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Zusammenfassung
Die heterogen katalysierte Oxidation von HCl zu Cl2 (Deacon-Prozess) stellt einen nachhaltigen
Weg zur Rückgewinnung von Chlor aus HCl-haltigen Gasströmen in der chemischen Industrie
dar. Es konnte nachgewiesen werden, dass CeO2-basierte Materialien das Potenzial besitzen, als
effektive Katalysatoren für die HCl-Oxidationsreaktion zu fungieren und eine wirtschaftlich
sinnvolle Alternative zu kommerziellen RuO2-basierten Materialien darzustellen. Die
Forschungsarbeiten fokussieren sich darüber hinaus auf CexZr1-xO2-Mischoxide sowie CeO2 auf
ZrO2-Trägern (CeO2@ZrO2), mit dem Ziel, die Beziehungen zwischen Struktur,
Sauerstoffspeicherkapazität und katalytischer HCl-Oxidationsaktivität und -lebensdauer
aufzuklären. Des Weiteren werden zeitaufgelöste und empfindliche In-situ-Deaktivierungs- und
Reaktivierungsexperimente durchgeführt, um detaillierte Einblicke in den Chlorierungs-
Dechlorierungs-Prozess zu gewinnen.
Obwohl die erhöhte Deacon-Aktivität durch die Kombination von CeO2 mit ZrO2 in fester
Lösung erreicht werden kann, wie in zahlreichen Studien berichtet wurde, kann die eindeutige
Beziehung zwischen OSC und Aktivität durch die Tatsache verfälscht werden, dass sich CexZr1-
xO2 in mehreren Schlüsselparametern, wie beispielsweise der spezifischen Oberfläche,
unterscheiden. Dementsprechend wurden im Rahmen dieser Arbeit zunächst CexZr1-xO2-
Mischkristalle in Abhängigkeit von der Zusammensetzung x durch die Co-Präzipitationsmethode
entwickelt, wobei eine konstante spezifische Oberfläche von 46 ± 2 m2/g beibehalten wurde.
Folglich lässt sich festhalten, dass der OSCc-Wert ein geeignetes Kriterium zur Beschreibung
der katalytischen HCl- und CO-Oxidationsreaktion darstellt. Aus der linearen Beziehung
zwischen der HCl-Oxidationsaktivität und dem OSCc-Wert, der wiederum linear mit der CO-
Oxidationsaktivität zusammenhängt, lässt sich ableiten, dass die HCl-Oxidationsreaktion an den
CexZr1-xO2-Katalysatoren über den Mars-van Krevelen-Mechanismus abläuft.
Des Weiteren wurden die Auswirkungen des Kalzinierungsprozesses auf die strukturellen
Eigenschaften sowie die katalytische Aktivität von CeO2@ZrO2-Katalysatoren in einer
systematischen Untersuchung analysiert. Die Oberfläche der ZrO2-Teilchen wurde mit CeO2 in
unterschiedlichen Konzentrationen nach der Methode der beginnenden Nassimprägnierung
beladen und bei verschiedenen Temperaturen kalziniert. Der Katalysator, der fünf Stunden lang
bei 600 oC kalziniert wurde, führte zur Bildung einer hochdispersen CeO2-Schicht, die eine
Anreicherung von Ce3+-Spezies aufwies. Die Beobachtung einer 1-2 nm dicken CeO2-
Benetzungsschicht führt zu der Schlussfolgerung, dass diese für die hohe spezifische Aktivität
bei der katalytischen Oxidation von HCl verantwortlich ist. Somit lässt sich ableiten, dass die
verbesserte Stabilität der bei 600 °C kalzinierten CeO2-Schicht auf die Bildung einer scharfen
Grenzfläche zum ZrO2-Träger zurückzuführen ist.
Schließlich wurden zwei “Deaktivierungs-Reaktivierungs”-Zyklen bei 430 °C über frischem
CeO2 bzw. 20CeO2@ZrO2-Katalysator durchgeführt, wobei das Reaktionsgasgemisch
gewechselt wurde. Es konnte festgestellt werden, dass die Aktivität des 20CeO2@ZrO2-
Katalysators nach dem zweiten Deaktivierungs-/Reaktivierungszyklus durch
Sauerstoffeinwirkung bei 430 °C vollständig wiederhergestellt werden kann. Demgegenüber
nimmt die Aktivität des reinen CeO2-Katalysators nach jedem Zyklus allmählich ab. Dies lässt
den Schluss zu, dass die 20CeO2@ZrO2-Katalysatoren eine bessere Regenerationsleistung
aufweisen als der CeO2-Katalysator. Des Weiteren wird ein einfaches Modell auf Basis des
Johnson-Mehl-Avrami-Kolmogorov-Ansatzes entwickelt, um den Reoxidationsprozess des
Katalysators zu erklären. Diese Beobachtung lässt sich durch eine schnellere Keimbildungsrate
in den geträgerten 20CeO2@ZrO2-Katalysatoren im Vergleich zum reinen CeO2-Katalysator
modellieren. Diese Beobachtung lässt sich durch die zahlreichen Keimbildungsstellen erklären,
die durch die große Oberfläche von ZrO2 bereitgestellt werden.
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Abstract
The heterogeneously catalyzed oxidation of HCl to Cl2 (Deacon process) represents a sustainable
route to the recovery of chlorine from HCl-containing streams in the chemical chemistry. It has
been demonstrated that CeO2-based materials have the potential to act as effective catalysts for
the HCl oxidation reaction, offering an economically viable alternative to those based on RuO2

commercial materials. The thesis continues to focus on CexZr1-xO2 mixed oxides and supported
CeO2 on ZrO2 (CeO2@ZrO2) catalysts, with the aim of elucidating the relationship between
structure, oxygen storage capacity and catalytic HCl oxidation activity and durability. Moreover,
rapid and sensitive in situ deactivation and reactivation experiments are devised to gain insight
into the “chlorination-dechlorination” process.

Although the enhanced Deacon activity can be achieved by combining CeO2 with ZrO2 in solid
solution reported by numerous studies, a clear-cut relationship between OSC and the activity
may be obscured due to the fact that previous studies have suffered from the limitation that
CexZr1-xO2 differ in several key parameters, such as specific surface area. Accordingly, in this
thesis, we initially developed CexZr1-xO2 solid solutions as a function of the composition x
through the co-precipitation method, maintaining a constant specific surface area at 46 ± 2 m2/g.
It can therefore be stated that the OSCc value is an appropriate descriptor of the catalytic HCl
and CO oxidation reaction. From the linear relationship between the oxidation activity of HCl
and OSCc, which in turn is linearly related to the activity of CO oxidation, it can be concluded
that the HCl oxidation reaction over the CexZr1-xO2 catalysts proceeds via the Mars-van Krevelen
mechanism.

Furthermore, the effect of calcination process on the structural properties and catalytic
performance of CeO2@ZrO2 catalysts was systematically investigated. CeO2 with varying
concentrations were loaded onto the surface of ZrO2 particles using the incipient wetness
impregnation method and calcined at different temperatures. The catalyst, which was calcined at
600 °C for a period of 5 h, resulted in the formation of a highly dispersed CeO2 layer, which
exhibited an enrichment of Ce3+ species. The observed 1-2 nm thick CeO2 wetting layer is
responsible for the high specific activity observed in the catalytic oxidation of HCl. Moreover,
enhanced stability of the CeO2 layer calcined at 600 °C can be attributed to the formation of a
sharp interface with the ZrO2 support.

Lastly, we applied two “deactivation-reactivation” cycles at 430 °C over fresh CeO2 and
20CeO2@ZrO2 catalyst respectively by switching the reaction gas mixture. It was unexpected
that the activity of the 20CeO2@ZrO2 catalyst can be fully restored by oxygen exposure at
430 °C after the second deactivation/reactivation cycle, whereas the activity of the pure CeO2
catalyst decreases gradually after each cycle. Apparently, 20CeO2@ZrO2 catalyst exhibits
superior regeneration performance to that of the CeO2 catalyst. Furthermore, a straightforward
model is devised based on the Johnson-Mehl-Avrami-Kolmogorov approach to elucidate the
reoxidation process of the catalyst. This observation is modelled by a faster nucleation rate in the
supported 20CeO2@ZrO2 catalysts compared to the pure CeO2 catalyst. This can be explained by
the abundant nucleation sites provided by the high surface area of ZrO2.
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1. Introduction
1.1 Motivation and Outline
Chlorine chemistry plays an indispensable role in the manufacture of a range of essential
chemicals, polymers and pharmaceuticals.[1,2] Currently, approximately 100 million tons of Cl2
are utilized annually, participating in over 50% of all commercial processes including the chlor-
alkali industry, the polyurethanes industry, and pharmaceutical chemicals.[2-4] However, the
production of chlorine-free materials such as polyurethanes inevitably results in the formation of
a significant amount of by-product HCl (cf. Figure 1). In the synthesis of diisocyanates, the
reaction of COCl2 with MDA or TDA results in the production of chlorine-free MDI or TDI,
accompanied by the formation of HCl as a by-product.[5] For every mole of MDI or TDI
produced, 4 moles of HCl by-product are formed. It is evident that the rapid demand for MDI
and TDI, coupled with the increasing demand for Cl2 and the surplus of by-product HCl,
necessitates the development of an efficient recycling method for Cl2 from HCl.

Figure 1. Simplified flowsheet of polyurethanes (PU) production. Adapted from ref. 1, 5.

The catalytic oxidation of HCl to Cl2 (Deacon reaction), originally devised by Henry Deacon in
1868, provides a sustainable route for the recovery of chlorine from HCl-containing streams.[6-10]
The process offers a number of advantages, including a reduction in energy consumption, greater
flexibility in the handling of raw gas HCl, and a reduction in environmental impact.

