate amount (Figure 9.A), to arm plentifulness, as
presented in Fig 9.B. Regardless of the number of arms and the
type of RE dopant, the distribution of pores in most samples is
similar (with the mean macropore size of ~60 nm), as illustrated
on Figures 9.A and 9.B. All of the RE doped samples have porous
texture and are characterized by three-level architecture (see
TEM and SEM images in Figure S9 in Supplementary
Information). Macropores in the form of cracks on the arms are
visible in all of the synthesized materials. Only for Sc-, Lu-doped
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specimens star-shaped particles with very thick and short arms
similar with their morphology to the ball were observed. Also,
Eu-doped sample contained some degree of not fully developed
stars with the lowered number of arms (as confirmed by
deviation of mean size from the average cluster of size
distribution of REE doped formate particles visible in Figure 8.A
and 8.B). Ceria-based nanomaterials with 3D architectures may
In the
literature, many reports about the potential applications of
nanomaterials with spatial structures may be found?3.94.95.96,97,
which makes our materials very interesting.

be much more interesting than nanopowders alone.

The sizes of micro-particles were determined by TEM images
analysis followed by statistical averaging of obtained data.
Three measurements along the arms of individual particle were
performed as indicated on inletsin Figure 8 A. and 8.B, thus star-
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shaped morphology has been approximated by a sphere model
with a length of two arms designating diameter of the sphere.
This approach is in line with literature data given by Matyi et
al.55. Mean sizes of (CeixLny)-formate particles range from 3.2 +
0.5 um for CeggEupi(HCOO);s to 9.7 + 0.5 um for
Cepglap1(HCOO)s. Two trends in microparticle diameter
changes are observed, this is the size decrease with the ionic
radius decrease for light lanthanide doped formates (La, Ce, Pr,
Nd) and very slight (almost negligible in comparison to light
lanthanides) size increase with the ionic radius decrease for
heavier lanthanide doped formates (from Sm to Lu; Figure 8.A).
The dependence of lanthanide ionic radii (Rgres+*) on atomic
mass presents a similar relationship. Interestingly, the V-shape
trend of micro-particle sizes at the third level of hierarchy is
reversed in comparison to U-inverted trend of nanocrystallite

This journal is © The Royal Society of Chemistry 20xx
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sizes at the first mixed oxide’s (excluding pure ceria)
organizational tier (see Figure 5A). This may be due to
difference in crystal structures of Ce(HCOO)3; and CeO, %¢°¢ and
the associated differences in the ability to incorporate dopant
ions into the crystal lattice.

The same V-shape trend of lanthanide-doped micro-particle
size changes are preserved for samples that had underwent
oxidative thermolysis, as Figure 8.B indicates, thus confirming
the validity of the applied statistical approach and reality of the
effect. Independent samples t-student test has demonstrated
that there is statistically significant decrease in size for samples
after thermal treatment at p<0.001. While the mean particle
size decrease for doped samples is 0,58 um, the decrease of
undoped cerium oxide is almost tripled (1,53 pum ). This could be
explained by lattice shrinkage due to conversion of Ce3*(IX) ions
(Rce3+* =0.1196 nm) in the cerium fromate matrix into Ce** (VIII)
ions (Rces+""'= 0.0970 nm) in the cerium oxide structure®.
Moreover, d-block elements that are not presented in the
Figure 8, namely Sc-doped (before: 5.1 + 0.4 um; after: 4.7
0.5um) and Y-doped ((before: 4.6 £ 0.5 um; after: 3.8 £ 0.2um)
samples also undergo size decrease after thermal treatment as
observed in lanthanide series.

In the following part, the relevance of the specific ordering
of the material at the 22 and the 32 level of material’s structural

hierarchy in the chemical catalytic performance will be
demonstrated in the CO oxidation and soot combustion
processes.

11l.E.1. Materials functionality: CO oxidation

In order to determine the role of the organization of
nanoparticles at the second level of material’s structural
hierarchy, star-shaped Ce;xGdxOi19s (x=0; 0.1) particles
(material with organized building units) and microemulsion-
derived CeO, nanoparticles (material with non-organized
building units) were subjected to catalytic tests for investigation
of their activity in the CO oxidation process. For comparative
purposes samples were heated at 5502C and 900°C. The
temperature of 550 2C is optimal for removal of post-synthetic
nitrate residues from microemulsion-derived nanoparticles, as
it is known in the literature for being catalytic modifier4°.
However, as suggested by FTIR spectra (Fig S6 in Supplementary
Information), formate particles are devoid of nitrate residues,
which proves the advantage of such method of synthetic
derivation of cerium material. Caria materials derived at 5502C
contain slightly smaller nanocrystallites (9.6 nm for CeO;) and
(8.2 nm for Cep9Gdo.101.95) than 4002C heated samples (see.
Figure 5A), nevertheless the size depletion through doping is
still observed in samples heated in higher temperature. Similar
nanocrystallite sizes of microemulsion-derived CeQO; particles
(6.4 nm) allowed for making comparisons of the materials used,
so that the variable of particle size at the first hierarchy level
was controlled.

As presented in Figure 10, the temperature of 10% CO
conversion (T1o%) for hierarchically organized star-shaped CeO,
particles (CeO,_Star_5502C) reaches 2759C, and is nearly 1002C

This journal is © The Royal Society of Chemistry 20xx

lower than for loosely scattered microemulsion-derived
counterparts (CeO,_NPs_5509C). Also, the degree of conversion
at 400°C

microemulsion-derived ones, reaching the value of 89% and

is higher for star shaped particles than for

25%, respectively. This results indicate the superiority of 22 level
ordering of nanocrystallites over unstructured organization of
particles. It is in good agreement with9%.190, where the key role
of the morphology and porosity of the ceria catalysts for activity
of CeO, materials in the CO oxidation process has been
presented.

100
— CeGdO,/ Star/ 550°C
80{— CeO,/ Star/ 550°C
CeOQ,/ Star/ 900°C

[=2]
o
1

—Ce0, / NPs / 550°C
CeO, / NPs / 900°C

CO conversion [%]
f Y
[ =]

200 250 300 350

Temperature [°C]

400

Fig. 10. CO-oxidation activity of samples differed by pre-
treatment temperature (5502C vs 9002C) and organization of

building units: nanoparticles organized into hierarchically

structured star-shaped material (CeO,/Star,
Cep.9Gdo.101.95/Star) Vs non-organized nanoparticles
(CeO2/NPs).

Differences in the ordering of building units in tested
materials are confirmed by the collected TEM and SAED images
(Figure S8), as electron diffraction in the form of slightly
scattered but distinct points shows regularity for star-shaped

sample (CeO,_Star_550°C,) in opposition to randomly
distributed  concentric  diffraction maxima for the
microemulsion-derived nanoparticles sample

(CeO,_NPs_55092C). In our previous papers101,102103 the SAED
patterns and FFT images indicated almost the same orientation
of the Ce1xREE«O24/2 octahedral crystals, agglomerated into
larger entities, for individual mixed oxide particles. Additionally,
the preferential orientation of crystals in different systems was
observed before by many authors#1.73.74104 Generally, since the
catalytic action takes place at the material’s surface, the
increased accessibility of active sites due to ordered alignment
of nanoparticles enables easier mass exchange. Contrarily, the
lack of such ordering may result in the blockage of active sites,
thus the potential of nano-dimensionality of particles is not fully
utilized1%, It is worth to mention that the temperature of CO
oxidation (Tsg%w= 3302C ) for CeO,_Star_5502C sample is lower
than for urchin-like (~4002C) (~3752C)

and coral-like
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hierarchically structured particles reported in the literature
under similar reactant feed conditions!8. Many previous studies
had reported significant reduction of CO oxidation temperature
when hierarchically organized material had been compared to
bulk or commercial ceria (see table S1 in Support Materials as a
brief literature review). Due to different catalytic reaction
conditions, Tso% temperatures of the CO oxidation range from
1629C to 4002C, which makes them good middle-temperature
catalysts16,17,18,20,21,22,23,24,29,80,19 . However, in this report,
detailed structural and morphological characterization of the
materials indicates the strong link between nanoparticles
organization and their chemical performance. We postulate
that the ordering of material at the 2" organizational tier
proves superiority of hierarchical organization
unstructured arrangement of nanoparticles.

Moreover, the presence of gadolinium dopant modifies the
CO conversion rate, as the conversion curve take more definite
S-shape, while keeping the temperature of conversion similar
to undoped star-shaped particles (Tsou= 3202C-3302C).
Intensified redox kinetics at the surface may be responsible for
faster CO conversion, as suggested by the H,-TPR study. Despite
the fact that conversion rate above 4002C is similar for undoped
and Gd-doped hierarchically structured ceria, the modified
redox kinetics may play significant role in CO oxidation by
metallic NPs decorated composite ceria material, since the
nature of catalyst active centres is modified by the presence of
REE. Mandal et al. revealed improved catalytic activity of
Au/Sm-CeO; over undoped system, which was attributed to
easy surface redox functionality%. Moreover, Eu3* doping of
cerium oxide prevents sintering and redispersion of Au
nanoparticles on the media surface, which in turn play a key-
role in low temperature reducibility of Au/Ce1xEuxO2.x/2 System,
due to active Ce-O-Au sites1%7. In agreement with our results,
Polychronopoulou et al.1%8 revealed that the CesSmo.202-x/2
catalyst brings the beneficent combination of high activity and

over

thermal stability in comparison to pure ceria. Contrary to
previous report of Xiao et al.2? in which La3* and Y3* ions
impaired CO oxidation performance, and catalytic
enhancement had been attributed to a mixed valence of
dopants like Pr3+/Pr#+, this study shows that the presence of
non-mixed valence gadolinium ions in hierarchically structured
ceria material retain or even slightly facilitate CO oxidation.
Additionally, in?° as contrasted to our results, the BET surface
area had almost the same value while the Tsgy of CO oxidation
was diversified for rare-earth doped ceria, therefore the
differences in BET specific surface seem to be not conclusive in
explaining the results. Instead, it is postulated here that
exposure of nanocrystallites surface (and the associated
number of active sites) due to the arrangement at the second
hierarchy level may be responsible for good CO oxidation
performance in mixed cerium gadolinium hierarchically
structured material. This stays in accordance with
microemulsion-derived NPs versus star-shaped particles
comparison conclusions.

The temperature of 9002C is known for being sufficient for
ceria sintering, which TEM images in Figure S8 confirm, and CO
conversion strongly decreases for microemulsion-derived

12 | J. Name., 2012, 00, 1-3

sample (10% conversion in 4002C for CeO,_NPs_9002°C in
contrast to 25% conversion at 4002C for NPs sample treated at
5509). However, star-shaped CeO; particles prove to be more
resistant for high temperature treatment, since the 25% CO
conversion for CeO,_Star_9009C occurs at ~3402C and have
increased efficiency at higher temperatures therewithal. As
visible in Figure S8, the temperature of 9002C causes growth of
nanoparticles in the CeO,_Star_9002C sample into
monocrystalline individuals of the mean size of 44.4 nm, as
determined from PXRD data, and some loss of regular ordering
is observed (see a SAED pattern in Figure S8). Particles in
CeO,_NPs_900°C sample appear as separated, sometimes
conjoined, single crystals (Figure S8.E) with similar mean size of
45.6 nm. Nevertheless, 9002C temperature treated star-shaped
particles still show the presence of residual inner surface, as a
BET value of 13 m?/gindicates (in contrast to 5 m2/g for powder
sample), which may link to its increased catalytic performance.
Moreover, Xiao et al.2? show the effect of hindrance of grain
growth in Ln, Pr, Sn, Y and Zr doped flower-like ceria. In higher
temperatures of operation sintering resistance may influence
the stability of ceria-based material hierarchical structure,
which is the promising topic for further investigation.

Hierarchically structured particles presented in this study
possess a high surface area, so metal nanoparticles deposition
is suggested to further improve the material and explore its
utilization in catalytic applications. Our materials may be very
interesting, in the discipline of heterogeneous catalysis, as
prospective catalysts for environmental applications. The
literature provides examples of Cu, Co, Ni, Mn, Fe, Pd, Au
deposition of ceria support for CO oxidation102.110,111 gnd Rh, Pd,
Pt, Ag for soot combustion112.113,

11l.E.2. Materials functionality: soot combustion

CeO; star-shaped as well as microemulsion-derived particles
were tested as catalysts in the soot combustion process. All of
the tested samples were prepared in the same way, as color
change into uniform gray tone suggested the well mixing of
materials. Star-shaped CeO; particle images before mixing with
soot and after soot grinding are presented in FigureS10.A. and
S10.B-C. respectively. Soot-catalyst contact is one of the most
important parameter influencing heterogeneously catalyzed
processes?’.114, so increasing its degree improves material’s
catalytic performance. As visible on Figure S10.C soot particles
tend to deposit evenly on arms of star-shaped ceria.

As thermogravimetric curves presented in Figure 11 show,
star-shaped CeO; particles initiate the soot combustion process
at significantly lower temperature, reaching the half-maximum
combustion at 443°C, which is ~100 ©2C lower than
nanoparticles (5362C). The Tsox%
temperature of soot combustion catalyzed by nanocrystalline
ceria (NPs) is similar to the one previously reported in the
literature (507 2C) for particles prepared by the same method?°.
The small but noticeable difference of ~302C in NPs case may be
ascribed to surfactants deposited on the material after
synthesis (see FT-IR spectra in Fig. S11 in Supplementary

microemulsion-derived

This journal is © The Royal Society of Chemistry 20xx
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Fig 11. TG curves for soot oxidation by air catalyzed by samples
differed by organization of building units: nanoparticles
organized into hierarchically structured star-shaped material
(CeO,_Star) vs non-organized nanoparticles (CeO2_NPs). Two
cycles of soot combustion — | (first run); Il (second run).

Information). Interestingly, Tso for CeO, star-shaped particles
got close to the one for modified ceria Pt/CeoeZro4O (Tso=
~4302C) material, that had been tested in reaction conditions
facilitated by NO flow113. It is worth mentioning that platinum-
based catalysts are among the most active in the soot
combustion process116.117,

A second cycle of soot combustion reveals that whereas
star-shaped particles change their temperature of half-
maximum combustion slightly from 4432C to 4709C, there is a
large temperature change up to 5782C for microemulsion-
This value actually equalizes with the
temperature of half-maximum soot combustion of CeO, bulk

derived sample.

material (5772C ). This proves the superiority of star-shaped
material in soot combustion as well as its greater stability. To
confirm that, five cycles of soot combustion measurements had
been performed (Fig S12 in Supplementary Information). The
tests proved the greater stability of hierarchically structured
material microemulsion-derived particles,
temperature of soot combustion for star-shape particles was

over since the
always significantly lower than nanopowdered material (see
Figure S12). Gradual decline of Tso temperature may be
attributed to morphological changes of nanoparticles due to
ageing, as {100} and {110} planes convert to truncated
octahedral nanoparticles exposing {100}, {110} and {111}
facets?5. However, at the 5% cycle of combustion loss of star-
shaped particles hierarchical structure was observed (see Figure
S13) and the Tso% shifted to 5542C. Multiple grinding of the
material in the “tight contact” mode sample preparation may
have caused the disintegration of hierarchical structure which
explain the abrupt decline of temperature. The similar effect of
difference in reactivity depending on materials morphology was
observed by Ying et al.118 for Au/CeO; systems , where the gold
catalysts supported on the mesoporous CeO, (MCM-48 hard-
template synthesis method) exhibited high catalytic activity and
stability in benzene oxidation in comparison to the Au
decorated nanocrystalline ceria powder.

34 hierarchy level

2" hierarchy level

Fig. 12. SEM and TEM images of A) Soot particles deposited on the star-shaped porous CeO, star-shaped particles B) Soot particles

C) Bulk CeO, D) Model of soot combustion.