4HCl+O2⇋2Cl2+2H2O H= -113.6 KJ/mol Eq. 1

Nevertheless, a significant challenge associated with the HCl oxidation reaction is the stability of
the catalyst, which is readily lost by bulk chlorination.[11,12] As the original catalyst, copper is
susceptible to bulk chlorination, resulting in the formation of CuCl2. The catalyst is gradually
lost during operation since CuCl2 is volatile at a reaction temperature above 400 °C, the
industrialization of this process has yet to be realized.[6-9,13-15] Since 1999, Sumitomo Chemicals
has commercialized an active and stable RuO2/SiO2/rutile-TiO2 catalyst.[5,16] Even for industrial
Ru-based catalysts, they remain scarce, with a high and dramatically fluctuating market price,
and face an additional challenge in the form of the potential formation of volatile RuO4. A
concise review of Deacon catalysts is presented in Chapter 1.2 accordingly.

CeO2 turns out to be a promising alternative for RuO2 due to its superior catalytic performance at
an elevated temperature and lower price.[17] The observed CeO2 activity is related to the presence
of oxygen vacancies in CeO2 during the Deacon reaction. It has been demonstrated that
calcination of CeO2 at 1173 K optimises the oxygen storage capacity (OSC) and exhibits the
highest activity when compared with CeO2 calcined at other temperatures. The observed stability
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arises from the remarkable resistance of CeO2 against chlorination. What is more, the CeCl3
phase can be fully oxidized to CeO2 by increasing the oxygen content or reaction temperature.

Subsequently, CeO2-ZrO2, as the most well-known and established component in numerous
catalytic applications, particularly for oxidation reactions, has been widely developed (cf.
Chapter 1.3).[18-21] In the Deacon process, the incorporation of ZrO2 into CeO2 to form CexZr1-
xO2 mixed oxides or supported CeO2 on ZrO2 powder has been demonstrated to enhance the
catalytic activity, as well as lead to an improvement in stability through the prevention of CeO2
chlorination.[22-26,28]

It is commonly acknowledged that the activity of CexZr1-xO2 solid solutions in an oxidation
reaction is correlated to the OSC.[21,27] CexZr1-xO2 mixed oxides with a variety of morphologies
and structures, including irregular morphology, nanofibers, nanorods and even kappa-phase with
a notable increase in OSC, has been extensively examined in the Deacon reaction.[23, 24, 28-30] It is
worth noting that such studies are subject to certain limitations. Firstly, the reducing agent
employed in the OSC process differs from that used for the HCl oxidation. Furthermore, as-
prepared CexZr1-xO2 exhibit notable differences in several crucial parameters simultaneously.
Sample exhibiting different Zr contents also possess different BET surface areas, while samples
with comparable BET surface areas undergo phase separation between CeO2 and ZrO2 in
inhomogeneous CexZr1-xO2 mixed oxides. Therefore, a clear-cut correlation between OSC and
performance in the Deacon reaction, as observed in the aforementioned CexZr1-xO2, has yet to be
established. In doing so, in the present thesis we firstly devised CexZr1-xO2 solid solutions by the
co-precipitation method as a function of the composition x with a constant specific surface area
(SSA) in order to explore the relationship between OSC and activity of CO and HCl oxidation
reactions as well as the OSC and compositions (cf. Chapter 2.1).

Moreover, superior Deacon performance was achieved with CeO2 supported on performed ZrO2
particles.[26] The optimal catalyst composition was identified as 9 wt.% CeO2 supported on ZrO2
(CeO2/ZrO2), and the catalysts were calcined at 900 °C for 5h. The remarkable activity of
CeO2/ZrO2 can be attributed to the co-existence of nanostructured CeO2 and Ce-Zr mixed oxides.
However, the calcination temperature of 900 oC was not optimized, but rather adopted from the
optimum performance of bulk-CeO2 in HCl oxidation. As of yet, the following questions
regarding the Deacon process over CeO2@ZrO2 remain unresolved: how does the heat treatment
affect the performance and what is the chemical nature of the active phase? It remains unclear
whether there are synergistic effects operative between CeO2 and ZrO2 when calcining at low
temperatures? With these questions in mind, we proceeded to design CeO2@ZrO2 catalysts with
varying concentrations of CeO2 load on the surface of ZrO2 particles and calcined at different
temperatures. These samples were then evaluated under different reaction conditions (cf.
Chapter 2.2).

As previously stated, one of the most significant challenges associated with the Deacon reaction
is the stability of the catalyst which is susceptible to loss through bulk chlorination.[11,17,31-33] The
deactivation of ceria-based catalysts in the HCl oxidation reaction is achieved via selective bulk
chlorination of the active ceria component, which results in the formation of CeCl3×nH2O. It has
been demonstrated that the CeCl3 phase can be fully oxidised to CeO2 through an increase in the
oxygen content. It is therefore meaningful to devise a rapid and straightforward method for
detecting the deactivation-reactivation of the Deacon process, with a view to gaining a deeper
understanding of the kinetics of chlorination/dechlorination of different CeO2-based catalysts.
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Lastly, this thesis presents a study of the deactivation-reactivation process conducted using in-
situ UV-Vis analytics in a flow reactor. The two types of CeO2-based Deacon catalysts were
utilized: namely, pure CeO2 (cf. Chapter 2.1) and 20CeO2@ZrO2 (cf. Chapter 2.2).
Furthermore, to provide a rationale for the observed kinetics, we developed a simple model
based on the Johnson-Mehl-Avrami-Kolmogorov (JMAK) approach for the reactivation of the
catalyst starting from the chlorinated phase (cf. Chapter 2.3).

State-of-the-art analysis (X-ray diffraction (XRD), quantitative XRD: Rietveld-refinement,
Raman spectroscopy, N2 physisorption experiments, Inductively coupled plasma atomic
emission spectroscopy (ICP-AES), Transmission and scanning transmission electron microscopy
(TEM/STEM), X-ray photoelectron spectroscopy (XPS)) are applied to provide an accurate
structural and compositional characterization of the fresh and used materials. The HCl and CO
catalytic oxidation measurements are conducted in a home-made fixed-bed flow reactor (cf
Chapter 1.4). The experiments of oxygen storage capacity (OSC) are carried out by using a
stainless-steel tube (Chapter 1.4).
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1.2 Review on Deacon Catalysts
In general, according to different active sites, catalysts can be mainly classified into three types:
(i) copper-based catalyst, (ii) ruthenium-based catalyst and (iii) cerium-based catalyst.

1.2.1 Cu-based catalyst
CuCl2/pumice catalyst was first discovered by Deacon in 1868, while the rapid deactivation of
this catalyst restricted its application due to the easy volatilization of copper chloride above
400 °C.[6-9] Subsequently, researchers have been dedicated to the optimization of Cu-based
catalysts in global.

In the 1960s, Shell company employed Cu-Dy-K/SiO2 catalyst in the air oxidation fluidized-bed
process named Shell-Chlor process.[13-15] This catalyst reveals high HCl conversion, reaching a
value that approach the equilibrium conversion of 77% at 365 °C. Moreover, the activity can be
maintained after about 2000 h on stream at temperature up to 400 °C. The industrial Shell-Chlor
process was successfully established with a capacity of 30 kilo tons Cl2 per annum. However, the
Shell-Chlor process was eventually abandoned owing to the volatilization of cupric chloride and
the corrosion issues caused by unreacted HCl in the presence of H2O.

The rare-earth elements, including Ce, La and Sm, are employed extensively as dopants to
modify the traditional copper-based catalysts.[34-39] The Cu2.4CeV0.5Ox catalyst, alongside newly
identified CeVO4 phase was prepared using the sol-gel method by Wang et al., achieving STY of
2.26 g-Cl2/(g-cat·h) with stable catalytic conversion at approximately 83%, which was
maintained over 600 h.[39] Advanced techniques including in-situ DRFITS, ToF-SIMS combined
with ab-initio calculations elucidate that the strong O2 adsorption ability from Ce and V oxides
promotes the Ov replenishment cycle, thus reducing the accumulation of Cu-Cl and inhibiting the
deactivation of CuO. Fei et al. prepared CuO-CeO2 composite oxides supported on Y-type
zeolite catalysts and subsequently evaluated their performance on catalytic HCl oxidation in a
fixed-bed reactor.[36] CuO(12)-CeO2(13)/Y containing 12 wt.% CuO and 13 wt.% CeO2 exhibits
the highest STY value of 1.37 g-Cl2/(g-cat·h) under the reaction condition of O2/HCl =1,
T=382 °C. In-depth characteristic studies demonstrate that the superior activity can be mostly
attributed to the existence of well-dispersed CuO.

Cu-K-La/γ-Al2O3 catalyst with the weight ratio of CuCl2: KCl: LaCl3 = 3: 1: 2, developed by
Guo et al.,[34,35] exhibits a superior catalytic activity with STY of 0.98 g-Cl2/(g-cat·h) and
displays extraordinary stability over 9600 h on stream under the reaction condition of O2/HCl =
1/2, T = 340 °C. Cu-K-Sm/γ-Al2O3 catalyst was subsequently investigated by same research
group, which reveals enhanced performance compared to Cu-K-La/γ-Al2O3 catalyst.[36] The
characterization results evidence that absorption of oxygen and the transformation of Cu2+⇋Cu+
can be enhanced by introduction of samarium, which in turn can lead to an improvement in the
catalytic performance. The reaction kinetics studies were conducted over supported Cu-based
catalyst, assuming that O2 adsorption is the rate-controlling step where can typically describe the
reaction behavior of HCl catalytic oxidation over supported Cu-based catalysts.[40,41]

It has recently been demonstrated that transition metals, in particular manganese (Mn) and cobalt
(Co), can be incorporated into supported Cu-based catalysts as promoters.[42,43] The CuO(12)-
MnOx(13)/γ-Al2O3 and CuO(12)-CoOx(13)/γ-Al2O3 catalysts demonstrate unparalleled stability
for at least 1000 h with HCl conversion of about 80% at a reaction temperature of 390 °C.
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Interestingly, no obvious phase transition is observed in XRD pattern for the used either MnOx or
CoOx modified catalyst even at lower O2/HCI = 0.5. This observation indicates that either MnOx
or CoOx may serve to impede the chlorination (Cl poisoning) of active copper species.

Furthermore, research is being conducted into the potential modification of novel structures to
Cu-based catalyst.[44,45] A robust copper-based catalyst based on a delafossite structure (CuAlO2,
cf. Figure 2), devised by Pérez-Ramírez et al., displays an outstanding lifetime with more than
1000 h on stream under the condition of O2/HCI = 4, T =380 °C. However, the catalyst suffers
from a bulk morphological change and a considerable copper loss of 40% after the stability test.
In order to enhance the activity of CuCrO2, they prepared a CuCrO2-CeO2 composite via
mechanochemical activation of 30 wt.% CuCrO2 and 70 wt.% CeO2 powders. The STY of
30CuCrO2-70CeO2 catalyst can reach to 0.7 g-Cl2/(g-cat  h) under the reaction condition of
O2/HCl = 2, T = 380 °C. In addition, the 30CuCrO2-70CeO2 catalyst present a remarkably stable
chlorine production efficiency under 200 h on stream, accompanied by negligible loss of active
species. XRD results demonstrate that the well-designed delafossite structure can stabilize the
copper and chromium species, and activity experiments conducted with varying HCI/O2 ratios
indicate that the presence of ceria facilitates the re-oxidation step, thus boosting the catalytic
activity on HCl oxidation.

Figure 2: Rhombohedral structure of delafossite common to CuCrO2, CuAlO2, CuGaO2, and CuFeO2 (left) and the distorted
CuMnO2 with a monoclinic structure (right). Adapted from ref. 44.

Perez-Ramírez and co-workers also investigated reaction mechanism of CuO catalyst in the HCl
oxidation reaction through the temporal analysis of products (TAP) method.[46] XRD results of
fresh and used catalysts reveal that primary active species is copper(hydr)oxychloride. The
catalyst follows a combination of Mars-van Krevelen (MvK) and Langmuir-Hinshelwood (L-H)
mechanism during the HCl oxidation process. In particular, the mechanistic study suggests that
an active and stable copper-based catalyst can be acquired by controlling the degree of surface
chlorination.

In all, although several of modification strategies have been employed to optimize the copper-
based catalyst, including the addition of dopants and structural adjustment. At present, there is no
commercially viable copper-based Deacon catalyst in the fix-bed reactor. The ability to regulate
the degree of surface chlorination may prove instrumental in addressing the bottleneck stability
issue. It is also important to note that maintaining the reaction temperature below 400 °C is not
sufficient, the elevated temperature encountered at hot spot also necessitates serious
consideration.
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1.2.2 Ru-based catalyst
The RuO2-based catalyst has been the subject of considerable interest since 1999, particularly as
a commercial component in the Deacon reaction.[5,16] Researchers prepared a variety of either
powder catalysts (e.g. supported ruthenium catalyst, ruthenium-based mixed fibers/oxides) or
ultra-thin single-crystalline films to deepen understanding on the structural variations and clarify
the extreme stability of ruthenium species on HCl oxidation.

A significant advancement in the recycling of Cl2 from HCl oxidation was made upon successful
synthesis of the RuO2/rutile-TiO2 catalyst by Sumitomo Chemicals in 1999.[5,16] The RuO2/rutile-
TiO2 catalyst exhibits remarkable activity at lower reaction temperature in contrast to
conventional copper-based catalysts. Moreover, HCl conversion of RuO2/rutile-TiO2 catalyst can
be kept above 85% at least for two years. Subsequent ex situ X-ray absorption fine structure
(EXAFS) and field emission scanning transmission electron microscopy (FE-STEM)
experiments on the fresh catalyst suggest that an ultra-thin RuO2 layer formed on the surface of
rutile-TiO2 due to the structural matching between RuO2 and TiO2. This kind of structure
dramatically improves the catalytic performance. To better understand the size effect of RuO2 on
the final morphology of Ru species upon oxidative thermal treatment, Xiang et al. synthesized
RuO2/P25-TiO2 catalysts with various RuO2 sizes, inspired by the specific morphology of
RuO2/rutile-TiO2 catalysts.[47] TEM images of RuO2/P25-TiO2 suggest that the shape of RuO2

species changes from sub-2 nm particles to epitaxial layers either under the condition of the
Deacon reaction or by direct heat treatment without HCl, and this typical transformation process
promotes its performance on HCl oxidation. A further thermodynamic model demonstrates that
this redistribution process is co-driven by thermal instability and interfacial lattice matching
between RuO2 and TiO2. In order to prevent the sintering of active ruthenium species and
enhance the thermal stability of RuO2/TiO2 catalyst further, RuO2/SiO2/rutile-TiO2 catalyst was
developed, comprising nano-size RuO2 and SiO2 as a promoter on a rutile-TiO2.[16] The growth
of crystalline RuO2 can be efficiently suppressed through the introduction of SiO2. A
comparative study was also conducted on RuO2/TiO2 and RuO2/TiO2-SiO2 with varying amounts
of SiO2 applied in the Deacon process by Zhu et al.[48] The addition of an appropriate amount of
SiO2 (1wt.%) to RuO2/TiO2 can result in notable improvements in sintering-resistant properties,
due to the geometric effects of SiO2 facilitating the dispersion of RuO2 on the surface of TiO2.
An industrial plant employing a RuO2/SiO2/rutile-TiO2 catalyst with a Cl2 production capacity of
100 kilo tons per annum was successfully operated by Sumitomo Chemicals in 2003.

Besides, the optimization of rutile-TiO2 carrier via doping of metal oxides including CeO2 and
SnO2, have also been reported.[49,50] Either Ce- or Sn-doped rutile-TiO2 materials were
synthesized and employed as supports for the active RuO2. The insertion of either Ce or Sn into
the TiO2 lattice expand the lattice parameter, which enhance the dispersion of Ru species.
Consequently, a low RuO2 loading of 0.5-1 wt.% can also allow for a high catalytic performance.

Moreover, the investigation of RuO2-TiO2 nanofibers were conducted by Over’s group, they
prepared electrospun RuO2 and RuO2-TiO2 nanofibers with well-defined morphology for the
evaluation of morphological stability on HCl oxidation.[51] SEM images reveal that the
incorporation of TiO2 can enhance the morphological stability of RuO2-TiO2 nanofibers during
the HCl oxidation process (cf. Figure 3). Recently, Over et al. synthesized Ru0.3Ti0.7O2 via the
conventional sol-gel method, evaluated the Deacon reaction activity of fresh Ru0.3Ti0.7O2 catalyst
and performed H insertion in-situ in the reactor at 250 °C.[52] The H-treated catalyst displays
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markedly enhanced performance compared to the fresh catalyst, and the H-treated catalyst runs
stably after 3h on stream. The catalytic activities of catalyst can be well recovered after several
of cycling between activation by hydrogen and deactivation by oxygen. The hydrogen-induced
lattice strain in Ru0.3Ti0.7O2 accompanied by altered electronic properties is likely to be the
underlying cause of the observed enhancement in catalytic activity.

Figure 3: High resolution SEM images of RuO2 a, b) and Ti0.85Ru0.15O2 c, d) mixed nanofibers before a, c) and after b, d) HCl
oxidation reaction in a flow reactor under oxidizing feed gas composition (p(HCl) = p(O2) = 200 mbar; buffer gas p(Ar) = 600
mbar: Ar/HCl/O2 = 6/2/2; total flow rate 50 mL min−1 (sccm)) at 380 °C for 2 h. Adapted from ref. 62.

In 2007, another ruthenium-based catalyst, namely RuO2/SnO2-Al2O3 catalyst,was reported by
BMS.[53,54]The RuO2/SnO2-Al2O3 catalyst exhibits high activity, with a STY of 2.7 g-Cl2/(g-cat·h)
and remarkable longevity with a duration of 7000 h, under the reaction condition of O2/HCl =
1/2, T= 280-380 °C. Similarly, the lattice matching between the active ruthenium phase and the
SnO2 support facilitate the epitaxial growth of film-like RuO2 on SnO2, resulting in the formation
of highly active and durable catalyst. The presence of Al2O3 hinders the interaction of the formed
Ru-OH species in the reaction and suppresses the sintering of active phase, thereby enhancing
the stability of the catalyst. Pérez-Ramírez et al. have reported that the HCl oxidation process
over RuO2/SnO2-Al2O3 catalyst is ready for large-scale application. Teschner et al. proposed
details regarding the surface state of RuO2/SnO2-Al2O3 catalyst and its mechanistic insights over
HCl oxidation through an integration of theoretical and experimental investigations.[55,56] HR-
TEM images of RuO2/SnO2 catalyst reveal the presence of ruthenium species comprising 1-3
monolayer (ML)-thick RuO2 film and larger RuO2 particles with size of 2-4nm. Subsequent
density functional theory (DFT) calculations indicate that HCl oxidation reaction is structure
sensitive, with RuO2 (110) facet identified as the most active, followed by (100) facet and (101)
facet. Moreover, bilayer RuO2(110)/SnO2(110) was far more active than 1 ML
RuO2(110)/SnO2(110). Experiments in TAP and prompt gamma activation analysis (PGAA)
explicate that catalytic HCl oxidation on RuO2/SnO2 catalyst follows L-H mechanism and verify
that catalytic reactivity is directly proportional to the concentration of specific oxygen species.

It has recently been reported that some other carriers may also show potential for a Ru-based
supported catalyst, as some include Al-MgF2[57,58] and ZrO2-Al2O3[59]. Zhu et al. have reported
that the incorporation of Al into MgF2 enhances the activity of RuO2/Al-MgF2 catalyst when
calcining at an optimal temperature of 400 °C. It has been demonstrated that the incorporation of
Al into rutile MgF2 framework can modify the cell parameters of MgF2 to a degree close to that
observed in RuO2 thereby modulating the chemical environment surrounding RuO2; this results
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in an improvement in catalytic performance. Notably, RuO2/Al-MgF2 can even show better
stability in comparison to benchmarking RuO2/SiO2/TiO2 and RuO2/SnO2-Al2O3 catalysts under
the catalytic oxidation of HCl with an upper-bound HF concentration of 400ppm. Zhou et al.
prepared RuO2/ZrO2-Al2O3 catalyst.[59] The performance evaluation shows that after high
temperature holding in nitrogen at 673 K for 72 h, the activity of RuO2/ZrO2-Al2O3 catalyst
increased by a factor of 1.59 in comparison to that of RuO2/Al2O3 catalyst. It has been
demonstrated that the dispersity of Ru is obviously improved, RuO2(110) crystal plane is fully
exposed, and Zr atoms enter RuO2 lattice to form RuxZryOz species which have altered the lattice
parameters of RuO2, finally leading to the obviously improved activity and stability in the HCl
catalytic oxidation reaction.