This journal is © The Royal Society of Chemistry 20xx
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To explain above results, that are also in accordance to finding
of Micelli et al.?%, key-lock catalyst concept was applied?s,
taking into account the results of detailed characterization of
second and third structural hierarchy levels presented in this
report, which extends previous findings. The effuse three-
dimensional morphology of star-shaped particles facilitates
deposition of large soot particles that are anchoring between
the arms (Figure 12.A).Collaterally, the presence of enlarged
size macropores in the form of cavities and cracks enable to
embed smaller size soot particles into them. Zhang at al.120
demonstrated that increased soot-ceria contact in 3DOM Cei.-
xZrkO2 materials facilitated soot combustion, what is in good
correlation to our observations. As Figure 12.B presents, large
chunks of bulk soot are composed of nanoparticles with sizes of
20-50 nm that may easily fit in into enlarged macropores. As
known, the particulate matter that comes from incomplete fuel
oxidation in Diesel engines consists of mainly carbonaceous
particles with sizes ranging from a few nanometers to hundreds
of nanometers!?l, which makes our materials interesting for
engineering (catalysts in the diesel particulate filters) Figure
12.A shows a porous star-shape CeO; particle surrounded by
such soot agglomerates, where the soot-ceria media contact is
extended

From the other hand, the presence of mesopores, as
indicated in N; adsorption measurements and electron
microscopy studies, facilitates supply of oxygen and diffusion
of gaseous products, and thus more efficient combustion of
soot particles is observed. On the contrary, whereas CeO; bulk
material possess cracks-containing coarse surface, as depicted
in Figure 12C, and soot anchoring is not excluded, the lack of
mesoporosity at the second level of structural hierarchy may be
responsible for reduced efficiency of the combustion process by
limited oxygen flow. An alternative explanation of the soot
combustion enhancement, namely the differences in BET
surface areas between star-shaped particles (Sger= 103 m2/g)
and microemulsion-derived ones (Sger= 79 m2/g) , is challenged
by?7, since the variation in soot oxidation reactivity seems to be
not relevant for large (> 25 m2/g) surface ceria catalysts.
Schematic representation of the key-lock catalyst concept
adopted to star-shaped ceria catalyst is presented in Figure
12.D. Despite the fact that microemulsion-derived CeO,
particles have the advantage of being nano-sized, which is
known to enhance catalytic activity, the lack of second-level
ordering and macropores as anchoring sites reduces the
effectiveness of the combustion process in comparison to star-
shaped particles. As the diversified boundary contacts are still
present in microemulsion-derived nanoparticle agglomerates,
the soot combustion efficiency in the first cycle of operation is
larger than for bulk material.

Hierarchically structured star-shaped micro-particles have
the advantage that thanks to possibility of fitting the shape of
soot agglomerates and soot nanoparticles in tandem, they may
catalyze soot combustion more efficient. In addition, despite
the fact that undoped and rare-earth-doped ceria hierarchical
materials described in the literature achieve lower CO oxidation
temperatures6.17,20,22,23,24,29,80, the additional

stars have
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advantage of catalyzing soot afterburning due to the above-
mentioned properties. This makes our material very interesting
and multifunctional. Increased dynamic oxygen storage
capacity is suggested to increase resistance against carbon
deposition in the form of nonreactive polymers'??, hence
further study with the use of doped samples is necessary to
carry out to gain knowledge about the catalytic performance of
such materials.

IV. Conclusions

Three research findings were presented in this work. Firstly,
it has been demonstrated that oxidative thermolysis of mixed
rare-earth cerium formates enable to produce highly porous
mixed cerium oxide material. This synthetic procedure allows
the fast and reproducible formation of Ceo9REE( 10195 micro-
particles (RE: La, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu,
Sc, Y) with preserved star-shape morphology that could be
described by three distinct levels of structural organization,
namely, 12 level as CeoREE(.101.95 nanocrystallites, 22 level as
porous rods and 32 level as star-shaped micro-particles.

Secondly, it has been shown that each level of organization
has its own functionality and it is vulnerable for modifications.
Introduction of rare-earth dopant modifies microstructure of
nanocrystallite building blocks, which in turn improves CO
oxidation performance as compared to undoped CeO; star-
shaped porous particles. The presence of varied-sized pores at
the second level of the structural hierarchy facilitates mass
transfer and thus enhances CO oxidation as well as soot
combustion performance as compared to non-organized cerium
crystallites and bulk ceria. Controlling thermolysis conditions
may enable to design porosity,
thermolysis influences the shape and size of cerium crystallites

as the temperature of

formed, thus potentially influencing porosity. Third level of
organization permits easy anchoring of soot particles as
compared to unstructured ceria materials, which translates into
better soot burning efficiency. Morphology change by synthetic
conditions manipulation is a potential area for further research.

Thirdly, key-lock catalysis concept was applied to explain
enhanced soot combustion performance in hierarchically
structured star-shaped particles. Soot embedding between the
star-shaped particles arms followed by macropores penetration
extended soot-ceria contact. Anchorage of soot particle in sieve
matrix facilitated soot combustion. Thus, specific organization
of structural elements at different length scales facilitates
materials catalytic activity that outperforms non-hierarchically
organized material leading to “one plus one greater than two”
behavior.
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Fig S2. A. Crystal structure of Ce(HCOO)z (ref. ICSD: 237331); colour codes: cerium

(yellow), oxygen (red), carbon (brown), hydrogen (white); B. Ce**(IX) surrounded by nine
HCOO3 molecules.
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Fig. S3. Lattice constant as a function of ionic radius; Blue circles: Empirical data obtained
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Lattice constant calculated from Kim’s formula for doped cerium oxides [ref. D.-J. Kim, J.
Am. Ceram. Soc. 72 (1989) 1415.]
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Shift of CeO2 F2gmode from theoretical value of 465 cm™ to 460 cm™ may be due to crystal
size decrease as suggested in [Spanier JE, Robinson RD, Zhang F, Chan SW, Herman IP
(2001) Phys Rev B 64:245407].
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Fig S8. Ceria materials differed by 2" hierarchy level organization of nanocrystallites; A.
Undoped star-shaped particles (CeO2_Star) heated at 550°C; B. Gadolinium doped star-
shaped particles, (Ceo.sGdo.1O1.95_Star) heated at 550°C); C. Undoped star-shaped particles
(CeO2_Star) heated at 900°C; D) Microemulsion-derived nanoparticles (CeO2_NPs) heated
at 550°C; E. Microemulsion-derived nanoparticles (CeO2_NPs) heated at 900°C.
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Fig S10. A) SEM image of CeO: star-shaped particles before mixing with soot; B) SEM

image of CeO, star-sahaped particle after mixing with soot; C) TEM image of arms of CeO
star-shaped particle after mixing with soot.
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Table S1. CeO:z2 hierarchical architectures and CO oxidation catalytic performance

Ref. Hierarchy description Tso Tso of Reactant feed Space BET
(°c) compartitive velocity (m?/qg)
material (°C) (mL gt
h-1)
[16] 3rd | Nanobundles 213 261 5% COo, 80000 130.4
(0,5-1,2umP/2-4pum?) CO0/02,=0.15 in
224 | Nanorods (<30nm) (ceria N,
1st | Nanoparticles (5.4 nanoparticles)
nm) 94
[17] 3td | Globin-like spheres 162 272 $ CO, 18% 18000 57.13
(2-3 pm) Oz, in N
22d | Nano-sized (calcined cerium
& building blocks nitrate)
1st | interconnected by
nanoparticles
[20] 3rd | Flowerlike spheres 227 270 % CO, 20% O 60000 64.2
(5-8 um) in Ar
2nd | Nanowires (~6 nm)¢ (bulk ceria)
1st | Nanoparticles (~6 nm)
[24] | 3¢ | Spindle-1like (2-5 239 332 1% CO, 1% Oy 120000 171.6
pm) / flower-like in N2
(5 um) (commercial
2" | Nanoflakes ceria)
1%t | Nanocrystallites
(9.4 nm)
[21] | 3*¢ | Flower-like (5 um) - - - - -
2rd | Nanorods (20-40
nme/1-2 pm?)
1st | _e
[18] | 39 | Urchin-1ike (2.5-3 | ~400 ~465 % CO, 10% 120000 115.2
um) 02 in N>
2rd | Nanorods (50 nme/1 (commercial
Hma) C602)
1st | _e
[18] | 374 | Coral-1like (500- ~375 ~465 1% CO, 10% 120000 139.3
600 nm) 02 in N2
2nd | Nanorods (50 nme/ (commercial
200 nma CeO0y3)
1St —e
[22] | 379 | Nanoflowers (250 ~230 - 1% CO, 10% 36000 95.7
nm) 02 in Ny
2nd | Nanorods (100
nm2/30 nme)
1st | Nanocrystals (4.8
nmd)
[80] | 3¢ | Nanoparticles (500 | ~200 ~300 1% CO, 10% 72000 147.6
nm) 02 in Ny
2nd | Hollow nanocones (commercial
1st | Nanocrystallites ceria)
(3-5 nm)
[23] | 374 | Microflowers (3 ~230 ~350 % CO, 10% 96000 147.6
pm) 02 in N,
22d | Microrods (commercial
1551 (600nme/2-3 um?) ceria)
Nanocrystallites
(3-5 nm)
[19] | 39 | Sea urchin- like 317 - 0.25% CO, 96000 179 -
(10-50 um) 0.50% 02 in 234
2" | Rods (50 pm2/1-5 N,




ume)
1st | Nanocrystallites
(10.3-14.7)
[29] | 3*¢ | Flowerlike spheres | ~255 Ty0=~400 2% CO, 3% 0O 60000 166
(0,5- 10um) CeO; in N (CeOz)
274 | Wrinkled petals ~290 (commercial 155
1st | Nanocrystallites CeLa ceria) (CelLa)
(<10 nm) ~225 140
CePr (CePr)

a length, ® width, < diameter,

equation,

e no information

dmean grain size calculated by Scherrer




3D hierarchically structured Ce:.xGdxO2.x/2 mixed oxide particles: the role of
microstructure, porosity and multi-level architecture stability in soot and
propane oxidation.
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Abstract

In this paper, synoptic description of the hierarchical architecture of mixed ceria particles and its
function in catalytic propane and soot oxidation has been presented. The influence of temperature
and dopant concentration on the micro- to macroscale structure of the star-shaped particles has
been thoroughly investigated by various physicochemical techniques. Two temperature-dependent
growth modes of ceria nanoparticles has been observed and their dopant-dependent influence on
mesocrystal architecture have been described. It appeared that presence of dopant changes the
pattern of nanoparticles intergrowth which ultimately introduces additional porosity into 3D
hierarchically structured material (ra,=19 nm). Furthermore, emergent phenomenon in catalytic
propane oxidation was observed. The substantial increase of propane conversion via low-
temperature surface oxidation mechanism was ascribed to nanocrystallites mesoscale organization
forming porous hierarchical material. No such conversion was present for a comparative sample of
non-organized ceria nanoparticles. Also, increased stability of such architecture was demonstrated in
soot combustion tests.
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1. Introduction

Cerium oxide due to its wide abundance in the earth crust, easy Ce**-Ce3* reducibility and
large potential for lattice defect accumulation leading to high oxygen storage capacity (OSC) have
found utilization in broad scope of technologies such as solid oxide fuel cells [1], three-way catalytic
converters [2], gas sensors [3]. Owing to the facet-dependent reactivity and the size-dependent
vacancy concentration, the oxygen uptake/release of bulk ceria may be enhanced by knowledgeable
nanometer level design of shape and size of the particles [4][5]. The ‘nanosize effect’ next to
increasing defect concentration [6][7] comes along with modification of such physicochemical
characteristics of the particles as lattice parameter [8], surface area [9], microstrain [10], surface
complexation patterns [11] and electronic band structure [12]. The increased active sites availability
leads to application of nanosized ceria particles especially in catalysis in such reactions as CO
oxidation [13], soot oxidation [14], ethanol reforming [15] and ketones cyanosilylation [16].
However, the agglomeration and sintering of the powdered samples may limit ceria nanoparticles
commercial utilization. Also, there are safety concerns related to usage of nano-sized materials that
may affect environment and biological organisms in an unpredictable way [11]. One of the possible
solutions to this problems is designing hierarchically structured porous materials composed of ceria
crystallites that preserve nanosize-arised properties while keeping large size of nanoparticles
assemblage unit.

Hierarchical materials are solids that are composed of elements which themselves possess
structure [17]. In nature, the architecture of such materials arise from the process of functional
adaptation at all levels of hierarchy, which lies behind the exceptional mechanical properties of e.g.
wood or bones [18,19]. Despite the far greater architectural sophistication of natural materials, the
hierarchy introduced into synthetic inorganic materials gives rise to occurrence of new properties or
enhancement of already existing ones such as increased permeability, more efficient light-harvesting,
high storage density or fast charge separation, to name a few [20]. Catalytic performance of
hierarchical zeolites is facilitated due to synthetically implemented micro-meso-macroporous
structure, improved mass transfer and increased active sites availability [21,22]. Due to that, the
recent researcher’s interests were directed into designing and testing the properties of hierarchical
materials and short summary of ceria-based 3D architectures may be found in the literature [23,24].
Many examples of hierarchical materials application in energy storage systems was reviewed by Wu
et al. [25] and in catalysis summed up by Parlet et al. [22]. Also, the synthesis of mesocrystals, the
solids conceptually related to hierarchical materials (in particular this are superstructures of
nanoparticles with mutual order), attracts researcher’s attention due to showing collective and
emergent properties [26—28]. Testing the catalytic properties arising from such hierarchical
structures are not fully examined and may be full of surprises [29].

In addition to designing material on a meso-to-macro scale, dopants may be introduced into
nanoparticles which modify their properties at the micro-scale level. Presence of dopant in the
cerium oxide structure is inevitably linked to creation of oxygen vacancies by substitution of Ce**ions
by their low-valent counterparts and subsequent removal of oxygen atoms for charge balance [30].
Such defect engineering in ceria has been studied extensively in the past with different rare earth
and transition elements [31]. Due to the dependence of oxygen storage capacity on the level of
oxygen depletion that changes during the run of the specific catalytic reaction, “the window of
catalytic operation” has been postulated to explain and tune catalytic activity [32]. Next to the size
and morphology manipulation, dopant concentration may influence oxygen content and diffusion
capabilities. Out of all lanthanides Sm and Gd possess the highest conductivity values which is
ascribed to optimized ionic radii mismatch and subsequent structural distortions [31]. From the other



hand, oxygen storage/release capabilities of ceria is linked to enhanced catalytic activity [33]. Also, it
has been evidenced in the literature that increasing Gd dopant concentration within ceria causes
gradual microstructure evolution from fluorite to Gd,0; C-type structure, but lowering the size of
particles hinders formation of C-type domains on behalf of lattice distortion spreading over full
nanoparticle volume [34,35]. Moreover, while OSC is responsive to sample morphology, surface area
as well as ageing, the stabilization of mesocrystal architecture would make it possible to maximize
the material’s utility potential. Therefore, testing the influence of Gd concentration within ceria on
catalytic activity while controlling at the same time the material mesoscale architecture is promising
research area to pursue.

Automotive exhaust gasses in the form carbon monoxide, hydrocarbons (HCs) and nitrogen
oxides (NOy) as well as particulate matter (PM) constitute the main environmentally harmful
pollutants due to ever increasing human mobility [36,37]. Because of undesirable formation of such
by-products caused by not complete fuel combustion in Diesel engines, the search for pollutants
oxidation techniques is an issue of current research. While utilization of noble metal-free CeO,-based
mixed oxides show potential in low-to-middle temperature oxidation of CO and soot particles [30], its
utilization in propane oxidation in nanocrystalline form may be somewhat limited [38]. Engineering
3-dimensionally hierarchically structured porous materials for HCs oxidation may add value to the
present automotive exhaust gases treatment.

The objective of this work was to inspect the role of dopant concentration and mesoscale
arrangement of nanoparticles in catalytic propane and soot oxidation by mixed gadolinium-cerium
hierarchically structured particles. While the majority of recent literature studies focus on designing
0D or 1D nanostructures, this research concentrate on mesocrystal architecture engineering,
especially taking into account material facilitated stability and added properties that emerges from
collective behavior due to arrangement of nanocrystallites. In particular, dopant-induced changes of
mesocrystal hierarchical architecture in terms of microstructure, porosity, morphology and
nanoparticles organization and their influence on the catalytic activity were rigorously studied.

2. Method
2.1 Materials and synthesis

Mixed Ce1xGdx(HCOO); formate star-shaped particles were obtained by solvothermal
method [24]. Proper amounts of Ce(NOs)s*6 H,0 and Gd(NOs);*6 H,0 were dissolved in 15 ml of
DMF with the stochiometric ratios corresponding to assumed Ce1xGdx (x=0; 0.1; 0.3; 0.4; 0.5; 0.7; 0.9;
1) mixture concentrations. 0,860 g of Ce(NOs);*6 H,0 was used to synthesize Ce(HCOO); sample. In
the second beaker 0,315 g of benzene-1,3,5-tricarboxylic acid was dissolved in 20 ml of DMF under
continuous stirring followed by addition of 15 ml of formic acid. The solution from the two beakers
were combined and stirred for 5 minutes followed by thermal treatment in 130°C for 3 h under
autogenous pressure in the solvothermal reactor. The product was washed twice in DMF and
acetone to remove post-synthetic residues and dried at 65°C throughout the night.

Mixed Ce1xGdxO2./2 oxide hierarchically structured star-shaped particles (HSPs) were
obtained by oxidative thermolysis of formate samples. The formate powders were put into the
furnace and heated at 400°C for 3h in static air.

CeO; oxide nanoparticles (NPs) were synthesized by microemulsion (water-in-oil) method
[39]. The powder sample was dried and then preheated in static air at 550°C for 3 h to get rid of
surface nitrate residues [40].



2.2 Characterization methods

The materials were characterized by several physicochemical techniques followed by testing
in soot combustion and propane oxidation catalytic reactions. To get insight into the structure and
microstructure powder X-ray diffractograms (PXRD) were recorded on a PANalytical X’Pert Pro X-ray
diffractometer. Scherrer formula was applied to four main PXRD maxima ((111), (200), (220), (311))
of Ce1xGdxO2.42 Samples to estimate crystallite sizes. Strain and size contributions to PXRD patterns
were resolved by Rietveld refinement via the use of FullProf software. Instrumental broadening was
included by refinement of standard silicon sample followed by refinement of PXRD profiles with the
use of TCH Pseudo-Voigt function.

Materials were subjected to detailed microscopic studies in order to get insight into their
architecture in terms of morphology of building units at different levels of hierarchical organization.
Transmission Electron Microscope (TEM) images and high resolution (HRTEM) images in bright-filed
(BF) and dark-field (DF) modes were collected via the use of Philips CM-20 SuperTwin as well as
double aberration corrected FEI Titan® Themis 60-300 microscopes at the accelerating voltage of 160
kV and 200 kV, respectively. Selected Area Diffraction (SAED) patterns were collected to get insight
into textural characteristics. Scanning electron microscope images were collected on FEI Nova
NanoSEM 230 equipped with ETD and TLD detectors. Pole tip protection mode was used to image
detailed surface characteristics.

EDS spectrometer (EDAX PegasusXM4) was used for elemental analysis. Global concentration
measurements were performed on samples placed in carbon resin and pressed at 180 °C in 250 bar
in order to obtain a flat surface. Signals from three randomly selected areas of ca. 4500 um? were
collected to assure satisfactory statistical averaging. For dopant distribution imaging Scanning
Transmission Electron Microscope- X-ray Energy Dispersion Spectroscopy (STEM-XEDS) analysis was
performed using the high efficient Super-X EDS system, integrated by 4 window-less SDD detectors
symmetrically arranged around the sample and the objective lens pole pieces at the FEI Titan® Themis
60-300 microscope operated at 200 kV. The acquisition of XEDS maps was carried out using an
electron probe less than 0.5 nm, beam current of 200 pA, convergence angle of 19 mrad and 20 keV
of range. Each chemical map was collected as a series of frames, where an area of 512 x 512 pixels
was scanned 100 times, employing spatially drift-compensation tool, with a dwell time per pixel of 30
us, taking approximately 15 minutes per spectral image dataset. The XEDS post-treatment data was
performed using Velox software, which allows quantification by Cliff-Lorimer (K-factor) method and
absorption correction. The elemental maps of cerium and gadolinium were generated using the
family of the Ce-La and Ga-La lines.

Cerium oxidation state analysis was performed by Spectrum Imaging- Electron Energy Loss
Spectroscopy (SI-EELS) technique employing a source at 200 kV, the spectrometer was set to 0.25
eV/channel for dispersion, dual-EELS mode, using a convergence angle of 19 mrad and a collection
semi-angle of 49 mrad, and operated with relative low beam current (= 30 pA). Under those
experimental conditions a high energy resolution of 0.9 eV was obtained at the zero-loss peak (ZLP)
and that ZLP signal allow us aligned all EELS spectra. Additionally, PCA-ICA routine was used to
separate signals of different oxidation states employing Hyperspy [41].

Raman spectra in the 50-1500 cm™ range were collected on Renishaw InVia Raman
microscope equipped with confocal DM 2500 Leica optical microscope, a thermoelectrically cooled
CCD as a detector and an argon laser operating at 488 nm. Oxygen vacancy concentration was
determined from Raman profiles data as intensity ratio of Is7o/lse0 peaks [42].

N, physisorption study was performed on ASAP 2020 Micromertics in order to get insight into
materials porosity and stability. Temperature programmed reduction tests (H,-TPR) were performed
on Autochem I 2920 (Micromeritics, USA) equipped with TCD detector. 50 mg of sample was placed



in quartz reactor and flushed with helium for 15 minutes followed by reduction measurements in the
30 cm3/min flow of 5% H,/Ar; in the temperature range of 25 — 900°C and 10°C/min temperature
increase.

3.3 Catalytic tests

The catalytic activity of the samples was tested in propane oxidation reaction. Typically, 50
mg of sample was placed in fixed-bed flow reactor (quartz U-shaped tube, 10 mm inner diameter)
followed by installation in programmable furnace. The step-wise propane conversion measurements
were performed in the temperature range of 180-540°C in the gas flow (mixture 2500 vppm propane
in the air, 50 cm3/min) followed by gas chromatography analysis (Perkin-Elmer ARNEL Clarus 500
equipped with Elite Plot-Q chromatographic column and a flame ionization detector). Conversion at
each temperature point was recorded when steady-state conversion was reached in terms of peak
area differences less than 1% between consecutive readings. The propane conversion was calculated
using the following formula:

— AT
K=———%100%
Agr
when K- conversion [%], Arr — area of the peak at room temperature, Ar- area of the peak at selected
temperature.

Soot oxidation measurements were performed in “tight contact” mode by placing the
grinded mixture of 40 mg of ceria and 20 mg of soot (carbon black Printex-U, Degussa S.A.) in
corundum crucible into TG analyzer Derivatograph MOM Q- 1500D with a programed temperature
increase of 5 °C/min in range 25 — 550 °C/700 °C under static air.

3. Results and discussion
3.1 Architecture of hierarchically structured star-shaped particles (HSPs)

The applied solvothermal approach has led to formation of Ce(HCOO)s particles possessing
emergent star-shaped morphology (Fig. 1.A). From the practical chemistry point of view, the
morphology of cerium formate and mixed cerium formate crystals depends on two factors
recognized in the literature, the type of ceria precursor and the temperature, leading to formation of
needle-shaped or rod-shaped cerium formate crystals [43]. In addition to the recognized factors, the
composition of the solvothermal reaction mixture also influences the particles morphology, as tested
in this study by synthetic protocol modification. Carrying out the synthesis under strongly acidic
conditions and without the use of dimethylformamide has led to formation of sphere-like Ce(HCOO)3
particles (Fig. 1.B), while neutralization of the reaction mixture by NHs has led to formation of
clumped rod-shaped Ce(HCOO); crystals (Fig. 1.C; see PXRD patterns and synthetic details on Fig. S1
in Supporting Information). The presence of DMF and acidic conditions impose formation of star-
shaped particles. As literature reports, DMF may not only serve as the inert polar aprotic solvent for
the reaction but it may also take active role in the crystallization as a stabilizer [44] that may modify
growing process.



Fig. 1. TEM images of Ce(HCOO); particles synthesized in different conditions: A) star-shaped
morphology (DMF and formic acid), B) Sphere-shaped morphology (formic acid), C) Clumped rod-
shaped morphology (DMF and formic acid neutralized by ammonia).

Despite the fact that complex morphologies formation can be explained by classical
crystallization mechanismes, i.e. spherulitic growth in the high supersaturation conditions leading to
formation of polycrystalline spheres or dumbbell particles [45], the formation of Ce(HCOO); star-
shaped particles seems to be multistep and involve non-classical growth mode by e.g. oriented
attachment. Such oriented attachment may take place at the early stage of crystallization as the self-
limited nanoclusters/nanoparticles agglomeration followed by classical crystal elongation or at the
late stage of the process in the form of self-limited agglomeration of fully developed formate
crystals. DMF may act as stabilizing agent for cerium formate nanoclusters formation at the early
stage. This type of stabilizing effect by DMF was observed for several Au, Cu metal and Fe,0s; metal
oxide nanoparticles (>2 nm) as well as for Ir, Pd nanoclusters (< 2nm) [44]. On another note, acidic
conditions trigger hydrolysis of DMF, as has been described in the process of formation of Pd
nanoparticles [46]. It is not excluded that solvent decomposition may serve as driving force for
nanoparticles agglomeration. Such self-limiting process of aggregation of formate particles at the
early stage of crystallization is followed by multidirectional growth into the star-shaped morphology.

Alternatively, site-selective adsorption at the specific primary crystal sites may be responsible
for multidirectional crystallization. Colfen et al. presented detail description of the multistep process
of 10-petal flowerlike BaSO, particles, in which site-selective adsorption of polymer additives
triggered preferential growth [47]. Hence, the self-limiting adsorption of reaction mixture moieties
(e.g protonated DMF) on the particular crystal planes may be the factor that modulates the
hindrance and growth of cerium formate crystals. Since there is no available data in the literature on
the early stages of cerium formate crystal formation further research is needed to determine the
complex morphology formate crystallization by the use of such techniques as in situ fluid cell HRTEM
imaging or cryo-TEM shock-frozen samples monitoring.

The applied solvothermal synthesis has led to the formation of mixed Ce;xGdx(HCOO);
formate particles in the whole tested dopant range (x=0; 0.1; 0.3; 0.4; 0.5; 0.7; 0.9; 1). All the samples
are phase pure and match well the cerium formate reference data in terms of 26 positions and
intensity ratios (Fig. 2.A). Shift of diffraction maxima into higher angles with the increase of dopant
(Fig. 2.B) is in line with the Vegard’s empirical law, since incorporation of Gd* ions (r *Gd**=0.1107
nm) [48] bring contraction to the cerium formate lattice (r *Ce3 = 0.1196 nm) [48]. This proves the
wide range miscibility of Gd**ions within the cerium formate matrix. Good dopant mixing at the
microstructural level is accompanied by the formation of the particles with well-defined star-shaped



morphology up to 70% of the dopant concentration level (Fig. 2.C) and homogeneity of sizes (Fig.
2.D). Also, EDS spectroscopy confirmed the well miscibility of Gd3* ions within cerium formate for all
the samples, as empirical concentration does not deviate significantly from the nominal values (Fig.
2.D). In the literature, synthesis of undoped Ce(HCOO)s star-shaped particles [49], CeosREE1(HCOO);
(REE-rare earth element) [24] and Ceo.9Gdo.1(HCOO)s rods [43] has been presented. Solvothermal
synthesis applied in this study proves to be an effective method in producing the whole range Gd-
doped particles with well-defined morphology.
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Fig. 2. A)-B) PXRD patterns of Ce;xGdx(HCOO); (x=0 — 1) particles before oxidative thermolysis; C)
SEM image of Ceo3Gdo7(HCOO)s particles; D) data summary for composition and average size of star-
shaped mixed cerium formate particles; *size calculation of star-shaped particles according to ref. 24.

Oxidative thermolysis induced the chemical change of Ce1..Gdx(HCOO)s formate particles into
Ce1xGdx02.4/2 mixed oxide materials characterized by hierarchically ordered architecture. The
morphological constitution of the particles may be described by three distinctive levels of structural
organization. At the first level particles are composed of nanocrystallites that form porous rods at the
second level of hierarchy. The third level is constituted of effuse star-shaped particles that preserve
the morphology after thermolysis. The detailed description of structural hierarchy and its
functionality is presented in our previous paper [24]. In this contribution the influence of the dopant-
induced architectural changes in terms of microstructure, porosity and morphology on catalytic
activity were studied.

The evolution of particles morphology for the whole mixed oxide Ce;xGdxO,/2 series is
presented in Fig.3. The well-defined star-shaped morphology is preserved for up to 70% of dopant
concentration. Above this concentration level, formation of fragmented arms and plain rods is
observed. This morphological alternation is accompanied by loss of mesoscale nanocrystallites
organization which is confirmed by selected area electron diffraction (SAED) patterns collected at low
magnification from the zones of the arms shown in Fig. 3. Discrete SAED patterns that are observed
for particles with a dopant level below 70% indicate preferential orientation of nanocrystallites
within the material volume. As indicated in the literature, such effect was previously observed by us
for star-like ceria [24] and by many authors for other systems [39,50]. However, the change of SAED
patterns into complete diffraction circles for Ceo.1Gdo.901.55 and Gd,03 samples suggest the loss of
ordering of nanocrystallites in highly doped Gd-based mixed oxides (see Fig. 3). As described in
section 3.1.3, this results in a loss of material varied porosity as well as a uniform crystal facets



exposition of catalytically active CeO, along the channels. Also, since the 3™ level morphology of
particles in the form of effuse-armed stars enhances ceria-soot contact and surface oxygen
availability [51,52], particles for up to 70% of dopant were studied in catalytic oxidation tests.

In many nature’s hierarchical materials the architecture arises as a functional adaptation to
specific constraints through adaptable growth during which the material’s form and microstructure
are created in the same process [18]. In the case of formate-derived ceria particles this type of
directed adaptation occurs through optimized escape of post-reaction gases from the material’s bulk
interior during thermolysis process that ultimately creates porosity. Following that, due to such fine-
tuned architecture for facilitated mass transfer, as synthesized star-shaped particles are interesting
for catalytic applications.

Fig. 3. SEM image (first column), TEM image (second column), SAED pattern of corresponding TEM
image (third column) of hierarchically structured star-shaped particles: A) CeO; ; B) Ceo.9Gdo.101.95 ; C)
Ce0.7Gdo301.85 ; D) Cep.sGdo.401.5; E) CeosGdosO1.7s ; F) Ceo3Gdo701.65 ; G) Ce0.1Gdo.90155 ; H) Gd,0s.

3.1.1 Morphology and structure

To assess the temperature-triggered changes of materials microstructure and architecture,
particles were annealed step-wise at 400°C, 450°C, 500°C, 550°C, 600°C, 700°C, 800°C, 900°C, 1000°C
for 3h each followed by collection of powder diffraction patterns (PXRD) at as selected temperatures
(Fig. 4.A). The heating rate of 5°C/min was applied to bring the samples to the selected isothermal
temperature exposure. Since CeO, nanocrystallites are prone to grow and coarsen at the elevated
temperatures [53], this investigation allows to assess the stability of hierarchical material
architecture at the temperatures of diesel engines exhaust gas catalyst real operating conditions.
Soot particles spontaneously burn in air at about 600-625°C. As known, this temperature range is not
regularly achieved in the typical diesel engine operations for enough periods of time to enable self-



regeneration [54]. For this reason, it is necessary to use catalysts that effectively lower the soot
combustion temperature.
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Fig. 4. A) PXRD patterns of Ce;xGdyO2/2 (x=0; 0.1; 0.3; 0.4; 0.5; 0.7) hierarchically structured star-
shaped particles organized according to dopant concentration (left axis) and heating temperature
(right axis); B) Magnification of low 260 range of PXRD patterns presenting maxima arising from C-
phase formation (marked by asterisk).

All of the tested mixed oxide samples (Fig. 4.A) have the 20 peak positions that correspond
well to CeO; fluorite structure ((111)= 28,5491°; (200)= 33,0766°; (220)= 47,4886°; (311)=56,3265°,
ref. 00-004-0593). No signs of phase segregation or the presence of additional phases were observed
for samples at the starting temperature of 400°C, but heating the samples triggered the structural
change. Closer inspection of powder diffractograms presented in Fig. 4.B reveals the overall limit of
fluorite F structure stability in mixed gadolinium—cerium oxides, within the capabilities of X-ray
diffraction technique. The first occurrence of C-type phase that is characteristic for sesquioxide
Gd,0; was observed for CepGdo.401.5 at 1000°C as well as for CeosGdosO175 and Cep3Gdo 70165 at
800°C (see Fig. S2 in Supplementary Materials for SAED pattern that confirm superstructure
formation in Ceo3Gdo701.65 heated at 900°C). Since PXRD data average over all unit cells in the crystal
volume, the local fluorite symmetry distortions or C-phase aggregates are invisible as far as the
particular threshold of the defect size is exceeded, so the presence of sesquioxide-type
microdomains is not excluded in the low temperature-treated samples [55]. EXAFS spectroscopy [56],
Monte Carlo modelling [57] and p-RAMAN spectroscopy [58] reveal local fluorite symmetry
distortions in low concentration Gd-, Sm- and Y-doped ceria. Additionally, HRTEM study of Ce:.
«GdxO2-/2 (x=0.1-0.8) systems heated at 800°C show progressive evolution of C-type domains [34]. For
that matter, TEM study of Gd-doped ceria sintered at 1400°C in air [59] reveals already the presence
of C-domains at 10 at% Gd doping level. As reported in the literature [55,60], oxygen ion migration
via the hopping mechanism occurs within fluorite F-type structure, while C-type domains hinder the
ionic conductivity. Thereout, the assessment of the boundary of F-C structure transition is of
particular importance from the catalytic point of view. The existence of hybrid H structure in
between those of F-type and C-type instead of F-C microdomain segregation is proposed in the
literature as well [61]. So, the presence of local deviations from fluorite symmetry that introduces



microstrain and thus the new chemo-mechanical characteristics makes mixed ceria interesting in
catalytic study [62].

Due to the oxygen vacancies, the oxygen ion (0%) travels through the lattice by hopping
mechanism enabling the ionic conduction [63]. The results of studies on structure evolution of
nanocrystalline ceria-based Ce1Yb«0,-, mixed oxides with increasing Yb content (distributed
randomly in the ceria lattice) were presented by Matecka at al. [64]. OSC tests had shown that the
highest reducibility of Ce ions and the highest oxygen extraction were observed for CeosYbo501.7s,
which has a hybrid H structure with the highest number of defects and the highest average maximum
strain. On the other hand, too large structural distortions in ceria based mixed oxides could be
responsible for the lowering of oxygen ions conductivity [31].