In addition to powder catalysts, model catalysts have been further employed for getting a clear-
cut understanding of the structure and mechanism of a given process. Over et al. devised single-
crystalline RuO2(110) model to clarify the extreme stability of ruthenium species on HCl
oxidation at the atomic-scale.[60-62] The comprehensive results of high-resolution core level shift
spectra (HRCLS), thermal desorption spectra (TDS), low-energy electron diffraction (LEED)
techniques together with CO redox reaction experiments, demonstrate that the RuO2(110) surface
can be chlorinated to RuO2-xClx(110) under the HCl oxidation condition through the partial
replacement of bridging surface oxygen species (Obr) by bridging chlorine species (Clbr) (cf.
Figure 4). It is unexpected that the chlorination process ceased when Clbr atoms replaced the
majority of Obr atoms. This suggests that the chlorination process of RuO2(110) is self-limiting.
The RuO2-xClx(110) surface (cf. Figure 4), formed by such an ingenious chlorination process, is
conducive to the extraordinary activity and stability of ruthenium-based catalysts in the HCl
oxidation reaction.

Subsequently Over and co-workers shed light on the mechanistic aspects on HCl oxidation over
RuO2(110) and RuO2(110)/TiO2(110) with combination of HRCLS spectra and DFT
experiments.[62,63] It has been found that the HCl oxidation reaction proceed, over both RuO2(110)
and RuO2(110)/TiO2(110) surfaces, via L-H scheme along the rows of Rucus atoms
(coordinatively unsaturated ruthenium, cf. Figure 4). The most energy-demanding step is the
recombination of surface chlorine atoms to form Cl2 molecules. In addition, Pérez-Ramírez et al.
discussed the mechanism of HCl oxidation on RuO2/TiO2 powder catalyst by performing TAP
experiments. TAP experiments verify that the HCl oxidation process on the RuO2(110)/TiO2(110)
powder catalyst predominantly follows a L-H mechanism with a minor MvK mechanism.[64,65]

Figure 4: Schematic representation of RuO2-xClx (110) surface. Adapted from ref. 62.
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Overall, ruthenium-based catalysts display an exceptional catalytic activity and longevity on the
HCl oxidation reaction. The underlying mechanisms of industrial RuO2/SiO2/TiO2 and
RuO2/SnO2-Al2O3 catalysts have been extensively clarified. However, the ruthenium-based
systems still present several intricate challenges. The initial issue is that the cost of the catalysts
is significantly influenced by the fluctuating market price of Ru. Consequently, a potential
increase in the price of Ru may diminish the advantages of the catalysts. Secondly, potential
formation of volatile RuO4 species at hot-spot during the reaction remains a significant factor
limiting the operational lifespan of the catalyst. It would be beneficial to investigate the potential
of an alternative catalyst based on a cost-effective and highly active metal for the oxidation of
HCl.

1.2.3 Ce-based catalyst
CeO2 has attracted the attention of researchers because of its widespread use in redox processes
in many areas of research, particularly oxidation reactions.[18-21] In 2012, Pérez-Ramírez and
colleagues proposed a systematic study of pure CeO2 catalyst on HCI oxidation as an alternative
to RuO2-based catalysts for chlorine recycling.[17] Since then, a variety of CeO2-based materials
including CeO2, CeO2-ZrO2mixed oxides, CeO2@ZrO2 supported catalyst and others, have been
prepared by many research groups, with either undefined mixed oxides or well-defined starting
morphologies to study relationship between the structure and Deacon activity/stability.
Furthermore, the reaction mechanism was also proposed by means of a dedicated experimental
design in conjunction with DFT modelling.

Systematic study of pure CeO2 catalyst on HCl oxidation was initially proposed by Pérez-
Ramírez, it can be observed that the activity is related to the presence of oxygen vacancies in
CeO2 during the Deacon reaction.[17] CeO2 calcined at 1173 K maximized the OSC and thus
exhibited the highest activity compared with CeO2 calcined at other temperatures (cf. Figure 5).
DFT investigations put forward the mechanism of HCl oxidation on pure CeO2 system. The
Deacon reaction starts by the adsorption of HCl on the CeO2 surface resulting in the formation of
OlatH group and a Cl atom at the surface vacancy (Clvac). (i) A HCl molecule can then adsorb,
forming a water molecule and leaving a Cl atom on top of a Ce atom on the surface, designated
as Cltop. (ii) The external Cltop atom can displace the already formed water molecule H2Olat from
the lattice, thereby creating a vacancy that is subsequently filled by the Cltop atom, resulting in
the formation of second Clvac. (iii) One of the oxygen atoms from the subsurface layer can
diffuse towards the surface, pushing a Clvac atom toward the outer surface, i.e., converting Clvac
in Cltop, resulting in the formation of an oxygen vacancy at a subsurface position. The energy
required for this elementary step is 2.15 eV. (iv) The activation of Clvac results in the formation
of an oxygen vacancy, which is subsequently filled by the dissociative adsorption of one-half of
a molecule of oxygen from the gas phase. (v) Finally, HCl is capable of adsorbing on this surface
to form an OlatH and a Cltop. The subsequent evolution of Cl2 occurs in the gas phase. Inspired by
the above study, Over et al. conducted further investigation into the most critical step Clvac→Cltop
employed synchrotron-based methods (HRCLS, XANES) together with first-principles DFT.
The peroxo species are demonstrated to be a crucial component in the reoxidation of Clvac-CeO2-

x(111), inducing the displacement of Clvac→Cltop reaction.[91]
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Figure 5: HCl conversion versus a) surface area of fresh (open symbols) and used (solid symbols) CeO2 samples and b) OSC,
measured at 573 K, of fresh CeO2 samples. Conditions: inlet mixture of 10 vol.% HCl and 20 vol.% O2 balanced in N2, Tbed =
703 K, W/F0 (HCl) = 11.2 g h mol-1, P = 1 bar, and time-on-stream = 3 h. Adapted from ref. 17.

The catalytic activity of CeO2 calcined at 1173 K under reaction conditions of different HCl/O2

feed mixtures was also investigated by Pérez-Ramírez et al.[17] The results from kinetic analysis
indicate that the catalytic activity can be enhanced by an increase in the oxygen content. XRD
results of spent CeO2 catalysts demonstrate that CeO2 can be preserved in O2-rich feeds (O2/HCl
≥ 0.75), whereas CeCl3 can be detected in O2-lean feeds (O2/HCI ≤ 0.25). In contrast to the
behavior observed for copper-based catalysts, the formation of the CeCl3 phase during the
reaction is relatively stable at temperatures of 430 °C. Furthermore, the CeCl3 phase can be fully
oxidized to CeO2 by increasing the oxygen content. Besides, in situ infrared spectroscopy and
PGAA study demonstrate that elevated temperatures and oxygen concentrations can facilitate the
desorption of Cl and the absorption of OH, thereby suppressing the chlorination of CeO2 and
enhancing the catalytic performance.[31] Although PGAA is a highly sensitive characterization
technique, it still requires the use of a neutron source, which excludes this method from standard
analysis. Furthermore, the data acquisition process is time-consuming, which precludes the
possibility of conducting a kinetic analysis of the rapid reactivation process. It is therefore still of
interest to develop a rapid and straightforward method for detecting “deactivation-reactivation”
of the Deacon process.

Pure CeO2 powder catalyst tends to suffer from bulk chlorination under HCl-rich feeds
accompanied by structural and morphological variations. However, it is challenging to discern
these changes in powder samples under typical reaction conditions. It is therefore meaningful to
develop materials with well-defined morphologies to visualize alterations in morphology during
the Deacon process.

The ceria electro-spun nanofibers and shaped-controlled CeO2 particles, discovered by Over et
al.,were subjected to test in the HCl oxidation reaction.[51] Pure CeO2 nanofibers (NFs) were
evaluated under more oxidizing (mild) reaction condition of HCl: O2: Ar=1: 2: 7 and HCl-richer
(harsh) reaction condition of HCl: O2: Ar = 2: 2: 6. It can be clearly observed that the
morphology of CeO2 NFs can be preserved under mild condition after 60h. In contrast, the
morphology of CeO2 NFs was severely destroyed under harsh condition, accompanied by the
occurrence of CeCl3.

CeO2 nanorods, cubes and octahedrons with different preferential exposed facets of (110), (100)
and (111) were prepared, respectively (cf. Figure 6a-c).[66] In terms of activity, CeO2 nanorods
exhibit the highest activity followed by cubes and octahedrons under mild condition. This very
same trend has also been observed for the complete oxygen storage capacity (OSCc), indicating

a) b)
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a correlation between the observed activity STY and the OSCc. In terms of stability, both
nanorods and nanocubes can remain stable, whereas octahedrons display a clearly continuous
deactivation after 1h on stream under harsh condition. TEM images of used shape-controlled
CeO2 subjected to harsh condition reveal that CeO2 nanaocubes and octahedrons have undergone
significant deterioration, whereas no discernible change can be observed in CeO2 nanorods. TEM
results also evidence that oxygen concentration in the reaction feed plays a key role in the
missing stability due to bulk chlorination of the CeO2.

Subsequently, CeO2 nanocubes were subjected to mild reaction condition for 24 hours at varying
temperatures.[67] Interestingly, CeO2 nanocubes suffer from rapid deactivation at a reaction
temperature below 380 °C and the deactivation process can be suddenly suppresses when
reaction temperature increase to 390 °C. Rietveld analysis of XRD scans and TEM images (cf.
Figure 6g) reveal that the deactivation process is paralleled by bulk chlorination of the
nanocubes, higher temperature is favorable to a lower chlorination degree thereby enhancing the
catalytic stability.