The shape of PXRD maxima is strongly affected by the temperature as well as the dopant
concentration level. While there is the overall increase of peak broadening with the dopant
concentration increase, the peaks are getting narrower when heating at higher temperatures. The
qualitative interpretation of the PXRD data suggest that the increase of Gd* ions hinders the growth
of nanocrystallites. In order to asses this effect quantitively, crystallite sizes were estimated by
application of Scherrer formula (eq. 1) to four (111), (200), (220), (311) peaks of PXRD data followed
by averaging of as obtained D sizes:

KA

b= Bcos6O

(eq. 1)

where, D- particle size, K- dimensionless shape factor (0,9), A- X-ray wavelength (1,54056 A) B- line
broadening at half the maximum intensity (FWHM), 8- Bragg angle.

Then, Arrhenius-type plots were created (Fig. 5.A) followed by calculation of the nanoparticles
overall growth activation energies by the use of the equation (eq. 2):

E

InD = Ae Rt (eq. 2)

where, D- particle size, A- pre-exponential factor, E,- activation energy, R- gas constant, T-
temperature.
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Fig. 5. A) Arrhenius-type plots for Ce;1«Gdx Q242 HSPs; B) TEM images showing architecture of CeO,
star-shaped particle arm heated in 550°C (blue frame); C) TEM images showing architecture of CeO,
star-shaped particle arm heated in 700°C (orange frame; see description in text).



Various mechanisms of CeO; nanoparticles growth have been proposed in the literature. As
shown on Fig. 5.A, pronounced division into two growing modes is visible in the constructed
Arrhenius-type plots with one and the same demarcating temperature of 600°C occurring in all the
differently Gd-doped samples. For temperatures below 600°C (blue lines in Fig. 5.A) the growth of
nanoparticles is rather slow, since the particles size changes from 3-8 nm at 400°C to 9-10 nm at
600°C (see details in Table S1 in Supporting Information). At the same time, in this temperature
regime the calculated activation energy of overall growth is low (4-25 klJ/mol, see Fig. 6). lvanov at al.
have shown, that in case of hydrolysis-derived CeO, nanoparticles the threshold crystallite
intergrowth mechanism occurs at temperatures of 200-700°C [53]. In this temperature regime,
isothermal treatment of the ceria powder for 2-8 h show the lack of nanoparticle size change within
the measurement error that is explained by limitation in particle movement as well as hindrance of
surface (grain) boundary mass transfer due to various types of stoppers such as surface defects and
contacts with other particles, which explains rather slow growing rate of nanocrystallites observed in
this study [53]. On the other hand, the low values of as obtained activation energies may be
attributed mainly to strain relaxation within the nanoparticles rather than growth triggered by mass
transfer (see section 3.1.2). TEM images of the CeO, sample heated in 550°C (Fig 5.B) confirm the
presence of homogeneously sized small nanoparticles (<10 nm) arranged into the well preserved
second-order architecture of porous rods.

On the contrary, in temperatures above 600°C (orange lines in Fig. 5.A) the growth is more
rapid which may be linked to the change of growth mechanism into coarsening through Ostwald
ripening [65]. In this case complete redissolving of smaller crystallites behalf of growth of bigger ones
occurs, which is triggered by the particles surface energy reduction. Because this process demands
more broad mass transfer, the activation energy is larger (32-53 kJ/mol, see. Fig. 6). Han et al. have
shown that ceria growth at 800°C is time-dependent, as the particles grew in size from ~30 nm to ~55
nm in 8 h time period [66]. This is in accordance with the rapid size change observed in this study
(from 15-16 nm at 700°C up to 65-80 nm at 1000°C; see details in Table 1 in Supporting Information).
Also, TEM images presented in Fig. 5.C show polydisperse distribution of particle sizes in the sample
heated at 700°C for 3 h. In addition to small-sized particles (below 10 nm), there are crystallites many
times larger (up to 40 nm), which indicates the crystallite coarsening. The as observed change in
growing mechanism may yield the more rapid porosity decline of HSPs above 600°C. Simultaneously,
stability of architecture may be extended through doping, since Gd**ions lowers the capability of
nanocrystallites growth and thus the possible inhomogeneous volume expansion.
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Fig. 6. Activation energy of overall growth of nanoparticles as a function of dopant concentration for
Ce1.xGdx02./2 HSPs for two temperature regimes: 400-600°C (red line) and 600-900°C (black line).



Introduction of dopant systematically increase the activation energy of nanocrystallites
overall growth in the lower temperature range (400-600°C) from 4,2 kJ/mol (CeO,) up to 25,4 kJ/mol
(Ceos3Gdo70165) Which indicates the enhanced resistance for temperature-triggered growth (see. Fig.
6). In the higher temperature regimes (600-900°C) the profile of activation energy has a maximum for
Ce0.7Gdo 301 85 particles indicating that this is the most growth-resistant sample. Comparison to the
literature data for microemulsion derived NPs show that the values of nanoparticles overall growth
activation energy for HSPs, tested in this study, are significantly lower. The activation energy of Ce0O;
NPs growth treated up to 500°C equals 20 kJ/mol and above 600°C is as high as 105 klJ/mol [65]. The
differences may result from the mutual orientation and thus the greater contact of noncrystallites in
formate-derived star-shaped particles, which determine coarsening dynamics by facilitation of ion
transfer [53]. Regardlessly, the material treated in 550°C preserves the high surface area and
porosity, so it is a good candidate as a catalyst support.

3.1.2 Microstructure

In order to evaluate the influence of Gd** doping on the microstructural-level characteristics
of the materials, PXRD profiles were subjected to Rietveld refinement. The main advantage of this
approach is that it takes into account the whole profile and due to the different angle dependence of
Lorentzian and Gaussian contributions to peak shape it is possible to discern micro-strain and size
contributions to the pattern [67]. This approach enabled to evaluate microstructural characteristics
of the samples for which fluorite structure is retained (Ce1xGdxO2-/2 , 0<x<3) [61]. Instrumental
broadening was included by refinement of the standard silicon sample followed by refinement of 18
PXRD profiles with the use of TCH Pseudo-Voigt function [68,69]. The applied procedure gave
reasonable results in terms of cell parameters (Fig. S3 in Supplementary Materials) as well as
nanoparticle size and strain values (Fig. 7.B and C, respectively).
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averaged over 150 nanoparticles; B) Nanocrystallite size as a function of temperature derived from
PXRD data (Rietveld refinement); C) Nanocrystallite microstrain as a function of temperature derived
from PXRD data (Rietveld refinement).

As visible in Fig. 7.C, the introduction of dopant induces considerable value of strain in the
crystallites heated at 400°C and the differences between variously doped samples are clearly
distinguishable, whereby the more dopant concentration, the larger the strain. This result is
consistent with studies on phase evolution of nanocrystalline Ce1.«LuxO2, and Ce1YbxO,., mixed
oxides (nanopowders) [70]. While the heating temperature increases, the strain relaxes, and the
differences of microstrain for samples heated above 600°C became less discernible. This two trends
correspond well to the two growth modes described in section 3.1.1 with strain contribution
becoming less significant in the higher temperature growth mode. Also, since the overall
nanoparticle growth energy is divided into two contributions, to relax strain and to increase the size,
Gd-doped samples show slower nanocrystallites size enhancement when heated. This affects the
mesoscale architecture of the materials that manifest in the formation of additional porosity (Fig.10;
description in section 3.1.3). The nanoparticle size values obtained from Rietveld refinement for
samples heated in 400°C (Fig. 7.B) are close to the ones calculated from TEM images by averaging the
size of nearly 150 nanocrystalites (Fig. 7.A). Also, the morphology of geometrical CeO, nanoparticles
that expose clearly defined planes changes into round particles when Gd-dopant is introduced.

To elucidate the global Gd distribution, a set of STEM-XEDS analysis were taken at different
angles in a chosen arm of the star shaped-particle. STEM-HAADF images along with Ce versus Gd
maps reveal the spatial distribution of both elements indicating their well mixing along the arm (Fig.
S4 in Supplementary Materials). This is in accordance with our previous study, but the result gives
additional 3D-resolved insight into the elemental architecture of the arm. To get even more insight of
the elemental distribution, a line profile analysis of Ce and Gd in atomic percent was performed (Fig.
S4. Supplementary Materials). No significant inhomogeneity in Gd distribution has been observed
and dopant level was detected between 9-12 at% Gd —balanced Ce for Ceo sGdo.101.95s sample. Analysis
taken at higher magnification (Fig. 8.A) confirm the good homogeneity of Gd distribution within ceria
matrix.
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Fig. 8. A) HAADF-STEM (left) and EDS elemental mapping (Ce: red, Gd: green) images of the
Ceo0.9Gdo101.05 star-shaped particle arm (top) and high magnification area of the arm (bottom); B) DF
image of the Ceo.sGdo.101.05 star-shaped particle arm (top) and individual areas used in EELS analysis
(bottom); C) EELS spectra collected from individual regions of the Ce9Gdo 10195 Star-shaped particle
arm; D) Raman spectra of the Ce1..GdxO2.x2 (x= 0; 0.1; 0.3; 0.4; 0.5) star-shaped particles; oxygen
vacancy concentration presented in insert.

Additionally, some knowledge about the microstructural-level dopant distribution was
obtained from the comparison of SI-EELS spectroscopy (Fig. 8.B and C) and Raman spectroscopy (8.D)
findings. The SI-EELS profiles collected from the various particle arm edge areas that cover different
depths of the material clearly show that there is no Ce® ions present in the Ceo.sGdo101.9s sample.
Analytical post-treatment of the SI-EELS profiles by PCA-ICA method confirmed no Ce** ion
contribution to the spectra (see Fig. S5 in Supplementary Materials). Apparently, this result suggests
no presence of oxygen vacancies in Ce1.xGdx02.x/2 Nanocrystallites, since overall charge balance
demands the presence of Ce3*ion near the vacancy or single Gd** ion.

From the other hand, RAMAN spectroscopy data provide information about the large oxygen
vacancy concentration within the materials volume (see insert table in Fig. 8.D), as 1 um-resolution
depth limit of this technique covers the full volume of the HSPs arm [62]. Strong F,; mode around
Asss cmtis visible for samples with Gd concentration up to 50%. Presence of lower symmetry defect-
induced D modes around A-sspand A-s0ocm™ Raman modes are clearly visible up to 50% of Gd
doping concentration with the highest intensity for CeosGdo.sOossample. In the literature, these
bands appear due to oxygen vacancies and Asso peak (in our case A-~sy) is treated as their fingerprint
[71].

RAMAN study results stands in a seeming contradiction to SI-EELS spectroscopy findings and
may be explained by the dopant cluster formation. If at least two Gd** ions are neighboring each
other in the fluorite F structure, as this holds true for Ce.9Gdo.101.95s sample, there is charge balance
without cerium reduction. This suggests the non-random Gd distribution at the microstructural level.

To conclude, the synthesis method by mixed gadolinium-cerium formate decomposition
creates a material that is characterized by atomic non-random ordering of Gd** dopant at the
microscale level. If such Gd**ions are neighboring in a systematic way, e.g. through linear chain
formation, there are the channels within the material that facilitates oxygen migration due to
neighboring easily reducible seven oxygen-coordinated ceria species. Extensive research conducted
on the microstructure of Ce;«Lns0,y mixed oxides indicates that the oxygen vacancies present in
clusters tend to form the chain structures or very stable isolate triangle structures (the dumbbell
model) [72,73]. At the same time, the adjacent oxygen vacancies (regardless of the short range
structure) prefer to locate along 1/2 <110> lattice vector, what is in agreement, again, with earlier
work by Wallenberg et. al. [74]. Further study, by e.g. IDPC method, is demanded to confirm
proposed postulate.

As Fig. S6 in Supplementary Information shows, doping level above 70% introduces distortion
to Ce* coordination environment. Change of local structure is indicated by the reversed intensity
ratios of Ases and Agoo bands for Ceo3Gdo 70165 sSample and the presence of Aszoband in Ce1GdosO1.s5
sample. As Banerji et al. have shown, 80% Gd concentration in ceria matrix causes a change of
structure into disordered C-type phase [75]. In the literature, As7 peak is ascribed to fluorite double-
fluorite phase transition [76]. Interestingly, this band is visible in CeqsGdosO1.7s sample heated in
800°C which is in accordance with PXRD results (Fig. 4.B) indicating the change of structure. However,
Ceo5Gdos01.7s sample heated at 400°C show no presence of Aszoband that may indicate that
nanocrystallites preserve the fluorite structure up to 50% Gd dopant level.



3.1.3 Porosity

As known in the literature, cerium formate decomposition creates a material that is
characterized by well-developed porosity [49]. Introduction of different amounts of Gd dopant into
star-shaped HSPs leads to formation of materials characterized by diversified porosity that, however,
changes in a systematic way with the increase of dopant concentration, as visible in Fig. 9.A. Since
the isotherms of samples Ce1.xGdxO2.x/2 (x=0 to x=0.7) shown in Fig. 9.A (upper and middle part) have
the shape between type Il and type IV, the presence of meso- and macroporosity may be inferred,
respectively. Sharp rise of adsorption-desorption curves in large p/po regime may be ascribed to
condensation in inter-particle voids [77].
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Fig. 9. A) Adsorption-desorption isotherms of Ce1.xGdxO22 (x=0 to 1) hierarchically structured star-
shaped particles (HSPs); B) Pore size distribution of Ce1.xGdxO2.x/2 (x=0 to 1) HSPs; C) Sgersurface area
of Ce1.xGdxO242 HSPs determined for samples heated in 400°C (black) and 550°C (red); D) TEM image
of CeO, HSPs heated in 400°C showing pore shapes and E) pore size.

The shape of hysteresis loops of Ce1.xGdxO2.x/2 (x=0 to x=0.7) samples show the intermediate
state between H2 and H3 type according to IUPAC classification [78]. The steep desorption branch
and the low closure point, the features that are characteristic for the H2 type, suggest the occurrence
of larger cavities enclosed by small necks [79]. Though, the type IlI-resembling form of adsorption
isotherm and no plateau at very high p/po range, that is characteristic for H3-type hysteresis loop,
suggest the main occurrence of thin slits [79]. TEM image in Fig. 9.D present such slit-like pores
conjoined with cavities. Due to the mutual displacement of nanocrystallites that form a zig-zag
pattern (Fig. 9.E) such cavities are formed which introduces pore diversity. Interestingly, for
Ce0.1Gdo 90155 and Gd,03 samples (Fig.9.A, bottom part) the shape of hysteresis loops resembles the
H1 type, which indicates the cylindrical channels formation. Intriguingly, the SAED patterns collected
for these samples (see Fig. 2) do not confirm regular arrangement of crystallites that may suggest the



occurrence of sparse and differently oriented ceria nanocrystallites among elongated regularly-
arranged gadolinium oxide crystals.

The desorption isotherm was used to calculate pore size distribution according to BJH model
[80]. As visible in Fig. 9.B, introduction of dopant changes the proportion of pores with a certain size
occurrence in the overall pore size distribution. The most diagnostic region that lies between 5-12
nm indicates that dopants up to 50% concentration level systematically lower the participation of
pores in this size range. Since the introduction of dopant reduce the nanocrystallite size, this effect
translates into the reduction in the size of the pores. The maximum around 4 nm may be ascribed to
tensile strength effect that is a method artifact [81]. Keeping in mind that the desorption branch-
calculated pore size distribution is slightly shifted to lower values of pore sizes due to the effect of
delayed pore evaporation [81], as calculated pore sizes are in quite good agreement with the pore
size values assessed by TEM image analysis (Fig. 9.D and 9.E). However, since 90-100% Gd doped
samples possess H1 type hysteresis loop, the desorption branch is more reliable for pore size
assessment giving the peak values of 8 nm and 13 nm for Ceo.1Gdo.901.5s and Gd,03 samples,
respectively.

All the samples possess a large surface area extending from 140 m?/g for CeO, up to 180 m?/g
for Ceo.4Gdos01.7(Fig. 9.C). The Gd dopant increases the overall surface area up to 40% of
concentration level. This value is very large for cerium oxide family compounds and makes up a good
premise for using them as high-surface area active catalyst supports. The repeated measurement of
surface area for the same samples heated in 550°C provides information about the stability of the
particles architecture. As visible in Fig. 9.C, the heat treatment causes the loss of the surface area to
the values of nearly 120 m?/g for samples up to 40% of Gd. Since the temperature of 550°C belongs
to low-temperature nanoparticles growing mode (see section 3.1.1), this may transfer to smaller rate
of nanoparticles intergrowth [53].

The SEM-based experiment that consisted of imaging the selected individual star-shaped
particles heated both, in 400°C and 900°C, allowed to assess the temperature-triggered changes of
architecture. The particles with modest number of macropores were chosen for this study for better
visualization. As visible in Fig. 10.A, the morphology of CeO; star-shaped HSP is preserved when
heated to 900°C. Almost no change of the arm texture is observed which indicate strict coalescence
of crystallites (see also Fig. 5.B.). Oppositely, additional pore formation (r.,= 19 nm) was observed for
10% Gd-doped HSPs heated up to 900°C for 3h in 5°C/min rate (Fig. 10.B). Due to the lower
susceptibility of the doped particles to coalesce into larger crystals, the particles collapse inwardly,
forming clusters of nanoparticles (see also Fig. 15.C) that creates the intricate architecture that
preserves some porosity at high temperatures [24].



Fig. 10. SEM images of star-shaped particles: A) CeO; heated in 400°C; B) CeO; heated in 900°C; C)
Ce0.9Gdo.101.05 heated in 400°C; D) CeosGdo101.95 heated in 900°C.

3.2 Catalytic activity

3.2.1 H>-TPR

In order to evaluate the reduction capabilities of materials, Ce1.«<GdxO2.x/2 (x = 0-1) HSPs were
subjected to H,-TPR measurements. The influence of NPs organization degree within CeO,
mesocrystal on reducibility was presented in our previous paper [24]. This study reveals that low-
doped samples up to 40% of Gd concentration possess high surface reduction capabilities as
indicated by maximum around 510°C (Fig. 11.A), which in literature is ascribed to surface-capping
oxygen in ceria [33]. The highest value of the relative surface reduction (55%) is observed for 30-40%
Gd**-doped samples (Fig. 11.B). This was calculated as the ratio between surface H, consumption to
the overall H, consumption and may be treated as an indicator of HSPs stability in the middle-to-high
temperatures of catalyst operation, due to retention of nanoparticles surface exposition. However,
the highest surface H, consumption, that is an indicator of low temperature catalytic capabilities, has
been observed in 10% Gd**-doped sample.

Bulk H, consumption above 620°C is systematically lowered when Gd concentration
increases, which indicates the inhibitory effect of dopant amount on oxygen vacancy migration for
high doping levels (>40% Gd**). Due to that, HSPs up to only this dopant concentration level where
subjected to further propane oxidation tests. Additionally, there is additional hump visible in
undoped cerium oxide HSPs sample which may indicate facilitated oxygen consumption of both,
surface and subsurface oxygen layers in ceria [82].
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Fig. 11. A) H,-TPR profiles of Ce1.x«GdxO,/2 (x = 0-1) HSPs; B) Total H, consumption, surface Ha
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3.2.2 Soot combustion

To evaluate catalytic performance, Tso, which corresponds to the temperature when
conversion reaches 50%, was determined for each sample. All of the tested mixed oxide HSPs
lowered the Tso when compared to bulk ceria (Fig. 12.A) that is in agreement with literature data on
nanocrystalline mixed ceria NPs [36,40]. Undoped CeO, HSPs reached Tso= 478°C as compared to Tso=
577°C for bulk ceria sample. The introduction of 10% of Gd>* dopant slightly lowered the soot
oxidation temperature to Tso= 469°C. This may be explained by elevated surface reduction that was
determined in H,-TPR study (Fig. 11B). However, the greater amount of dopant causes the reaction
to shift towards higher temperatures. This may be linked to decrease in degree of surface reduction
as TPR study had shown. It is known from our previous work that hierarchical organization at the
meso- and macro-scale enhances soot combustion due to facilitated transfer of reagents as well as
intensification of the ceria-soot contact, respectively [24]. Since the well porosity and high surface
area in doped HSPs is preserved, the result of gradual decrease of soot oxidation performance may
be linked to progressive decrease of the number of available surface oxygen species [83,84].
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Fig. 12. A) Soot oxidation conversion profiles of hierarchically structured star-shaped particles (tested
in tight contact mode under static air); B) Six cycles of soot combustion of Ce1.xGdxO2/2 (x= 0; 0.1)
hierarchically structured star-shaped particles (HSPs) at two temperature conditions of 550°C and
700°C compared with soot combustion by non-hierarchically organized CeO, NPs (green).

The stability of particles in the soot oxidation was assessed by measuring six cycles of soot
combustion (Fig. 12.B). Due to two distinct temperature-dependent growing modes of
nanocrystallites (see section 3.1.1) the soot combustion of CeO,and CeosGdo101.95 was performed in
two temperature conditions, namely the TG experiment was executed up to 550°C or up to 700°C for
all six oxidation cycles. Also, to compare the materials performance with non-hierarchically organized
ceria nanoparticles (NPs), microemulsion-derived sample was prepared and tested (Sger= 79 m?/g,
average size = 6,4 nm; see TEM images in Fig. S7 in Supporting Information).

As visible in Fig. 12.B, microemulsion-derived NPs lost stability after first cycle of combustion
shifting Tso from 539°C to 580°C, the temperature that is comparable to bulk ceria soot oxidation
performance. CeO, HSPs, in 700°C temperature condition, lost stability after 4" soot combustion
cycle. At the same time, Cep9Gdo.101.05s HSPs in 700°C temperature condition, shows slower Tsg
increase for successive cycles indicating it greater stability. Comparison of 550°C- treated samples
show that whereas undoped CeO, HSPs slowly lose soot oxidation performance, there is no such loss
for CeosGdo.101.95s HSPs. The particles preserve average Tso= ~485°C in all trials that proves the well
stability of this material. The shapes of TG profiles for all tested cycles may be found in
Supplementary Information (Fig. S8).

In order to assess the stability of particles architecture after rather violent soot oxidation
reaction, the samples were inspected by TEM after 6" combustion cycle (Fig. 13). Loss of the 3™ level
hierarchy structure is observed for materials treated up to both temperature conditions of 550°C and
700°C, but for 550 °C- treated samples the preserved morphology of the whole star particles still can
be detected (Fig. 13.C and 13.D). As visible in Fig. 13.A, CeO, HSPs heated up to 700 °C lost 2™ level
nanocrytsallites ordering, since diffraction maxima visible on SAED patterns collected from the
broader area of the arms are dispersed and form circles instead of clearly defined points. CeO; HSPs
treated in 550°C show some degree of conservation of crystallites organization but still SAED patterns
in the form of blurred circles may be detected which indicates loss of arrangement followed by
porosity decline (Fig. 13.B). As distinct from undoped samples, Ce9Gdo.101.95s HSPs show greater
stability which is confirmed by SAED patterns (Fig. 13.C and 13.D). Both in 550°C and 700°C soot
oxidation conditions there is still ordering of crystallites, therefore porous interior of material is still
present which explains low temperature of soot combustion.



Fig. 13. TEM images of 3™ level (left) and 2" level of hierarchical architecture (upper right) with
corresponding SAED patterns (bottom right) of Ce1.«GdxO22 (x = 0 or 0.1) HSPs after 6™ soot
combustion cycle: A) CeO, treated up to 700°C; B) Cep.sGdo.101.95 treated up to 700°C; C) CeO; treated
up to 550°C; D) Cep.9Gdo.101.05 treated up to 550°C.

It is worth to notice that the nanoaprticles arrangement within the mesocrystal seem to
facilitate soot oxidation for highly Gd-doped HSPs despite the fact that the high Gd content
decreases material oxidation capabilities per se. For samples up to 50% Gd concentration Tsois less
than 532°C, the value that is lower to microemulsion-derived NPs performance (Tso= 539°C). This
proves that interdependence of dopant effect and nanoaprticles organization effect allows to design
materials with increased stability and facilitated catalytic activity.

However, in this study tight contact mode in soot combustion was used, so there is a room
for testing the lose contact and therefore the influence of 3™ order morphology loss on combustion
efficiency. In real conditions soot is in the form of particles dispersed in air and effuse star arms will
potentially increase the process of catching particles thus increasing the probability of soot-catalyst
contact.

3.2.3 Propane oxidation

Taking into account the occurrence of two temperature-dependent nanocrystallites growing
modes (see section 3.1.1) and thus, temperature-dependent architecture stability (as this has been
demonstrated in section 3.2.2 on soot combustion reaction), propane oxidation measurements were
performed up to 540°C. In this temperature regime the low-temperature growth mode of crystallites
prevails and thus the hierarchical architecture of the materials is preserved.

Propane oxidation tests (Fig. 14.A) show that undoped CeO; as well as Ce1xGdx02 /2
(x=0.1;0.3;0.4) HSPs outperform greatly the commercial bulk ceria for which there was almost no
propane conversion in the tested temperature range. Since HSPs are composed of Ce1xGdx02 /2
nanocrystallites, this phenomenon may be explained by the nanosize effect. Additionally, to
differentiate the effect of nanoparticles organization at the second hierarchy level (porous arms)



from unorganized nanoparticles performance, microemulsion-derived nanoparticles (NPs) propane
oxidation measurement result was used as comparative data.
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Fig. 14.A) Propane oxidation profiles for Ce;.xGdxO2-2 (x= 0; 0.1; 0.3; 0.4) HSPs, powdered NPs and
bulk ceria; B) TEM images of CeO; HSP after propane oxidation test showing preserved star-shaped
morphology (left) and mesoscale nanocrystal arrangement (right) confirmed by SAED pattern (insert).

As Fig. 14.A shows, Ce1xGdxO2./2 (x=0; 0.1; 0.3) HSPs outperform propane oxidation
capability of non-organized powdered ceria NPs, confirming the effect of nanoparticles ordering on
oxidation performance. Mutual arrangement of nanocrystallites in the volume of star-shaped particle
arm introduces porosity, which facilitates transfer of reactants. However, 40% Gd-doped particles
show similar catalytic performance as non-organized NPs, despite having the fine hierarchical
architecture and a large surface area. This may indicate that CesGdo.4O1.38 HSPs have decreased
number of surface active sites, that is also visible in lowered surface H, consumption probed by TPR
studies. But taking into consideration the increased stability of Gd-doped material, the synergic
effect of dopant and mesoscale NPs arrangement in Ceo.sGdo.4O1.58 HSPs evinces its superiority over
non-organized NPs. Comparison of turnover frequencies (TOF) calculated at 450°C with literature
data for V,0s/Ce0; nanorods and nanoparticles show superiority of HSPs [85] (see Table S2 in
Supplementary Materials).

Interestingly, for undoped CeO; HSPs, the additional propane conversion process was
observed at the considerable maximum conversion degree of 20% in the temperature range of 180 —
400°C. This process reaches saturation at 360-400°C and emerges only for CeO, HSPs. No such
conversion was present for comparative sample of non-organized ceria NPs (Fig. 14.A). Also, loosely
arranged agglomerates of ceria rods, cubes and nanoparticles do not show such conversion [86].
Based on literature considerations, this reaction may be ascribed to surface heterogeneous pathway
of propane oxidation in which the active sites are oxygenated sites O(s) on the materials surface [87].
Highly-developed surface area and porous structure of hierarchical organized stars-like ceria based
oxides play a key role in a catalytic activity of the materials. As known, the CeO; is not a good
candidate for propane oxidation catalyst, because at 400°C the conversion of propane achieved ~10
% [88] or even 0 % [38] for materials with a specific surface of about 60 m?/g. You et al. have shown
that CsHs oxidation by ceria-based catalysts at temperatures below 400°C proceeds by Mars-van-
Krevelen (MvK) mechanism [89]. Since the main controlled difference between CeO, HSPs and
microemulsion-derived NPs, for which there is no such low-temperature propane conversion, is the



presence of well-developed porosity, it is postulated here that ordering of CeO;nanocrystallites at
the second level of the materials hierarchical organization favors the surface propane oxidation. The
surface exposition of CeO; nanocrystallites in HSPs may facilitate mass transfer, thus amend low-
temperature propane oxidation. Also, the material hierarchical porosity that consists of confined slits
and cavities may contribute to facilitation of the low-temperature surface heterogenous propane
oxidation by CeO; HSPs.

Above 400°C mixed hetero-homogeneous mechanism prevails in propane oxidation by CeO;
HSPs. As compared to literature data the conversion at 500°C is only 20% whereas in this study it
reaches 50%, which may suggest that the mesocrystalline arrangement strongly facilitate this
process.

However, the introduction of 10% Gd dopant into ceria HSPs kills the occurrence of as
observed low-temperature mechanism of propane oxidation while shifting the Tso conversion into
lower temperatures when compared to undoped CeO, HSPs. Lowering of Tsp may be linked to
facilitated oxygen migration due to increased microstrain. Due to non-random distribution of Gd-
dopant in nanocrystallites, the segregation of dopant is not excluded and may be linked to
modification of mechanism of propane oxidation. Ce7Gdo 30135 HSPs are as effective as undoped
CeO; ones, so the best doped sample are below 30% concentration of Gd. The higher dopant
concentration hinders migration of ions in the material probably due to formation of stable oxygen
vacancies, thus reducing propane oxidation capabilities.

At temperatures above 400°C the gas chromatography results show the occurrence of trace
amount of conversion by-product for all the samples (Fig. S9. A and B). Due to its 200 times smaller
guantity as compared to propane this product was treated as minor impurity in the conversion
process. Its occurrence may be link to the shift from surface heterogeneous pathway of propane
oxidation (<400°C) into mixed hetero-homogeneous mechanism (>400°C) for which gas phase
reactions start to dominate [87]. Also, it's amount is inversely proportional to the cerium oxide
content except the CeosGdo.101.95s sample indicating that this sample has the highest catalytic
conversion performance (Fig. S9. C).

3.3 Summary: the role of mesocrystal architecture in catalytic activity

The illustrative graphic that presents dopant-dependent changes of mesocrystal architecture
triggered by temperature is shown on Fig. 15.A. It has been conceived based on collected
experimental data concerning: (1) temperature-dependent two growth modes of ceria
nanocrystallites (presented in section 3.1), (2) dopant-dependent porosity formation triggered by
temperature (section 3.1.3), (3) the particles mesocrystal structure preservation characteristics after
6™ cycle of soot combustion (section 3.2.2), (4) TEM inspection of samples heated at 700°C (Fig. 15.B
and C). As visible on Fig. 15.A, the well-ordered CeO ; nanocrystallites undergo rapid growth at
temperatures above 600°C resulting in formation of system of grown-together cubo-octahedral
particles of different sizes. The whole structure preserves some porosity and overall morphology.
Conversely, Gd-doped ceria nanoparticles evolve into fused small crystallite agglomerates forming
the porous arm with well-preserved mesoscale organization. This may be linked to lower growth rate
of nanoparticles that is connected with higher growth activation energy. In this case the arm
collapses inwardly creating additional porosity. This is also linked to greater stability of such
architecture as soot oxidation tests had shown.
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Fig. 15 A) Graphic showing dopant-dependent changes of mesocrystal architecture induced by
temperature; B) TEM images of CeO, HSP heated in 700°C; C) TEM images of Ce.9Gdo.101.95 HSP
heated in 700°C.

Comparison of catalytic activity of star-shaped particles with loosely arranged
microemulsion-derived NPs in both, soot and propane oxidation, show the superiority of NPs
arrangement in the reactivity. Concerning catalytic propane oxidation by CeO, star-shaped particles,
emergent phenomenon of low-temperature oxidation mechanism with considerable conversion
(~20%) has been observed. This phenomenon was not observed for microemulsion-derived NPs, and
its occurrence in mesocrystal material may be linked to enhanced contact between catalyst surface
and reactant molecules due to diversified mesoscale-confined pores in star-shaped particles. Also,
soot combustion temperature was significantly lowered (478°C) as compared to microemulsion-
derived NPs (539°C) and commercial ceria (578°C). However, due to reduced stability of architecture
owing to tendency of ceria crystallites to coalesce, especially in temperatures above 600°C, gradual
decline of soot combustion activity has been observed. This may be linked to loss of 2" level of
hierarchical organization due to activation of interparticle growth mode due to local soot combustion
temperature rise. Nevertheless, star-shaped particles show considerable propane oxidation
performance (80% conversion at 500°C) at temperatures below the ones that induce architectural
changes, which implicate their potential stability in low-to-middle temperature gas purification
processes.

10% Gd-doped cerium oxide star-shaped particles show enhanced oxidation activity, both in
propane and soot catalytic combustion, as compared to undoped CeO; star-shaped particles, which
evinces in lower Tso temperatures, 410 °C and 460 °C respectively. This proves that intersection of
dopant effect and mesoscale crystallite arrangement results in an enhanced catalytic activity of
hierarchical material. The nanoparticles have larger microstrain values which may be linked to
facilitated oxygen migration and hence oxygen supply into surface where active centers are present.
In fact, 10% Gd-doped sample have the highest absolute H, surface consumption value that may
indicate that the surface processes play the main role in catalytic oxidation. Despite that 30% and
40% doped samples possess greater relative surface to bulk H; consumption, this samples show
higher Tso propane conversion values. For this samples, the presence of dopant may block the
effective supply of oxygen into surface where active centers are present, that is in accordance with
ionic conductivity studies. Interestingly, the low-temperature mechanism of propane oxidation is



impeded. The important conclusion is that Gd dopant stabilizes the architecture of the material,
since at six soot combustion cycles the oxidation temperature is stable (480°C-490°C).

The obtained results may inspire for further studies on the influence of dopant on
mesocrystal architecture evolution and stability as well as its subsequent catalytic performance.
Varying the dopant nature and amount is potential research area to pursue.