In addition, to verify the influence of water in the feed mixtures on the catalytic stability of CeO2

nanocubes, experiments were carried out under dry and wet mild conditions at 380 °C. The
activity of the nanocubes declines markedly during the initial 8 hours of operation and remains
stable for the rest of the 16-hour period under dry condition. XRD and TEM images of used
nanocubes reveal the presence of CeCl3 and a partial loss of the regular cube shape (cf. Figure
6h). In contrast, CeO2 nanocubes exhibit minimal deactivation and remain stable for 24 hours
under humid condition, well preserved CeO2 nanocubes can be clearly observed from TEM
images of used catalyst (cf. Figure 6i). It can be inferred that the addition of a small amount of
water (1%) effectively inhibits chlorination and preserves the catalyst morphology, thereby
enhancing its durability.

Figure 6: TEM images of as-prepared shape controlled CeO2 particles: a) nanorods, b) cubes, c) octahedrons. Used CeO2

particles after harsh reaction conditions at 430 °C for 24h for 60 h: d) rods, e) cubes, f) octahedrons. Used CeO2 cubes after dry,
mild conditions at g) 430 °C and h) 380 °C for 24 h. i) used CeO2 cubes after humid, mild condition at 380 °C for 24 h. Adapted
from ref. 66, 67.

a) b) c)

d) e) f)

g) h) i)
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In order to enhance the activity and stability of ceria, a number of dopants were employed to
modify pure CeO2 catalysts. A systematic investigation of doped ceria catalysts was initiated
through the doping of trivalent elements (La, Sm, Gd, Y) and tetravalent elements (Hf, Zr, Ti)
into pure ceria. The introduction of Zr and Hf into CeO2 results in an enhancement of catalytic
activity relative to undoped ceria.[32] In contrast, the incorporation of trivalent dopants leads to a
reduction in catalytic efficiency. The impact of aliovalent (Gd), isovalent (Zr), and
aliovalent/isovalent (Pr and Tb) doped mesoporous Ce0.9M0.1O2 on the OSC as well as on the
catalytic stability were also investigated by Smarsly et al.[68] Pure mesoporous CeO2 is quite
stable under harsh condition at 430 °C, whereas the activity of Ce0.9Pr0.1O2 with much higher
OSCc value drops to almost zero within a few hours on stream. It can be indicated that high
concentration of oxygen vacancies may even allow Cl to diffuse at least into subsurface parts
perhaps even into the bulk material, leading to the formation of CeCl3 and thereby deactivating
the catalyst. Finally, they found that ZrO2 can be taken as a suitable dopant to stabilize the CeO2
catalyst, thus enhancing the reducibility of ceria without introducing charge-compensating and
oxygen vacancies in the system.

Based on the enhanced performance of Zr-doped ceria, plenty of research were employed to
enhance the comprehension of CeO2-ZrO2 catalysts during the Deacon reaction, including shape-
controlled, nanofibers, mixed-oxide and supported catalysts.

The stability experiments of CexZr1-xO2 nanorods were conducted under harsh condition (Ar:
HCl: O2=6.5: 2.5: 1) at 430 °C for 24h.[25] The STY of CeO2 nanorods exhibits a continuous
decline during the initial 8h, after which it remains constant. XRD evidence that CeO2 nanorods
suffer from bulk chlorination after reaction, meanwhile a complete destruction and
transformation of CeO2 nanorods into a cuboid structure can be detected from TEM. In contrast,
the catalyst can keep stable when alloying 5% Zr into CeO2, and the morphology of
Ce0.05Zr0.95O2 nanorods exhibit slight widening under harsh condition after 24h test. A further
increase in zirconia content to 20% (Ce0.8Zr0.2O2 nanorods) allows for extreme stability under the
same harsh condition. Furthermore, there is no evidence of bulk chlorination or morphological
changes in the used Ce0.8Zr0.2O2 nanorods.

The evaluation of CexZr1-xO2 NFs under mild condition was also conducted which allowed for a
straightforward assessment of the stability test.[23,24,69] The as-prepared CexZr1-xO2 NFs exhibit a
single cubic/tetragonal solid solution structure, with no evidence of phase separation. STY of
CexZr1-xO2 NFs increase gradually with increasing Ce loading up to 30%. However, further
increases in Ce concentration cannot lead to an enhanced activity. Furthermore, the
morphological stability of CexZr1-xO2 NFs is evaluated under harsh condition. The doping of
ceria with 33% zirconia (Ce0.67Zr0.33O2) has been observed to inhibit the bulk chlorination,
thereby maintaining CexZr1-xO2 NFs morphology under harsh condition.

Fei et al. devised CexZr1-xO2 mixed oxides with a constant surface area, by a soft reactive
grinding method.[28] The remarkable activity and the highest OSC can be achieved as for
Ce0.5Zr0.5O2 catalyst with a phase split of CeO2 and ZrO2. In addition, kappa phase κ-Ce2Zr2O8
was prepared by Over et al, the ordering of the solid solution Ce0.5Zr0.5O2 into the so-called κ-
Ce2Zr2O8 phase leads to a profound increase of the OSC.[29,30] However, it is found that the
oxidation of HCl is not affected by the high OSCc value. Currently, as for CexZr1-xO2 mixed
oxides, previous studies suffer from the fact that CexZr1-xO2 differ in several important
parameters at the same time: samples exhibiting different Zr contents also possess different BET
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surfaces areas; samples with constant surface area while exhibit phase split of CeO2 and ZrO2.
These shortcomings impede a clear-cut correlation between activity and the OSC as well as
between the composition and activity (cf. Figure 7).

As noted above, the formation of CexZr1-xO2 through the substitution of a portion of CeO2 with
ZrO2 has the potential to enhance both the catalytic activity and stability. In 2013, a feasible
approach to commercialize cerium-based catalyst was developed by Pérez-Ramírez et al.
Initially, they selected various carriers (ZrO2, Al2O3, TiO2) to support CeO2 and calcined these
catalysts at 900 °C for 5h.[26] CeO2/ZrO2 displays a superior activity compared with CeO2/Al2O3
and CeO2/TiO2. A sharp increase in STY can be observed when increasing ceria concentration to
11 wt.%, and then the activity keeps roughly constant with an increase of ceria over 11 wt.%.
The excellent activity of CeO2/ZrO2 can be traced to the co-existence of nanostructured CeO2
and Ce-Zr mixed oxide (cf. Figure 8). In situ PGAA evidences that higher Cl coverage is
unfavorable to the catalytic activity. Finally, CeO2/ZrO2 pellets (diameter=3mm, length=4mm)
are prepared and tested in a pilot plant, and it shows a long-term stability of 700h on stream.

Thus, cerium-based catalysts, as a promising alternative to RuO2, exhibit an outstanding activity
and stability at an elevated temperature. Nevertheless, several scientific questions on cerium-
based catalysts, particularly the ceria-zirconia system, have not been settled so far. The further
development of dedicated ceria-zirconia materials for the Deacon process is extremely appealing.

Figure 7: HCl oxidation activity of the electrospun CexZr1-xO2 nanofiber samples versus their respective plain and complete
oxygen storage capacity (OSC and OSCc, respectively). The activity data at the end of 60 h Deacon reaction experiments at
703K with “mild” feed composition are used here. Adapted from ref. 69.

Figure 8: HRTEM and EELS images of fresh CeO2/ZrO2-1. Adapted from ref. 26.
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1.3 Introduction on Typical Ceria and Ceria-Zirconia Materials
As mentioned in Chapter 1.2, cerium-based catalyst systems are highly desirable for HCl
oxidation. In this chapter, the structural properties of ceria and ceria-zirconia materials are
briefly introduced.

1.3.1 Structural properties of CeO2 materials
Ceria, as the oxide form of the most abundant rare earth element cerium, are widely employed in
environmental catalysis, energy field and halogen chemistry over the past decades.[18-21,70] CeO2
crystallizes in the fluorite structure with typical face-centered cubic (f.c.c.) unit cell, in which
each Ce atom at the corner of the cube is coordinated with eight adjacent oxygen atoms, and each
oxygen atom is coordinated with four adjacent Ce atom (cf. Figure 9). Generally, Ce4+ can be
reduced to Ce3+ by releasing oxygen following Kröger-Vink notation (cf. Eq. 2), which is
accompanied by the formation of oxygen vacancies. In particular, the fluorite structure of CeO2-

can still be retained even after the loss of considerable amounts of oxygen from its lattice. The
oxidation from Ce3+ to Ce4+ can also take place when oxygen fill up vacancies. Therefore, both
Ce3+ and Ce4+ oxidation states can appear at non-stoichiometric CeO2-. It has been established
that the unit-cell parameter of CeO2- increases in line with an increase in defect concentration 
due to the larger ionic radius of Ce3+ (0.143nm) in comparison with Ce4+ (0.097nm).[21,71,72]

As for CeO2 materials, the quantification of absorb/release lattice oxygen under
oxidizing/reducing conditions is called oxygen storage/release capacity (OSC). The OSC can
either be treated under dynamic conditions (fast or dynamic or plain: OSC) or under steady state
conditions (total or complete OSC: OSCc).[18,27,73] In the OSC experiments the oxide is reduced
mostly by molecular hydrogen or CO, while the reduced oxide is re-oxidized with molecular O2
gas; the required amount of O2 for the re-oxidation step defines the value of the OSC.

Altogether, the unique properties of ceria materials including low redox potential of Ce4+/Ce3+
oxidation states and outstanding OSC are key factors in their catalytic applications.