4. Conclusions

In this contribution, the role of dopant-induced changes of mesocrystal hierarchical
architecture in terms of microstructure, porosity, morphology and crystallites mesoscale organization
in the catalytic oxidation of soot and propane was studied with the use of Ce1«GdxO24/2 (x=0, 0.1, 0.3,
0.4,0.5,0.7, 0.9, 1) hierarchically structured star-shaped particles (HSPs). Several dependencies has
been found that are listed below:

1. Hydrothermal synthesis allows to obtain mixed Ce1xGdy(COOH); formate particles in the
whole dopant concentration range (x=0-1) with strictly defined star-shaped morphology (for dopant
level up to 70%) and rod-shape-like particles (for dopant amount higher than 70%).

2. Oxidative thermolysis of mixed cerium formates has led to formation of hierarchically
structured materials composed of three levels of hierarchy: 1° level: mixed cerium oxide
nanoparticles (average size < 10 nm), 2™ level: porous arms with well-developed surface area (Sger=
140-180 m?/g for samples of up to 70% of Gd concentration), 3" level: star-shaped morphology (4-7
um in average size). Thermal decomposition of formates forms nanocrystallites with non-random
distribution of dopant, as was confirmed by EELS and RAMAN study. Increasing dopant concentration
causes decrease of size and increase of NPs microstrain. The porosity is characterized by occurrence
of slits and cavities creating confined spaces and overall Sgerarea may be increased by changing
dopant concentration (the highest BET observed for 40% doped sample). The samples preserve high
surface area (> 115 m?/g) at 550°C.

3. Two temperature-dependent growing modes of nanocrystallites was observed. For
temperatures below 600°C, growth on NPs was rather slow on behalf of fast reduction of NPs
microstrain. This contributes to maintaining the stability of particle architecture, which is especially
important in low-temperature catalytic oxidation. The second mode above 600°C is linked to fast
growth of nanoparticles but the architecture changes are dopant-dependent. While undoped CeO,
HSPs form system of grown-together cubo-octahedral particles of different sizes in which well-
defined architecture is preserved to lesser extent, Gd-doped ceria evolve into fused small crystallite
agglomerates forming the porous arm with well-preserved mesoscale organization. Such collective
intergrowth of NPs in mesocrystal creates additional porosity, as was inspected by SEM imaging. This
thermally-induced functional adaptation of the material is linked to greater stability of such
architecture in violent soot combustion reaction.

4. Emergent phenomenon in catalytic propane oxidation was observed. Due to arrangement
of ceria crystallites into porous hierarchical structure, the substantial increase of conversion via low-
temperature propane oxidation mechanism (up to ~20% below 400°C) was observed. No such
conversion was present for comparative sample of non-organized ceria NPs. Interestingly, the
presence of Gd-dopant killed the occurrence of as observed low-temperature mechanism of propane
oxidation while shifting the Tso conversion into lower temperatures as compared to CeO, HSPs.

5. Presence of Gd-dopant stabilizes architecture in soot oxidation, since six cycles of
combustion did not change the average Tso= 485°C, which was not the case in undoped CeO; HSPs



Also, propane oxidation reaction goes with high conversion (>80% for CeO, and >90% for
Ceo0.9Gdo101.05s HSPs) at temperatures up to 500°C that is far below the one in which architectural
changes appear.
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Fig. S1. PXRD patterns of Ce(HCOO); particles synthesized in different conditions: star-shaped
morphology (DMF and formic acid), sphere-shaped morphology (formic acid), clumped rod-shaped

morphology (DMF and formic acid neutralized by ammonia).

Sphere-like Ce(HCOO); particles were obtained by mixing Ce(NOs)s*6 H,0 (1,0855g) in 50 ml of
formic acid followed by similar solvothermal treatment as star-shaped particles. Before running the
solvothermal synthesis the reaction mixture was stirred for 5 min and change of color into blue and
then milky white was observed. Rod-shaped Ce(HCOO); particles were obtained by applying the
same synthetic protocol as in the case of star-shaped particles with one exception, the reaction

mixture was neutralized by 25% NHs.

Fig. S2. A) HRTEM image of Ceo.3Gdo701.65 heated at 900 °C; B) corresponding SAED pattern showing
additional diffraction maxima that arises from double-fluorite superstructure formation (marked by

arrow).



TrC] Gd dopant concentration [%]
0 10 30 40 50 70
400 8,5 6,9 6,0 5,3 5,4 3,1
450 9,2 7,4 6,7 5,3 5,8 46
500 9,1 8,0 7,0 6,2 6,3 5,7
550 9,5 8,4 8,7 7,2 7.8 7.1
600 10,4 9,7 8,9 8,8 9,0 9,2
700 16,2 15,4 17,1 18,2 16,6 15,3
800 25,8 284 30,5 31,0 27,3 21,4
900 45,0 46,5 58,2 53,0 43,1 28,5
1000 79,6 71,5 84,8 54,4 61,8 64,1

Table S1. Average size of crystallites in HSPs (hierarchically structured particles) as a function of

dopant concentration and temperature determined from PXRD data by Scherrer formula.
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Fig. S3. Lattice parameters determined from Rietveld refinement of PXRD data.



Fig. S4. STEM-XEDS images at different angles in an arm of Ceo9Gdo.101.05 star-shaped HSP with the

visualization of elemental distribution of Ce (assigned red), Gd (assigned green) and corresponding

line profile analysis of elemental distribution showing no significant inhomogeneity in Gd distribution
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Fig S5. PCA-ICA routine post-treatment on SI-EELS data for separation of signals of different oxidation
state. Results of of blind source separation shows exclusively one component for cerium (1) and

other signals related to background and noise. As can be seen, the features of the obtained

spectrum based on the intensities of the Ce-Ma s peaks can be only related to (IV) oxidation state.
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Fig. S6. RAMAN profiles of Ce1-«Gdx022 (x= 0.5; 0.7; 0.9)

Fig. S7. TEM images and SAED of microemulsion-derived non-hierarchically organized NPs.
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Fig. S8. TG profiles of soot oxidation for CeO, and CeosGdo 10195 HSPs heated in two temperature
conditions of 550°C and 700°C.

Sample TOF (h?)
CeO; HSPs 12,8
Ceo.9Gdo.101.95 21,6
Ce0.7Gd0.301.35 14,0
Ce0.6Gd0.401.50 7,6

Table S2. Propane oxidation performance of Ce1xGdxO24/2 (x=0; 0.1; 0.3; 0.4) HSPs. For comparative
purposes (ref. 84) conversion of propane obtained at 450°C was used for turnover frequency (TOF)

calculation.
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Hierarchical macroparticles of ceria with tube-like shape — synthesis and properties.

Malgorzata A. Malecka*, Piotr Wozniak
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P.O. Box 1410, 50-950 Wroctaw 2, Poland

ABSTRACT

This work presents results of a multitechnique (HRTEM — high resolution transmission electron
microscopy, EDX — energy-dispersive X-ray spectroscopy, XRD — X-ray diffraction and H2-TPR -
temperature programmed reduction by H») studies on the hierarchical organized Yb-doped ceria
nanocrystals (Ce1xYbxO2.x2) into the tube-like macro-particles. Hierarchical organized ceria based
mixed oxides (macroparticles) were prepared by wet chemical method. It was observed that the
predetermined shape of the investigated macroparticles was kept up to x = ~0.2. Above this value, the
additional forms (like large, un-shapely aggregates of the nanoparticles) were created. A very important
feature of these materials is very high shape stability, even at high temperatures. The overall shape of
the macroparticle remained unchanged even at up to 900 °C. Moreover, the effect of the hierarchical
arrangement of nanocrystallites into the tube-like macroparticles on activity in the propane oxidation
and soot combustion reactions has been investigated. The CeO, nanopowder (prepared by the
microemulsion technique) was used as an example of an unorganized structure. It was concluded that
the presence of the 3D structure composed of CeO: nanocrystals significantly improves the catalytic
activity of the tube-like material in comparison to the ceria nanopowder. The investigated oxides are
good candidates for catalysts of soot oxidation. For the tube-like ceria the temperature of half oxidation
(Ts0% = 468 °C) was 62 °C lower than that for nanopowder (Tso% = 538 °C) and 103 °C lower than that
for non-catalysed oxidation (Tso = 592 °C). Moreover, introduction of the Yb®* ions into the ceria
matrix led to further improvement of the propane oxidation performance. For the tube-like
Ceo.9Ybo.101.95 the temperature of half oxidation (Tso% = 455 °C) was 40 °C lower than that for undoped
tube-like CeO2 (Tso% = 495 °C) and 95 °C lower than that for catalysed by the ceria nanopowder (Tso%
=550 °C).
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INTRODUCTION

Nowadays, hierarchical materials are starting to play more and more important role in the
catalysis [1;2], biomedicine [3] or environmental protection (sorbents) [4]. Researchers around the
world are studying a variety of materials that can be defined as hierarchical materials. According to the
one of the definitions, the hierarchical materials contain structural elements which themselves have
structure. The hierarchical order of a structure or a material may be defined as the number n of levels of
scale with recognized structure [5]. There are various materials in this group that show a certain
hierarchy in their structure. Examples of such materials are meso-microporous materials with an
ordered pore structure (pore hierarchy) [6], as well as 3D macrostructures built of nanoparticles in an
ordered manner (structure hierarchy) [7]. In the literature, a whole range of methods for synthesizing
hierarchical materials such as: template methods [8], self-organization [9], post-synthetic processing
[7] or 3D printing can be found [2]. In heterogeneous catalysis, the size and shape of the developed
surface of the catalyst which comes into contact with the reactants during the catalytic act is of key
importance. Designing the macro-structure of catalysts, based on the knowledge of the basic structure-
function relations, may lead to the creation of a new generation catalyst with interesting properties and
significant catalytic activity. Literature reports indicate that hierarchical materials are used in various
catalytic processes such as: Fischer-Tropsch synthesis [10], cracking [11], oxidation [12], epoxidation
[13] and reduction [14].

One of the most important environmental problems are the atmospheric pollution and climate
change [15;16]. Ceria-based Ce1-xLnxO2-y (Ln = lanthanide ion) mixed oxides are important materials
in significant environmental applications such as the three-way catalysts (TWC) [17] as well as the
others significant technological applications e.g. the electrolyte and anode materials for solid oxide fuel
cell (SOFC) technology [18;19]. Pure ceria has strong ability to reversible change of cerium oxidation
state Ce** « Ce** (Ce'VO, « CeV1xCe"'xO2xi2)) [20;21]. This process can be modified by partial
substitution of Ce™ with Ln*3, what facilitates a bulk reduction of ceria [22;23]. The improved
reducibility is due to the creation of extrinsic oxygen vacancies in the lattice, which enhances the
oxygen anion mobility [22;23]. The reduction-oxidation reaction of ceria is fully reversible and may be
performed cyclically. In contrast to well-defined structure of pure cerium oxide, defective structures of
mixed oxides (Ce1-xLnxO2.y) are less known. In the literature, some ideas about a model of the structure
of the mixed oxides were presented [24-27]. The knowledge about the microstructure and properties of
the nanocrystalline Ce1xLnxO>.y can significantly contribute to a better understanding of the operation

of doped ceria catalysts and can be extremely useful for the design of new, active catalysts.



For catalysis of the most important parameters are the size and shape of the catalyst particles.
Research carried out by many groups shows that nanoparticles have significantly different properties
than bulk materials. Importantly, they strongly depend on the size of the investigated objects. A good
example is the melting point of gold [28], which noticeably decreases in particles size less than 3 nm.
Research shows that the redox characteristics and catalytic activity of Ce1xLnxO.y materials strongly
depend on the size of nanoparticles [29]. This effect is largely due to a very high proportion of surface
atoms compared to volumetric atoms in particles with a size of single nanometers [28]. Unfortunately,
the aggregation of nanoparticles into larger groups is a very important problem [30]. To prevent the
aggregation, nanoparticles are often deposited on the supports, which provides greater size stability of
the Ce1xLnxO2y nanoparticles [31;32]. On the other hand, the nanoparticles of Ln-doped CeO> can
interact with the support at elevated temperatures to form unwanted by-products (silicates, aluminates),
which leads to catalyst deactivation [33;34]. The solution of the stability problem (due to aggregation
effect) may be the construction of a hierarchical structure composed of mixed oxide nanoparticles.

In the literature, some information about the properties of hierarchically organized macro-
structures composed of ceria nanoparticles are available. Such materials are synthesized using three
basic methods: hard-templating, soft-templating, and self-templating methods [35] (and their
combinations). Most of the available information applies to ceria materials based on ordered
mesoporous materials (OMMs), where the role of the hard template is played by mesoporous, ordered
materials [36;37] or spherical colloidal crystals [38]. The second route is the soft-template method [39-
44] using such a template as surfactants, ionic liquids or organic macromolecules. The self-templating
methods use the oxide precursor as a template. A good example is the thermal decomposition of Ce-
MOF [45] or Ce(HCOO)s [7]. By using various organic-inorganic precursors, materials with different
properties can be obtained.

Ceria based hierarchical materials are beginning to increasingly focus the attention of scientists
from around the world. The combination of the unique properties of nanoparticles (CeO2 or Ce;.
xLnxO2.y) with a high specific surface area and a structural hierarchy is a very interesting topic for
catalysis and environmental protection. Modifications of the hierarchy may result in significant
changes to the properties of the material. It is a wide field of research and exploration of materials with
desired properties. In this paper, the synthesis, thermal stability and redox properties of the tube-like
Yb-doped ceria build by the hierarchically organized nanocrystalline Cei1xYbxO2y have been

investigated.



EXPERIMENTAL

The tube-like, hierarchical Ce1.xYbxO2.y macro-particles build by the nano-sized mixed oxide
crystallites were prepared by wet chemical synthesis involving several steps. First, nanocrystalline Ce1-
xYbxO2.y oxides (where x = 0; 0.1; 0.2; 0.3; 0.4; 0.5) were prepared by precipitation in microemulsion
(water-in-oil, W/O) method. Details of this technique were described in our previous paper [46].
Briefly, Triton X-100 was used as a non-ionic surfactant and cyclohexane and 1-pentanol as an organic
phase. Aqueous solutions of lanthanides (as nitrates-mixed in appropriate molar ratios) and ammonia
were used as a water phase. Syntheses were performed at room temperature. In the next step, the
powder samples obtained by centrifugation were treated with formic acid for 5 days to obtain mixed
Ce-Yb formates. Then, formates were dried in atmospheric air. Subsequently, the tube-like
macroparticles were prepared by the precipitation method in the presence of CTAB as an auxiliary
agent. Details of this technique was inspired by [47]. Briefly, to the surfactant solution
(CTAB/H20/NH4OH in the appropriate amounts), the water-ethanol suspension of cerium (or mixed
Ce-Yb) formate was added dropwise. After stirring for 1 h the precipitate was centrifuged and washed
with deionized water. Finally, after drying at 60 °C in atmospheric air, the samples were heated at 400
°C for 3 h (heating rate:1 °C/min).

The phase composition and structural parameters of the crystalline phases present in the
samples were determined by XRD (X'Pert PRO PANalytical powder diffractometer, Cu Ka radiation)
with a FullProf program [48] used for the display and analysis of the diffractograms. The Scherrer
formula was used to estimate crystallite mean sizes. The morphology and microstructure were
investigated by TEM (Philips CM-20 SuperTwin operating at 160 kV). HRTEM images and SAED
patterns were analysed with a DigitalMicrograph program. The uniformity, chemical composition and
topography of the samples were checked with a FE-SEM microscope (FEI NovaNanoSEM 230)
equipped with an EDS analyser (EDAX Genesis XM4). The EDX analyses were performed from the
large area (250 um x 200 pum) of the samples. The powder samples were included in the carbon resin
and then pressed at 180 °C and 250 bar to obtain a large, flat area. Nitrogen adsorption-desorption
isotherms were carried out at 77 K on a Micromeritics ASAP 2020 instrument. Before measurements,
the samples were degassed in vacuum at 200 °C for 4 h. The BET method was utilized to calculate the
specific surface areas. The pore size distribution was derived from the desorption branch using the BJH
method. The reducibility of the selected samples was tested by H.-TPR (temperature programmed
reduction in hydrogen). Typically, 50 mg of sample was placed in a quartz-glass microreactor
(Autochem 11 2920, Micromeritics) and heated with a temperature ramp of 10 °C/min up to 900 °C in a

stream of 5% H> in Ar. The hydrogen consumption was monitored by a thermal conductivity detector



(TCD), calibrated with CuO (99.99%) as the reference material. The catalytic activity of the samples
was tested in propane oxidation process. 50 mg of catalyst was heated up to 180 °C and stabilized at
this temperature for 0.5 h in the gas flow (mixture 2500 ppm of propane in the synthetic air (10%
02/N2); 100 cm®/min). The measurements were performed using Perkin-Elmer ARNEL Clarus 500 gas
chromatograph equipped with a flame ionization detector and Elite Plot-Q chromatographic column.
Measurements were performed at each step until the steady-state activity was obtained. The soot
oxidation reaction was performed by heating a soot—catalyst mixture in air in a TG analyser
Derivatograph MOM Q-1500D. The model soot used in this work was a carbon black Printex-U from
Degussa S.A. Samples were prepared in “tight contact” mode by grinding a mixture of the catalyst (ca.