2 CeCe + OO → 2 CeCe
' + VO

•• + 1
2
O2 Eq. 2

Figure 9: Crystal structure of CeO2. Ce atom is in yellow, O atom is in red.
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1.3.2 Structural properties of CexZr1-xO2 materials
The fluorite-structured CeO2 can be capable of forming solid solution with varieties of metal
oxides. CexZr1-xO2 material is the most well-known and well-established component in numerous
of catalytic applications. Ceria-zirconia solid solutions, CexZr1-xO2, adopt three possible
structures: monoclinic (m), tetragonal (t, t′, t″), and cubic phase (c). However, the identification
of crystal structure of homogeneous CexZr1-xO2 is challenging since the tetragonal phase
comprises one stable (t) and two metastable (t’, t’’) phases with same P42/nmc space group.
Herein, the c/aF (aF is the unit-cell parameter a of the pseudo-cubic fluorite cell) ratio of both t
and t’ phase is higher than 1 while the c/aF ratio of t’’ phase is equal to 1. Yashima et al.
conducted an in-depth discussion on different phases of CexZr1-xO2 through the combination of
XRD, Raman, differential scanning calorimetry (DSC), neutron diffraction and HR-TEM.[74-77]
The identification of most relevant phases of CexZr1-xO2 are summarized in Table 1. After
annealing at moderate temperatures (below 1055 C), a monoclinic (P21/c) structure can be
identified when the ceria concentration x  0.12, and CexZr1-xO2 with x  0.9 possesses a cubic
(Fm3m) structure. The t phase appears when the ceria concentration x  0.12, and the transition
from t to t’ starts at x  0.20. t’’ phase, as the intermediate between t’ and cubic phase, presents
at x  0.65. It should be noted that the phase boundary is closely related to process of nucleation
and growth. Therefore, the phase boundaries of various of CexZr1-xO2 materials require more
specialized studies through incorporation between its characterization results and corresponding
references of Table 1.

The extensive utilization of CexZr1-xO2 in catalytic reactions can be primarily attributed to its
exceptional oxygen storage capacity, For a coordination number of 8, the ionic radius of Zr4+ is
0.084nm, while that of Ce4+ is 0.097nm.[78] In the case of pure CeO2, the unit cell volume
increases when Ce4+ is reduced to Ce3+. However, the stress energy caused by this increase in
unit cell volume restricts further reduction from Ce4+ to Ce3+. The introduction of smaller Zr4+
ions into the CeO2 framework can offset the increase of volume that arises from the reduction of
Ce4+ ions, thereby lowering the formation energy of oxygen vacancies and generating a greater
number of oxygen vacancies. The structural distortion resulting from the substitution of Ce4+ by
Zr4+ also favors enhanced oxygen mobility.[79] Consequently, both features contribute to an
increased oxygen storage capacity in the CexZr1-xO2 material.

Table 1. Identification of most relevant phases of CexZr1-xO2 materials below 1055 °C
Composition / x Crystal structure Space group Unit-cell parameters

0  x  0.12 Monoclinic (m) P21/c am  bm  cm

0.12  x  0.20 Tetragonal (t) P42/nmc c/aF  1

0.20  x  0.65 Tetragonal (t’) P42/nmc c/aF  1

0.65  x  0.90 Tetragonal (t’’) P42/nmc c/aF = 1

0.90  x  1 Cubic (c) Fm3m c/aF = 1
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1.3.3 Structural properties of supported CeO2/ZrO2 materials
In addition, a different ceria-zirconia catalyst system, CeO2 supported on preformed ZrO2
(CeO2/ZrO2), has been studied in the literature. Calvino et al. prepared CeO2/ZrO2 and
CeO2/YSZ by dry impregnation method and subjected them to a high-temperature
reduction/oxidation atmosphere.[80,81] Figure 10a illustrates the epitaxial growth of the oxidized
kappa phase on top of the zirconia surfaces after CeO2/ZrO2 catalyst is subjected to severe
reduction followed by mild oxidation treatment (SRMO). With STEM-XEDS images (cf. Figure
10b) the authors identify the layer morphology of a Ce2Zr2O8 kappa phase supported on YSZ
after submitted CeO2/YSZ catalyst to additional SRMO-SRSO (severe reduction followed by
severe oxidation treatment)-SRMO treatment. The treatment results in the reconstruction of the
CeO2/ZrO2 catalyst structure, leading to superior oxygen storage properties particularly in terms
of low-temperature capacity and thermal stability. Furthermore, Chueh and coworkers reported
the successful growth of single crystalline coherently strained CeO2 (100) layer on a single
crystalline yttrium-stabilized ZrO2 substrate (YSZ (100)) with a thickness of up to 2.7 nm,
employing the pulsed laser deposition method.[82] Smarsly et al prepared a well-defined CeO2
thin layer at mesporous ZrO2 thin films using ALD, thereby elucidating the influence of the
CeO2 layer thickness on the physicochemical properties.[83] XP spectra exhibit that Ce3+
concentration correlates with the ceria layer thickness, in which the Ce3+ dominates at lower
number of ALD cycles and decrease gradually with increasing number of ALD cycles (thicker
CeO2 layer). In further studies, the influence of the as-prepared CeO2 thin layer on its catalytic
properties including the OSCc/OSC and the catalytic performance especially in oxidation
reactions should be addressed.

Figure 10: a) HR-TEM image on the 2.2% CeO2/ZrO2 after the SRMO treatment. b) STEM-XEDS images on the 1.9%
CeO2/YSZ after the SRMO-SRSO-SRMO treatment, spectrum image showing the distribution of Ce (red) and Zr (blue).
Adapted from ref. 81.
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1.4 Experimental Approach

1.4.1 Preparation and determination of CexZr1-xO2 solid solutions with a
constant SSA
Ceria-zirconia solid solutions with different ratios of Ce/Zr were synthesized by the co-
precipitation method. The hydrogen peroxide was first dropped into the Ce(NO3)3·6H2O solution
to obtain a molar ratio of H2O2/Ce of 1.5. The corresponding amount of ZrO(NO3)2·nH2O
solution was then mixed with the solution to attain a molar ratio of Ce/Zr=(1-x)/x. The
precipitation of ceria-zirconia precursor was achieved by dropping an ammonia solution into the
solution keeping the pH at around 9.5. The precipitate was stirred for 18h and then washed with
deionized water several times until pH value of around 7 was reached. The precipitate was then
dried overnight at 120 °C and calcined at various temperatures (between 700 °C and 800 °C) for
5h in order to ensure a constant SSA among the various Ce1-xZrxO2, x=0,…1 samples. The
samples are referred to as CZXXX with XXX being the atomic percentage (% unit) of cerium.

Prior to conducting N2 physisorption experiments with Autosorb 6 of Quantachrome at 77 K, the
samples were degassed in vacuum for 12 h at 393 K. The SSA was determined using the BET
(Brunauer-Emmett-Teller) method.

The SSA of all samples remains invariant at 46 ± 2 m2/g by by selecting an appropriate
calcination temperature. The SSA of each sample was measured twice to estimate the scattering
among the BET surface data (cf. Chapter 2.1).

1.4.2 Preparation and structure identification of supported CeO2@ZrO2

catalysts
The supported x mol.% CeO2 on ZrO2 catalysts with varying ceria concentrations (x=2.5, 5, 8, 11,
15, 20) were prepared by the incipient wetness impregnation method. For example, for the
synthesis of the 5 mol.% CeO2@ZrO2 sample, the 0.27g Ce(NO3)3·6H2O precursor was firstly
mixed with 1.5ml H2O. ZrO2 support (1.46 g) was subsequently mixed with the above
Ce(NO3)3·6H2O solution, followed by stirring for 18 h at room temperature. The mixture was
then dried in air at 80 °C for 12h and calcined in air at various temperatures (between 500 and
900 °C) for 1h, 5h or 10h. The monoclinic ZrO2 sample was purchased from Saint-Gobain
NorPro in pelletized form (diameter = 3 mm, length = 4 mm). The ZrO2 particles were crushed
and dried in air at 160 °C for 2h prior to impregnation. Nomenclature of the CeO2@ZrO2

samples: xCeO2@ZrO2-y, with x corresponds to the molar percentage of CeO2, y refers to the
calcination temperature in °C for 5h. For comparison reasons pure ZrO2 was calcined at 600 °C
and 900 °C for 5h in each case and employed in catalytic tests.

The CeO2@ZrO2 structure was identified through systematic application of state-of-the-art
analytical techniques, including XRD, Raman, Rietveld refinement, XPS, HRTEM with XEDS
map, AC-HRTEM and others.
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1.4.3 HCl Catalytic oxidation measurement
The Deacon reaction was conducted in a custom fixed-bed flow reactor (cf. Figure 11). The
reactor comprises the gas supply, the quartz tube reactor, heated by a computer-controlled
furnace, and UV/vis analytics (Ocean Optics USB4000 with a DH-2000-BAL light source) for
chlorine quantification. The following gases were used in the reaction measurements: HCl 4.5,
O2 5.0 and Ar 5.0 from AirLiquide, and the flow rate of gases was controlled by digital mass
flow controllers (MKS Instruments 1179B). Prior to feeding the gas mixture into the reactor, Ar
was dried using a water absorption cartridge (ALPHAGAZTM purifier H2O-free, AirLiquide).
The absorbance at a wavelength of λmax = 329 nm (absorption maximum of chlorine) is
proportional to the chlorine space time yield (STY) that is defined as the molar amount of
product per time and mass catalyst.

Figure 11: Schematic diagram of the flow reactor, consisting of the gas supply (green), the electrically heated
reactor (red) and the chlorine quantification by UV-vis (blue). Adapted from ref. 69.

(i) Correlation between UV-Vis signal and STY
The Beer-Lambert law was employed to determine the Cl2 concentration. Typically we can get
the A/Extinction value during the course of test, thus enabling the concentration of Cl2 to be
calculated in accordance with the parameters set out in Eq. 3.

The Absorbance or Extinction; A/Extinction =− ����
It
I0
= ε*l*c Eq. 3

ε = absorptivity of Cl2 (constant value and taken from NIST data bank and counterchecked by
iodometry by integrating the absorbance over the time period t1 to t2)
l= the thickness of the Cl2 in the cell (fixed value)
c= concentration of Cl2
Prior to undertaking the UV-Vis run, it is essential to establish a correlation between the UV-Vis
signal and STY. In accordance with the Eq. 4, the critical value that must be obtained is the fixed
value of ε*l.

�1
�2 ���������� ∗ �� = ε ∗ l ∗ �1

�2 � ∗ ���� Eq. 4
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Hereinto, �1
�2 ���������� ∗ ��� can be calculated from the UV-Vis spectra (cf. Figure 12).

( �1
�2 � ∗ ��� ) = �1

�2 ��2 �������
��� ����

� �� = 1
��� ���� �1

�2 ��2 ������� ∗ ��� Eq. 5

The amount of Cl2 produced between t1 and t2 can be derived from iodometry method.

Consequently, the value of the constant ε*l can be obtained.

STY is derived from the molar concentration c of Cl2, the volumetric flow rate v, and the mass of
the catalyst mcat according to STY=cv/mcat.

Figure 12: The extinction value as a function of time on stream.

(ii) Calibration of the extinction in the UV-Vis signal to absolute Cl2
concentrations
To obtain a reliable STY value from the UV-Vis signal, two different reaction conditions at
430 °C included Ar: HCl: O2 = 10.5: 1.5: 3 and Ar: HCl: O2 = 11: 3: 1 were employed in the
calibration experiments, with the 20 mol.% CeO2@ZrO2 model catalyst. The extinction value of
obtained from UV-Vis analysis under both conditions are 0.21 and 0.13 (cf. Figure 13),
respectively. It can be observed that a stable extinction value can be achieved over a 20 minutes
on stream. Concurrently, the product Cl2 is absorbed by the KI solution over the same 20 minutes
on stream. The amount of Cl2 can be quantified by iodometry using the reaction Eq. 6 and Eq. 7
and quantifying the amount of consumed Na2S2O3 (cf. Eq. 8). The consumption of Na2S2O3 can
be observed to be 3.8 mL and 2.4 mL for Figure 13a and Figure 13b, respectively.

I-+2KI+Cl2 = 2KCl + I3- Eq. 6

I3-+ 2Na2S2O3 = 2NaI + Na2S4O6+I- Eq. 7

n(Na2S2O3) = ½*n(Cl2) Eq. 8



20

Figure 13: The extinction value as a function of time on stream at 430 °C under different reaction conditions: a) Ar: HCl: O2 =
10.5: 1.5: 3, b) Ar: HCl: O2 = 11: 3: 1.

Based on above results, Cl2 concentration can be calculated by the consumption of Na2S2O3. In
summary, the calibrated STY formula is presented below and employed in the "reactivation-
deactivation" experiments.

STY(mol-Cl2/(kg-cat*h)) = 2.7273*Extinction value*0.001/Mass of catalyst (kg)

(iii) In situ Deacon reaction activity test
Besides catalytic activity tests, the flow reactor with the UV-Vis analytics can be employed to
quantify the degree of chlorination of the catalyst after the Deacon reaction (cf. Figure 14). In
doing so we reoxidized the chlorinated catalysts by oxygen exposure and the replaced chlorine
from the catalyst is quantified by UV-Vis spectroscopy. Since the sensitivity of the UV-Vis
spectroscopy is high and the data acquisition is quite fast enough, this dechlorination process of
the once (partly) chlorinated catalyst can be followed in-situ as a function of time. Before above
experiments, iodometry is employed to calibrate the extinction in the UV-Vis signal to absolute
Cl2 concentrations.

The proposed method for quantifying the degree of catalyst chlorination is in-situ, but not
operando, since we have to switch the reaction mixture and then determine the degree of
chlorination in the same apparatus. In particular, we developed a reliable measurement protocol
shown in Figure 14 with the total flow is set to 15 cm3STPmin-1 (sccm) and the catalyst is kept at
430 °C. Each reaction step is followed by a purging step with pure Ar to remove the weakly held
species from the reactor walls until the baseline of the chlorine UV-Vis signal is stable. The
Deacon reaction experiments is first carried out under so-called “mild” condition with the feeds
ratio of Ar: HCl: O2 = 10.5: 1.5: 3. After the catalytic activity has reached steady state, the
activity in terms of space time yield (STY) can be determined. Subsequently pure Ar is purged
and the deactivation experiment is performed under so-called “harsh” condition with a feed ratio
of Ar: HCl: O2 = 9: 4.5: 1.5. When the catalyst has fully deactivated due to in-depth chlorination,
pure Ar is purged. To quantify the degree of chlorination of the deactivated CeO2-based catalyst,
it is exposed to 50 vol. % O2 (balanced by argon) for 5h at the reaction temperature until the
deactivated catalyst is fully reoxidized. During reactivation, oxygen replaces chlorine in the
catalyst that can be quantified by UV-Vis spectroscopy. After completion of the reactivation step,
the reactor is purged with Ar. This terminates the first deactivation/reactivation cycle. The
deactivation/reactivation cycle is repeated twice in order to quantify the activity loss due to
restoration.
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Figure 14: The measurement protocol (reaction feed composition) for determining the degree of chlorination of a CeO2-based
catalyst after full deactivation. The total flow rate is always 15 sccm and the catalyst is kept at 430°C. Steady state activity
experiments are performed before and after restoration (reactivation).

1.4.4 CO catalytic oxidation measurement
The oxidation experiments of CO were carried out in another home-built fixed-bed flow reactor.
The design comprises the gas supply, the quartz tube reactor, heated by a furnace, and analytics
for the CO2 quantification. The flow rates of gases (CO Praxair, quality 4.7, O2 Praxair, quality
5.0 and N2, Linde) were controlled by digital mass flow controllers (SevenStar D07-19B). The
nitrogen-balanced reaction feeds contain 1 vol. % CO, 10 vol. % O2 and 89 vol. % N2 that passed
the reactor tube with flow rate of 90 cm3STPmin-1 (sccm). For the catalytic tests, 10 mg of
catalyst was supported between two quartz wool wads. The furnace was firstly heated to 150 °C
with a rate of 20 K·min-1, held for 10 min, and then heated to of 250 °C with a rate of 20 K·min-1,
held for 10 minutes, and to 350 °C with a rate of 20 K·min-1, held for 10 minutes, and finally to
430 °C (reaction temperature) with a rate of 20 K·min-1, held for 30 minutes. The gas
composition was monitored online using the X-Stream-CO2 analyzer (Rosement). The STY of
CO2 was calculated on the basis of the CO2 concentration in the outlet gas stream.

1.4.5 OSC/OSCc measurement
The experiments of oxygen storage capacity (OSC) were carried out by using a stainless-steel
tube (i.d. 4 mm, length 60mm) connected to the gas inlet system by stainless steel leads (i.d. 1.6
mm) via Swagelok tube fittings. The catalyst (30 mg) was dried at 120 °C for 5h and loaded into
the reactor, supported between two quartz wool wads. The OSC reactor containing the sample
was heated to 430 °C with a rate of 10 K·min-1 using the same furnace and temperature control
as for the HCl oxidation experiments. Carbon monoxide (Praxair, quality 4.7) was employed as
the reducing agent while oxygen (Praxair, quality 5.0) serves as the oxidizing agent. The stream
selector (VICI multi-position valve with an outlet for unused streams) allows to switch software-
controlled at specified time intervals between three gases (CO, O2 and Ar: with a flow rate of 2
sccm each) and mix them with the Ar carrier stream (18 sccm). After leaving the OSC reactor,
the gases pass through a Swagelok sintered stainless steel filter (pore size 2 µm) and reach the
microvolume thermal conductivity detector (VICI TCD2) operated with pure argon as the base
line (detector temperature 373 K, filament temperature 423 K).
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To determine the plain or dynamic oxygen storage capacity (OSC), the stream selector was
switched to CO for 2s and to O2 for 2s alternatively with a 80s Ar purge step in between. Using
additional O2 pulse as a reference, the amount of adsorbed oxygen was calculated that
corresponds to the (dynamic) OSC. The complete oxygen storage capacity (OSCc) was
determined by reducing the catalyst with a sufficiently long sequence of CO pulses each 10s long
accompanied by 80s Ar pulse pauses. Subsequently, the selector was switched to O2 for ten
pulses of 2s duration separated by 80s pure Ar pulses were applied. The total amount of
consumed oxygen is taken to be the OSCc.
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2. Results and Discussions
2.1 Oxygen Storage Capacity versus Catalytic Activity of CexZr1-xO2

solid solutions
We firstly prepared CexZr1-xO2 solid solutions as a function of the composition x with a constant
SSA by the co-precipitation method. In order to obtain CexZr1-xO2 solid solutions with a constant
SSA, the samples were calcined at various temperatures (between 700 and 800°C) for 5h. The
SSA of all samples remain constant at 46 ± 2 m2/g by selecting an appropriate calcination
temperature. The SSA of each sample was measured twice to allow for the estimation of
potential scattering amongst the BET surface data. In comparison to pure ZrO2 and CeO2, the
ceria-zirconia solid solutions require slightly higher calcination temperatures between 700 °C
and 800 °C to maintain the BET surface area (cf. Table 2). As the concentration of Ce is
increased from 0% to 16%, the calcination temperature reaches a maximum value (790 °C).

Subsequently, a systematic characterisation was developed to ensure reconciliation with the
nominal bulk stoichiometry, as defined by the concentration of Ce and Zr precursors. As
illustrated in Figure 15, the cell dimension, calculated by Rietveld refinement based on a
distorted cubic structure reveals a linear dependence on x, the nominal concentration of ceria as
defined by the preparation. A similar expansion of the cell parameter has been reported
summarized for Ce1-xZrxO2 powder samples and is summarized in the Vegard plot.[84, 85]

Moreover, XPS experiments were conducted on the freshly prepared ceria-zirconia solid
solutions with the objective of quantifying the concentration of Ce in the near-surface region.