40 mg) and soot (2 : 1 by weight) in an agate mortar.

RESULTS AND DISCUSSION

Macroparticles characteristic

A series of works on hierarchical CeO2 materials can be found in the literature [49-51]. One of
the macroparticle morphologies are tubes made of interconnected cerium oxide nanocrystallites [52]. In
this work, the series of the hierarchical, tube-like Ce1.xYbxO2y (where 0 < x < 0.5) syntheses were
performed. The details of the synthesis method used in this work were shown in the Supplementary
Materials (Fig S1; Table S1). The samples are marked as CeYbx_T _t, where x — nominal Yb3*-ions
concentration, t — temperature of treatment [°C]. In the first step all samples were investigated by SEM-
EDS. The measured compositions of the oxides were collected in Table 1. As noted, the amount of
incorporated Yb-ions into the CeO: structure is visibly lower than nominal one. It could be due to with
the synthesis route of the investigated in this work materials. The synthesis procedure, which was used
here, is multi-step and time-consuming. In the first step, Ce1xYbxO2.y mixed oxide nanopowder was
synthesized using the precipitation in microemulsion technique. At this stage, as shown in earlier works
[27;53], the chemical composition of the mixed oxides was analogous to the nominal one in the full
concentration range (0 < x < 1). The next stage of the synthesis was the preparation of the mixed Ce-Yb
formate by treating the mixed oxide with formic acid. At this point, as indicated by the EDX research,
the concentration of ytterbium ions in the half-substrate (CeixYbx(HCOO)3) decreased. The mixed
formate obtained in this way was then used for the synthesis of tube-like ceria based hierarchical

materials.

Table 1. Concentration of Yb®" in the ceria matrix (from SEM-EDX measurement - (% at) calculated as



(Yb = 100) / (Yb + Ce).)

sample CeYbO T | CeYb10 T | CeYb20 T |CeYb30 T |CeYb40 T | CeYb50 T

nominal 0 10 20 30 40 50
Yb®*-ions
concentration

measured 0 9 17 22 30 40
Yb3*-ions
concentration

The hierarchical, tube-like (hollow inside and closed on one side) CeO> materials can be
described as shaped macroparticles being composed of the cerium oxide nanocrystallites (Fig.1.A,C
and Fig S2). The average size of crystallites for as-prepared materials was determined as 8 nm (from
XRD data). The annealing process at the 400 °C under oxidizing atmosphere leads to a small increase
in the size of the oxide crystallites to about 12 nm (Fig.2.A). The heating of the CeYb0_T materials at
high temperatures up to 900 °C leads to a strong sintering of ceria crystallites (~72 nm), but the overall
shape of tube-like macroparticles is preserved even in such extreme conditions (Fig.1.B and Fig.2.B).
Similar results for the shape stability of the ceria macroparticles at high temperatures was previously
observed in the analogous star-like material [54]. This is an undoubted advantage of the hierarchical
materials. To investigate the effect of cerium oxide nanoparticles organization degree on material
catalytic performance, the CeO, nanopowder (CeYbO_NP) prepared by the microemulsion technique
[27;46] was used as an example of an unorganized structure for comparison purposes. Due to the
synthesis procedure (using cerium nitrate as starting material) the product is not pre-heated at 400 °C
but at the 550 °C to remove the nitrate groups from the surface [55]. For CeYb0O_NP samples heated at
550 and 900 °C, the similar increase in crystalline size was observed as for CeYb0_T material (Fig.2).
As presented in the literature, nanoparticles obtained by the precipitation in microemulsion method
have the same size and are separated from each other during synthesis [56]. However, as have been
shown in our other works [27;55], annealing of powder samples (both pure CeO2 and doped oxides) at
elevated temperatures leads to the formation of large, quite compact, shapeless agglomerates. In the
literature [57;58], many attempts to reduce the sintering and agglomeration processes of cerium oxide
nanoparticles can be found. Mainly, such methods are based on the use of inert carriers and
modification of the nanoparticles surface. In our case, it was not possible to inhibit the process of
crystallite growth (due to the direct crystallite-crystallite contact), but we managed to keep the overall
shape of the microparticles. As noticed, the overall shape of the macroparticle was maintained even
after annealing at 900 °C, which is very important from the catalytic point of view [54].
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Fig.1. TEM images of the (A) CeYb0_T_400 and (B) CeYbO_T 900 and (C) XRD pattern of CeYbO_T
(as-prepared sample).
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Fig.2. XRD patterns of the (A) CeYbO T 400, (B) CeYbO T 900, (C) CeYbO NP 550 and (D)
CeYb0_NP_900.
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The analysis of the shape of the N. adsorption-desorption isotherm can be very helpful in
characterizing the porous material. IUPAC [59] classified the adsorption isotherms into six types (Type
I to V1), along with four hysteresis pattern types (H1 to H4). The characteristics of pores (microporous,
mesoporous and microporous/nonporous) in the tested material can be determined [60;61] thanks to
examining the course of the N2 isotherm shapes exhibited by the material. Usually, meso- to
macroporous materials (exhibiting the IV-type isotherm), with pore diameter in the range 2-100 nm
will have a characteristic hysteresis loop, which is associated with capillary condensation and
evaporation in the mesopores [60]. The shape of the isotherm hysteresis pattern (H1 to H4) reflects the
material porosity characteristics and hence may be used to predict the types of pores present in the
tested sample [60;62-64]. In the case of the CeYbO_T_400 sample, we are dealing with the isotherm



assigned to a meso-macroporous material with a characteristic H3-type hysteresis loop [60]. Figure 3
shows the N adsorption-desorption isotherms obtained for CeYbO_T_400 (red) and CeYbO_T_900
(grey). Careful analysis of the data indicated that the course of the hysteresis loop for the
CeYDbO_T 400 sample is best described by as mentioned the H3 loop model. This indicates the
presence of the slit-like pores between non-rigidly aggregated particles [64-66] or presence of the pore
network consists of macropores which are not completely filled with pore condensate [65]. The pore
characteristics obtained from the N2 adsorption study are consistent with the TEM results. In the case
of CeYbO_T_400 sample, the CeO, nanocrystallites building tube-like macroparticles do not adhere
closely to each other and create small pores/slits (slit-like pores) between them. In other words, the
walls of such tubes are not solid but porous. Increasing the annealing temperature to 900 °C causes the
sintering of the crystallites and thus an intense reduction of pores/slits and creation of a "more solid"”
surface of the tube walls. However, such analyzes should be performed very carefully, because the
authors interpret isotherms with a very similar course very differently and the model curves do not

always match the experimental data perfectly [64;66].

Table 2. BET surface area for investigated samples.

sample | CeYbO T 400 | CeYb10 T 400 | CeYb20 T 400 | CeYbO T 900 | CeYbO NP _550 | CeYbO NP _900
BET 65 94 94 6 79 5

surface

area

[m*g]

The similar shape of N2 isotherm was also obtained by Guo et al [67] for mixed Mn304/CeO>
hybrid nanotubes. On the other hand, as shown in [68], globin-like ceria macroparticles (GLM CeOQ>)
exhibits the type IV isotherm with an apparent H4-type hysteresis loop. Such run of adsorption-
desorption isotherm made us believe that surfactant-assisted wet chemical synthesis method followed
by thermal treatment allows to obtain macroporous hierarchically structured tube-like particles built of
ceria nanocrystals non-rigidly arranged in the particle walls. Interestingly, the porous structure
observed for CeYbO_T_400 was preserved to some extent for the sample annealed at a high
temperature of 900 °C (Fig.3). Despite the strong decrease in the specific surface area from 64 to 6
m?/g (for CeYbO_T_400 and CeYbO_T_900, respectively), the isotherm hysteresis loop is still visible.
The strong decrease in specific surface area after thermal treatment at 900 °C, which was observed for
CeYDbO_T 900 sample, is related to the tube-like structure of macroparticles. In the case of
CeYDbO_T_400 sample, the CeO2 nanocrystallites building tube-like macroparticles do not adhere

closely to each other and create small pores/slits (slit-like pores) between them. In other words, the




walls of such tubes are not solid but porous. Increasing the annealing temperature to 900 °C causes the
sintering of the crystallites and thus an intense reduction of pores/slits and creation of a "more solid"
surface of the tube walls. This approach is also confirmed by the analogous tests of the specific surface
area for CeYb0_NP samples. For the CeYb0_NP_550 sample, the specific surface area was large due
to the greater availability of the surface for N2, while the sintering process at 900 oC resulted in its
drastic reduction (table 2). It must be mentioned here that the so-called nanopowder cannot be regarded
as entirely individual crystallites but rather loose agglomerates of nanocrystallites. Fig. S3 shows the
pore size distributions for CeYbO T 400, CeYblO T 400, CeYb20 T 400 and CeYDbO T 900
samples. They are very difficult to interpret because there are no clear maxima. It is associated with
very different values Ce1xYbxO2x2 tubes (diameter and length). Such wide differences mean that the
average meso-macro pore size cannot be determined. From the analysis of TEM images, it can be
concluded that the tube diameters are around 200 nm, but this value is an estimate and in fact varies
from 50 to 500 nm. Contrary to the definition of pore hierarchy (classical hierarchical materials) [69],
our materials that show the hierarchy of structure (architecture) [54] do not have to show good pore
distribution, especially in the meso-macro part. It is worth mentioning that acute maxima at ~3 nm
(marked with a yellow line) cannot be associated with the sample characteristics because they are an

artefact associated with the limit of the mechanical stability of liquids in pores [70-72].
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Fig.3. Nitrogen adsorption—desorption isotherm of the (A) CeYbO_T_400, (B) CeYb10_T_400 (C)
CeYb20_T 400 and (D) CeYbO_T_900.

According to the same recipe, a series of samples doped with ytterbium ions were prepared. As

expected, in the synthesis process a series of Ce1.xYbxO>.y mixed oxides (0<x<0.5) was obtained, which



is confirmed by XRD tests (see Fig.4A). The Figure 4B shows the X-ray diffraction patterns for the
CeYbx_T_400 samples, which indicate the presence of the F or F# structure in the tested compounds
[27]. It is known that the doping of CeO, with Yb®* ions or other trivalent ions leads to changes in the
oxide structure [24-27;73-75]. According to our previous experience, for low concentrations of Ln®* in
the CeO; structure, deformation of the F-type structure is observed, and in the case of the high
concentration of Ln®* ions, there is a structural transformation to the C-type (deformed) structure [27].
The limit of stability of the F-type structure in the case of CeixYbxO,y oxides is the dopant
concentration at the level of 50% (Yb*100/(Ce+Yb)) [27]. However, in our case, for sample
CeYDb50_T 400, the peak 1 1 2 (~ 20 °20), characteristic for the C-type structure, was not observed. It
is related to the lower actual concentration of Yb®" ions in the doped samples than assumed (Table 1)
and the low annealing temperature (400 °C). The annealing temperature is a key parameter because, as
we know, the solubility limits of the trivalent lanthanide ions in the CeO> matrix change with

increasing temperature [76].
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Fig.4. XRD patterns of the series of the (A) as-prepared tube-like Ce1.xYbxO2y samples and (B) after

heat treatment at 400 °C in static air fir 3 h.

Table 3. Lattice parameter [nm] / mean size [nm] of Ce1xYbxO..y nanocrystals calculated from XRD



data.

Treatment CeYbO T | CeYb10 T | CeYb20 T | CeYb30 T | CeYb40 T | CeYb50 T
As-prepared 0.5423 0.5422 0.5417 0.5418 0.5417 0.5413

/ / / / / /

12 10 12 12 8 8
400 °C/3 h air 0.5415 0.5413 0.5408 0.5402 0.5400 0.5400

/ / / / / /

12 12 12 12 8 9

As shown in Table 3, the average crystal size of the mixed oxides varies around 10 nm. This
value does not change significantly during annealing of samples at 400 °C. This is a slightly different
behaviour than in the case of powder samples (nanocrystalline), where a decrease in the size of mixed
oxide crystallites was observed with an increase in the amount of ytterbium ions in the CeO2 matrix
[53]. This discrepancy is probably related to the different sources of Yb3* ions used in the synthesis
process and hence the different mechanism of formation of nanocrystalline Ce1.xYbxO2.y mixed oxides.
A mixture of cerium and ytterbium nitrates was used in the precipitation process in the microemulsion
[53], while in this case the source of lanthanide ions was mixed Ce-Yb formate ((CeixYbx)(HCOO)s).
Both after and before pre-heating it can be seen that the mixed oxide lattice parameter decreases with
increasing dopant concentration (Fig.S4). This effect is related to the doping of the CeO> matrix by a
slightly smaller Yb%* ion ((Ce** = 0.0870 nm, Yb*" = 0.0868 nm, — for coordination V1 [77]), and thus
the formation of oxygen vacancies with the smaller estimated oxygen vacancy radius in the structure
than the radius of O% ion [53] (Ov = 0.1164 nm [78], O% = 0.1400 nm [77]). A detailed description of
this phenomenon was described in our earlier work [53] on nanocrystalline mixed Ce-Yb oxides

obtained by microemulsion precipitation.

N D = v P -4.‘ 200,
Fig.5. TEM images of the tube-like Ce1xYbxO.y macroparticles ((A) x = 0.1, (B) x =0.2, (C) x = 0.3,
(D) x=0.4, (E) x = 0.5,) after heat treatment at 400 °C in static air for 3 h.

Unfortunately, the assumed shape of macroparticles was achieved only for low-doped materials
(up to about 20%). Figure 5 shows the series of TEM images obtained for the CeYbx_T_400 samples.



As can be seen in Fig.5AB, the macroparticles of the CeYb10_T_400 and CeYb20_T_400 follow the
tube-like shape very well. In the TEM images of samples where the concentration of dopant exceeds
20% (Fig.5CDE) was observed more and more shapeless forms with increasing of Yb3* ions content
(large agglomerates of the nanoparticles mixed oxide). Finally, in the case of the highest doped sample
CeYDb50_T 400, no tube-like objects were found during the imaging. The addition of another ion to the
ceria structure is often associated with the loss of shape of the mixed oxide particles relative to pure
CeOs,. This effect was observed in the case of shape-selective synthesis of mixed Ce-Yb mixed oxides
with the morphology of octahedrons and cubes [79]. In our opinion, problems with the formation of
shaped, hierarchical, tube-like mixed oxide macroparticles for higher concentrations of Yb*" ions in the
CeO2 matrix (x > 0.2) may be related to: a) phase separation into a Ce-rich and Yb-poor phase (Ce1-
aYbaO2.a2) and a Yb-rich and Ce-poor phase (Yb2-,CexOs+b) [80] and b) change of the mixed oxide
structure from a defective F-type (F#) structure to a defective C-type (C#) structure [27]. Both
phenomena are possible. Taking into account the above results, samples CeYb10 T 400 and
CeYDb20_T _400 which kept their shapes best were selected for further research. BET tests performed
for the doped samples showed visible changes in the porosity characteristics of CeYb10 T 400 and
CeYb20 T 400 materials in relation to CeYbO_T_400 (Fig.3). It was noticed that the specific surface
area of both doped samples increased significantly and amounted to 144% of the initial value measured
for CeYbO_T_400. The results collected in the table 2 are in good agreement with those published by
Guo et al [67]. As shown in [67], the specific surface area of the tube-like Mn304/CeQ2 (98 m?/g) was
very similar to that measured for the CeYb10 T 400 and CeYb20 T 400 samples. An in-depth
analysis of the adsorption-desorption isotherms suggests that the type of pores present in the material
slightly changes as a result of doping. It seems that the curves obtained for the samples doped with
ytterbium ions can be described by the model being the intermediate state between H3 and H4 loop
types, unlike the CeYbO T 400 sample for which the H3 hysteresis loop type was the best fit.
According to literature [66], in the CeYb10 T 400 and CeYb20 T 400 samples, more narrow slit
pores should appear. H4 loops are often found for micro-mesoporous materials [65;81]. The presence
of micropores in the macroparticle of the hierarchical catalyst (with increasing OSC for Ce1.xLnxOo.y

mixed oxides in comparison to pure ceria [82]) can play a key role in the catalytic act.

Reducibility and catalytic tests
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Fig.6. Ho-TPR curves obtained for the (A) CeYb0_T_400, (B) CeYb10_T_400 and (C) CeYbO_T_900.

Before the reducibility and catalytic tests, all the tested samples were subjected to a thermal
treatment to remove any synthesis residues from their surfaces and to test the dependence of the redox
properties on the annealing temperature. In this part, two-track considerations on the dependence of
catalytic activity on the porosity characteristics of the material and the presence of the trivalent dopant
in the CeO. matrix will be presented. The following materials were selected for research:
CeYDbO_T_400, CeYbO_T 900 (big difference in porosity characteristics) and CeYb10 T 400 as a
representative mixed sample. The CeYb10 T 400 sample was chosen because of the best shape
stability (a little better than for CeYb20 T 400) and the promising BET results as well as good
compatibility the nominal and measured chemical composition. In our previous paper [54], a thorough
analysis of the H2-TPR results obtained for hierarchical star-like organized Ce;—xGdxO>-y (x = 0 or 0.1)
nanocrystals was carried out. As in the case of the tube-like materials described in this work, star-like
ones were made of oxide nanoparticles with an average crystallite size of about 12 nm. Contrary to
tube-like particles characteristics presented here, the star-like oxides had a well-defined porosity due to
ceria nanocrystal mesoscale arrangement and thus the specific surface area 1.5 times larger than
CeYDbO_T 400 or CeYb10 T 400 samples. It is an opportunity to compare the redox and catalytic
properties not only because of the degree of organization of nanoparticles into a macroparticle
(nanopowder vs tube-like) but also in terms of the type of organization of the oxide nanoparticles into
the macrostructure (tube-like vs star-like).

In Fig. 6, the H>-TPR curves obtained for CeYb0_T_400, CeYb10 T _400 and CeYbO_T_900
are presented. According to the previous literature reports [83-85], the surface reduction in the lower

temperature range (<600 °C) and the bulk reduction at higher temperatures (in range 600-900 °C) have



been observed. In the Table 4, the data of H>-TPR for investigated samples have been collected. The
numbers correspond to the hydrogen uptake in pmol consumed by the 50 mg of sample. The shape of
surface reduction curve is strongly related to the exposed facets by the crystallites. Studies of
reducibility depending on the morphology of the cerium oxide crystals have been carried out by many
groups [79;86;87]. These studies indicate that for each type of exposed walls, a separate maximum of
hydrogen uptake can be assigned [79;88;89], and the scale of surface CeO. reduction is directly related
to the size of the crystallites [90]. The results presented in this work agree well with the above literature
considerations. As shown in Fig. 6, the low-temperature reduction peak, both for the CeYbO_T_400
and CeYb10_ T 400 samples, is doubled. It is related to the shape of CeO2 nanoparticles, which are the
building blocks for the tube-like macroparticles. As known, small CeO, particles exhibit, most
frequent, the truncated octahedral shape defined by eight {1 1 1} and six {1 0 0} facets. As indicated in
the literature [91;92], the surface energy for low-index facets of CeO> follows: y{1 1 1} <y{1 0 0}. In
consequence of that the formation of an anionic vacancies in {1 0 0} facets is significantly easier and
the redox activity of these facets is higher than of {1 1 1} ones. Taking into account the above data, we
can assign the acts of reduction on walls {1 1 1} and {1 0 0} to the maxima of H. uptake at
temperatures 510 °C and 440 °C, respectively (Fig.6 and Fig.S5). As expected, the addition of Yb-ions
into the ceria matrix (X = 0.1) caused the increase of the total hydrogen uptake. As can be seen in Table
4, the contribution of the low temperature part (in the temperature range 100-600 °C) of the hydrogen
uptake visibly increased from 44.9% to 52.5% for samples CeYbO_T_400 and CeYDb10_T_400,
respectively. It is associated with the better diffusion of oxygen in the mixed oxide structure due to the
presence of oxygen vacancies (Ov) formed by the trivalent Yb-ions doping in to the ceria matrix
[27;93]. Also, Table 4 shows a comparison of Hz uptake of cerium oxide nanoparticles organized into
hierarchical tube-like macroparticles and the corresponding nanopowder. Interestingly, the total
reduction for sample CeYbO_NP_550 is much greater than for CeYbO_T 400, but for the same
samples treated at high temperature (900 °C), sample CeYbO_T 900 has a higher hydrogen uptake than
CeYDbO_NP_900. As can be seen, the organization of nanocrystalline CeO. into hierarchical
macroparticles, slightly reduces the access of H to the crystallite surface, but on the other hand, it
increases the stability of gas access to the ceria surface for sintered samples (thanks to shape stability -
see Fig. 1). A similar relationship was observed for hierarchical ceria based materials with porous star
morphology [54]. This observation can be very important in determining the stability of the catalyst

operation under the process conditions.



Table 4. H2 uptake during H2-TPR for investigated oxides

Sample Low temperature High temperature Total
H. uptake [umol H2] H. uptake [umol Hz] H. uptake [umol H2]
(100-600 °C) (600-900 °C) (100-900 °C)
CeYb0 T 400 19.9 (44.9%) 24.4 (55.1%) 44.3
CeYDbO T 900 7.2 (16.0%) 37.7 (84.0%) 44.9
CeYDb10_T_400 26.5 (52.5%) 24.0 (47.5%) 50.5
CeYbO NP_550 32.5 (52.9%) 28.9 (47.1%) 61.4
CeYbO _NP_900 2.6 (7.9%) 30.2 (92.1%) 32.8

In the literature [94-101], many reports on the catalytic activity of CeO or ceria based mixed
oxides could be found. Most of the found publications concern the relationship between the size and
shape of the oxide crystallites [102-104] or the content of the Ln-dopant ions in the ceria matrix
[105;106]. One of the most important catalytic processes from an environmental point of view is the
combustion of soot, which is formed during the operation of diesel engines. What is worth noting, there
are many mechanisms describing the catalytic oxidation act associated with the presence of oxygen
vacancies in pure and doped CeO> [107]. The differences are based on a different approach to "active
oxygen" directly taking part in the oxidation reaction. This is an important point for describing the
active sites in the catalyst. The first of them and the simplest mechanism is based on the excellent red-
ox properties of cerium oxide. In the oxidation of, eg. soot, the network oxygen is involved, released
due to the partial reduction of cerium ions. Then, oxygen from the atmosphere is adsorbed on the
catalyst surface and oxidizes Ce*3 to Ce*. An alternative to the simple red-ox mechanism described
above is the carbonate mechanism, which consists in the simultaneous reaction of gaseous and network
oxygen with particles, e.g. soot (or particles of other carbon compounds). As a result, CO2 (s) bound to
the catalyst surface is formed in the form of surface carbonates (intermediate carbon compounds). The
decomposition of the previously formed surface carbonates is then stimulated by gaseous oxygen from
the air, which also provides re-oxidation of the cerium oxide and regeneration of the catalyst [107;108].
In the Fig.7, the results of the soot (PRINTEX U) combustion tests for the series of ceria samples with
varying degrees of nanoparticle organization were shown. In our case, the Tsos for the non-catalysed
soot combustion was 592 °C [55]. As shown, use the nanocrystalline ceria particles, as a catalyst of the
soot combustion process, lowers the half combustion temperature (Tsos) from 592 °C to 538 °C. In our
previous work [55], the soot combustion process catalysed by the nanocrystalline ceria and doped ceria
nanopowders (Pr, Tb, Lu) was meticulously tested. Contrary to the present work, in this work the
temperature of the pre-annealing of nanopowders was lower (400 °C) and thus the surface of

nanoparticles was not cleaned of nitrates. This resulted in a further reduction of Tsey by another 30



degrees [55]. But in this work we deal with the dependence of the degree of organization of
nanoparticles into hierarchical macrostructures, therefore the powder samples were subjected to
annealing at 550 °C to clean their surface. Bueno-Lopez et al [106], revelated that CeO. decreases this
temperature to 575 °C but the synthesis procedure by thermal decomposition of cerium nitrate at high
temperature lead to formation of rather large ceria crystals. High dispersion of the oxides is important
for achieving high activity in combustion since the activity of polycrystalline commercial oxides
(bottle) generally appeared to be negligible (581 °C) [55]. In [54], the catalytic activity of the porous,
star-like ceria macroparticles was compared with CeO2 nanopowder (obtained by precipitation in W-in-
O microemulsion). As shown, the star-shaped ceria particles initiate the soot combustion process at
significantly lower temperature that for microemulsion-derived nanoparticles. Fig.7 shows that the half
combustion temperature observed for the star-like particles (463 °C — pink curve) is very close to that
designated for the CeYbO_T 400 sample (468 °C — green curve). This coincidence could be due to the
same mechanism of the catalytic act on porous ceria based materials. Wozniak et al [54] postulated that
the key—lock catalysis concept could be used to explain the enhanced soot combustion performance in
hierarchically structured star-shaped particles. The same mechanism could be assigned to the process
catalyzed by the CeYbO_T_400, where the large pores (related to the shape of the tube) were observed
by the electron microscopy technique (Fig.1). Those observations are in good agreement with data
presented in [109;110] where macroporous 3DOM CeO: and Ce;—ZrxO2 materials were more active

than ceria powder in the soot combustion process.

Additionally, the second cycle of soot combustion was performed for CeYbO T 400 and
CeYb0_NP_550 to check the stability of these materials. As expected, the Tsoy temperatures for both
samples were higher than in the first cycle and they were 512 °C and 570 °C for CeYbO_T 400 and
CeYDb0_NP_550, respectively. As shown in Fig.7, CeYbO_T_400 material in the second run of catalytic
process (CeYbO_T_400_11) is still more active than nanopowder in the first cycle. This is evidence of
the dependence of the ceria activity on the degree of organization of nanoparticles into the 3D
macrostructures. The above observation is also confirmed by the catalytic tests shown in our previous
work [54].
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Fig.7. TG curves for soot oxidation by air catalysed by the (A) CeYbO_T_400, (B) star-like CeO>
(heated at 400 °C) [54], (C) CeYb0_NP_550 and (D) CeYbO_T_400_II (second soot oxidation cycle).

As in the case of soot particles, the emission of volatile organic compounds (VOCSs) poses a
harmful risk to the environment and human health [111-113]. VOCs include such compounds as
methane, benzene, xylene, propane and butane. Additionally, for better characterization, the second
catalytic test was carried out. In Fig. 8, the results of the propane oxidation tests for all investigated
samples are presented. As indicated in the literature [114;115], CeO: is not a good catalyst for this
process. According to literature, at 400 °C the conversion of propane was ~10 % [115] or even 0 %
[114] for materials where surface area (Sget) was 54 and 66 m?/g, respectively. In the case of research
conducted on our samples (CeQy), at 400 °C the propane conversion is also around 10%. A comparison
of the propane conversion curves for samples CeYbO_T_ 400, CeYbO_NP_550 and CeYbO_NP_400
shows that at 400 °C the conversion was 8, 5 and 15%, respectively. The visible difference for
CeYb0_NP_550 and CeYb0_NP_400 samples is probably related to the presence of nitrate groups on
the surface of CeO2 nanocrystallites and consequently, their increased (one-time) catalytic activity [55].
In the case of sample CeYbO_T_400, the conversion was similar to that for [115], and at the same time,
compared to the purified nanopowder (CeYbO_NP_550), it was noticeably higher. A difference was
also noticed in the dynamics of propane oxidation process on the ceria catalyst with a hierarchical
structure and nanopowder. The estimated Tsoo Vvalue for process catalysed by the CeYbO_T_400
sample (495 °C) was 55 °C lower than one for CeYb0O_NP_550 (see Table 5). The strong influence of
the hierarchical structure of CeO> macroparticles on catalytic activity is also confirmed by studies
presented in the literature. A comparison of the course of the propane oxidation reaction on CeO:
materials with rod-like morphology (10x300 nm) [114] and hierarchical tubes (CeYbO_T_400) showed
that the conversion at 550 °C was 22 % and 70 %, respectively. Interestingly, the BET specific surface



area calculated for both samples were similar and amounted to about 65 m?/g, which indicates the key
importance of the hierarchical arrangement of cerium oxide particles for catalytic activity. As shown in
Table 5, the high temperature treatment leads to the deactivation of the catalyst. It is probably related to
the lowering of the specific surface of the material and the loss of micropores. Such observation is in
good agreement with literature data [116] where the relationship between specific surface area of ceria

catalysts and activity in CO oxidation and dry reforming of methane process was discussed.

Table 5. Performances of the investigated materials: C3sHg oxidation reaction.

o max conversion
sample Tso0u [°C] at 550 °C [%]
CeYb0O T 400 495 70
CeYb10 T 400 455 90
CeYb0O NP 400 510 62
CeYb0O NP 550 550 50
CeYb0O T 900 - 5
commercial (bulk) CeO2 - 5
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Fig.8. C3Hg oxidation activity of the (A) CeYb0_T_400, (B) CeYbO_NP_400, (C) commercial (bulk)
Ce0Oo, (D) CeYb10_T _400; (E) CeYbO_NP_550 and (F) CeYbO_T_900.

An even greater decrease in Tsoy Was noted for the process catalysed by the sample doped with
ytterbium ions (CeYb10 T _400). As can be seen in Table 5, the Tsoy for CeYb10 T 400 decreased by
another 50 °C in relation to CeYbO_T 400, and the maximum propane conversion at the 550 °C
reached 90%. It is a significant improvement of the catalytic properties in the CsHg oxidation process
by doping the ceria structure with other ions, which was also confirmed in the literature [114;115]. As
indicated in the literature [114;115], the presence of the dopant ions in the ceria structure improves the

reducibility and the oxygen mobility which were found to be necessary for the promotion of propane



oxidation.

CONCLUSIONS
Summarizing, hierarchical, tube-like Ce1xYbxO2.y where x = 0, 0.1 and 0.2 were synthesized
using a simple wet chemical method. It was noticed that, the shape of the mixed oxide macroparticles
for the Yb-ions doping level above x = 0.2, has been changed into rather shapeless agglomerates of
nanoparticles. As noticed, the overall shape of the macroparticle was maintained even after annealing at
900 °C, despite the strong growth of crystallites. It could be very important from the catalytic point of
view.

The reducibility and catalytic activity of the pure and Yb-doped ceria were also investigated
depending on the arrangement level of nanocrystallites in to the macroparticles. Due to the hierarchical
arrangement of CeO nanoparticles, the degree of reducibility of cerium ions is constant even after
annealing the material at high temperature. The presence of ytterbium ions in the CeO2 matrix visibly
increases the surface reducibility of the hierarchical Ce1xYbxO2y mixed oxide. As shown in the soot
combustion and propane oxidation reaction as an example, the organization of nanoparticles into
hierarchical macroparticles and the presence of the trivalent dopant ions causing the formation of
oxygen vacancies in the cerium oxide structure effectively increases the catalytic activity of these

materials.
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Supplementary materials for

Hierarchical macroparticles of ceria with tube-like shape — synthesis and properties.

Malgorzata A. Malecka*, Piotr Wozniak
Institute of Low Temperature and Structure Research, Polish Academy of Sciences,
P.O. Box 1410, 50-950 Wroctaw 2, Poland

The details of the synthesis method.

In order to produce the material, the method of synthesis inspired by [M. Grun, K. Unger, A.
Matsumoto, K. Tsutsumi, Micropor. Mesopor. Mater., 1999, 27, 207.] were used (Synthesis |
in Table S1). It was noted that, a big part of cerium formate was not transformed into the
CeO; during the synthesis process. The presence of Ce(HCOO)s was clearly visible in the
XRD pattern collected from as-prepared sample (Fig.S1). In order to avoid biphasic sample,
the amount of the base (NH4OH) in the reaction mixture was doubled (Synthesis Il in Table
S1). In this case, only one phase (CeO2) was visible on the XRD pattern of the as-prepared
sample. It was one more attempt modifying the synthesis method (Synthesis I11). In this case,
the presence of CTAB was missing from the reaction mixture. As shown in Fig.S1, the
presence of hexadecyltrimethylammonium bromide is necessary for the correct run of the
synthesis. On the XRD pattern of sample prepared without CTAB, the strong peaks
characteristic for the cerium formate near to CeO2 ones were visible (despite the increased
amount of base). In conclusion, only the synthesis procedure Il was efficient and it was
chosen for further syntheses of the hierarchical, tube-like Ce1.xYbxO..y (where 0 < x < 0.5)

materials which were studied in this work.



Table S1. Synthesis parameters.

Synthesis | Synthesis 11 Synthesis Il
Mixture | Ce(HCOO)3 0.25¢g 0.25¢ 0.25¢
H20 1mil 1ml 1ml
C2H50H 0.5ml 0.5 mi 0.5ml
Mixture 11 CTAB 0.125¢ 0.125¢ -
H20 6 ml 4 ml 4 ml
NH40H 0.5 mil 2.5 ml 2.5 ml
';'_'
2
)
c
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=]

Fig.S1. XRD patterns of the CeO2 samples prepared by the method (A) inspired by [M. Grun,
K. Unger, A. Matsumoto, K. Tsutsumi, Micropor. Mesopor. Mater., 1999, 27, 207.] (synthesis
1), (B) with double amount of base (synthesis Il) and (C) without CTAB in the reaction

-
o

mixture (synthesis I11).
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Fig.S2. SEM and TEM images of CeYbO_T_400 sample.
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Fig.S3. The pore size distribution of the investigated samples.
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Fig.S4. Lattice parameters for CeYbx_T and CeYbx_T_400.
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Fig.S5. H2-TPR profiles with peaks shown.
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