Table 2. SSA and corresponding calcination temperature of CexZr1-xO2, (CZxxx: xxx percentage of Ce)

Samples
BET surface area (m2/g)

Calcination Temperature (°C)
1st time 2nd time

CZ000 45.9 44.9 615
CZ002 47.7 48.4 650
CZ005 44.5 45.8 700
CZ007 45.2 47.5 700
CZ010 46.1 45.9 730
CZ013 46.6 45.6 730
CZ016 47.6 44.6 790
CZ020 46.9 45.5 780
CZ030 47.4 44.4 750
CZ040 48.1 48.1 760
CZ050 45.7 45.0 730
CZ060 46.4 46.2 740
CZ070 46.2 47.5 750
CZ080 47.4 44.9 720
CZ090 48.4 47.5 710
CZ100 46.3 47.4 540
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The concentration of Ce in the surface region, derived from the Zr 3d and Ce 4d spectra, exhibits
a roughly linear dependence on x, thus being reconciled with the nominal bulk stoichiometry as
given by the concentration of Ce and Zr precursors.

Figure 15: The cell parameter calculated by Rietveld refinement in comparison with the Ce concentration calculated by XPS.

The OSC experiments and the catalytic tests were conducted at a constant reaction temperature
of 430 °C. As shown in Figure 16b, the correlation between OSCc and the activity in the CO
oxidation reaction is indeed close, since the OSC experiments and the catalytic tests are
conducted at the same reaction temperature of 430 °C and with the same reductant, namely CO.
The data set for activity as a function of Ce concentration (x) exhibits three distinct linear regions,
which are reflected in the OSCc data. The identical trends observed in the OSCc and the activity
of the CO oxidation reaction over CexZr1-xO2 catalysts, suggest that the OSCc determined in this
study is at least proportional to the true OSCc. Furthermore, we can conclude that the CO
oxidation proceeds via a MvK mechanism, where the reduction of the oxide by CO is the rate-
limiting step.

With regard to the HCl oxidation reaction, the reducing agent is HCl, which differs from CO
(used in OSC experiments). Additionally, the products are not identical (Cl2 and H2O versus
CO2). As the activity of the HCl oxidation reaction also follows the aforementioned trend in the
OSCc, the trends in activity of CO and HCl oxidation are found to be strikingly similar. From
these findings, we can infer that the HCl oxidation reaction also proceeds via a MvK mechanism,
with the reduction of the oxide by HCl exposure being rate-limiting.
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Figure 16: Direct comparison of the Space-time yield (STY) per kilogram of catalyst in the a) CO and b) HCl oxidation
reaction for as-prepared CZxxx samples (xxx = 0-100) with the complete OSC (OSCc). The reaction temperature during the
reaction was 430 °C. CO oxidation reaction conditions can be referred to Chapter 1.4. HCl oxidation reaction: A total flow
rate of 15 sccm was applied and the reaction condition: N2: HCl: O2 = 7: 1: 2.

a)

b)
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2.2 Determination of Highly Active and Stable Layer Morphology of
CeO2@ZrO2

A systematic investigation was conducted on the CeO2-supported on ZrO2 catalyst (CeO2@ZrO2)
with varying concentrations of ceria load on the surface of ZrO2 particles and calcined at
different temperatures. These samples were then evaluated under a range of reaction conditions.
Calcination of CeO2@ZrO2 at 600 °C for 5 hours (cf. Figure 17a) demonstrates a pronounced
increase in the Deacon activity with increasing CeO2 concentration up to 5 mol.% CeO2; this is
followed by a gradual rise up to 20 mol.% CeO2. A calcination temperature of 900 °C is deemed
sufficient to induce Ce-Zr intermixing,[26] yet the resulting activity is markedly inferior to that
observed for a calcination at 600 °C (cf. Figure 17b).

Apparently, two questions emerge in mind: firstly, how to explain the steep rise in activity with
increasing concentration of Ce to 5wt.%, and secondly, why the activity of the catalyst calcined
at 900°C is inferior to that observed for a calcination at 600°C? With these questions in mind we
undertook a systematic characterization to gain insight.

Figure 17: a) Activity data of the HCl oxidation reaction for xCeO2@ZrO2-600 with different molar ceria concentrations. b)
Activity data of the HCl oxidation reaction and BET surface area for 5CeO2@ZrO2 and 20CeO2@ZrO2 which was calcined to
600 ºC and 900 ºC for 5h. The activity data are given as STY (black, right scale) for a reaction mixture Ar: HCl: O2 = 10.5: 1.5: 3
and a flow rate of 15 sccm, 30 mg of catalyst and a reaction temperature of 430 °C. The BET surface areas of the pristine
materials (i.e. prior to the HCl oxidation reaction) are given in red (right scale).

TEM was initially employed for the direct distinction of catalyst morphologies. It is evident that
CeO2 forms a layer with a thickness of approximately 1-2 nm on the supporting ZrO2 particle in
5CeO2@ZrO2-600 (cf. Figure 18b). Furthermore, there is no discernible attachment of CeO2

particles to ZrO₂ observed. In contrast, the 20CeO2@ZrO2-600 sample reveals, as observed under
TEM (cf. Figure 18c), a thin CeO2 layer on which small CeO2 particles (approximately 6 nm)
adhere. For purposes of comparison, similar TEM experiments are presented for the
20CeO2@ZrO2-900 sample (cf. Figure 18d). At higher calcination temperatures (900 °C), the
CeO2-related particles are no longer observed. Instead, a crystalline CeO2 thin layer is present,
forming an interface with a mixed CexZr1-xO2 underlayer. It should be noted that TEM is a local
method, and the results may not be representative of the entire sample. To strengthen our
conclusion, some sensitive characterizations, such as Raman spectroscopy and XPS, were
employed.
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Figure 18: High-Resolution TEM images of a) ZrO2 calcined at 600°C for 5 h, b) 5CeO2@ZrO2-600, c) 20CeO2@ZrO2-600, d)
20CeO2@ZrO2-900.

In general, Raman spectroscopy is more sensitive than XRD to the presence of a CexZr1-xO2 solid
solution. From visual inspection of the Raman spectra in question, it is evident that the
predominant phonon mode at approximately 470 cm-1 exhibits a notable dependence on the
calcination temperature and CeO2 content.[92]

In the case of the 5CeO2@ZrO2 sample, the band observed at 460-480 cm-1 consists of a
superposition of pure CeO2 and pure ZrO2 Raman spectra for calcination temperatures of 300 °C
and 600 °C. This finding is compatible with the coexistence of pure CeO2 and ZrO2. Upon
increasing the calcination temperature to 900 C (5CeO2@ZrO2-900), the CeO2-related peak is no
longer discernible (red circle 1 in Figure 19), with only the ZrO2-related band at 476 cm-1

remaining. While the ZrO2-related peak at 476 cm-1 slightly shifts to lower wavenumber which
can be attributed to the presence of Ce-Zr mixed oxides.[26, 86, 87] Given that the two Raman
spectra (5CeO2@ZrO2-300 and 5CeO2@ZrO2-600) are practically identical, it can be concluded
that Ce-Zr intermixing in 5CeO2@ZrO2-600 can be safely ruled out for a calcination temperature
of 600 °C. The band observed at 460-480 cm-1 in the 20CeO2@ZrO2-600 sample can be also
attributed to a superposition of pure CeO2 and pure ZrO2 Raman spectra and therefore pointing
toward a coexistence of CeO2 and ZrO2. For the 20CeO2@ZrO2-900 sample (red circle 2 in
Figure 19), the CeO2-related feature changes drastically with calcination temperature. It would
appear that a greater proportion of CeO2 is combined with ZrO2 to form the CexZr1-xO2 solid
solution in the 20CeO2@ZrO2-900 sample.

Figure 19: High resolution Raman spectra of 5CeO2@ZrO2 and 20CeO2@ZrO2 that were calcined to 300 ºC, 600 ºC and 900 ºC
for 5h.
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Furthermore, given the morphology of the CeO2 layer covering partly the ZrO2 particle, it can be
posited that the apparent Ce-related XP spectra signal will be enhanced and that of the Zr-related
signal will be dampened. Altogether such structure will lead to an apparent increase in the Ce
concentration. It can be deduced from the Ce 4d and Zr 3d XPS signals that the Ce concentration
are 14% and 53% for 5CeO2@ZrO2-600 and 20CeO2@ZrO2-600, respectively. This is 2-3 times
higher than the nominal concentration of 5 mol.% and 20 mol.%, respectively. Meanwhile, the
OSCc value of 5CeO2@ZrO2-600 is 23 μmol (O)/g, which is practically identical to the OSC
value of 5CeO2@ZrO2-600 (25 μmol (O)/g (cf. Figure 20b). Quite in contrast, the data for
20CeO2@ZrO2-600 are markedly disparate. It is well established that OSC represents the
capacity of oxygen in the near-surface region of CeO2, whereas OSCc is the capacity of surface
and bulk CeO2 oxygen storage.[18,70] These findings are in accordance with the morphology that a
CeO2 thin layer covers a significant portion of the ZrO2 particle surface.

In order to determine the concentration of Ce3+ in the surface selvedge region, the photoelectron
emission spectroscopy of the Ce 3d was analyzed.[88-90] The Ce 3d-spectra (cf. Figure 20a)
demonstrate that the Ce3+ concentration of 5CeO2@ZrO2-600 in comparison to that of Ce is
significantly increased in contrast to pure CeO2 and 20CeO2@ZrO2-600 (cf. Figure 20a). The
Ce3+/(Ce3++Ce4+) ratio doubles from 24% for CeO2 and 20CeO2@ZrO2-600 and to 48% in
5CeO2@ZrO2-600. This may be correlated with the observed improvement in performance by
the ultrathin CeO2 layer in the Deacon process.

Figure 20: a) The Ce 3d XP spectra of fresh CeO2, 5CeO2@ZrO2-600 and 20CeO2@ZrO2-600 samples including a
deconvolution into Ce4+ and Ce3+. The Ce4+ peaks are labelled by v, v’’, v’’’, u, u’’, u’’’ in black, while the Ce3+ peaks are
labelled by v’, v0, u’, u0 in yellow. b) Plain oxygen-storage capacity, complete oxygen-storage capacity (OSC and OSCc,
respectively) of CeO2@ZrO2-600. 5CeO2@ZrO2-600: square, 20CeO2@ZrO2-600: disk

In all, it can thus be seen that the catalytically active phase is reconciled with the CeO2 thin layer
on ZrO2 particle, and that this dispersion process of CeO2 saturates already with 5 mol.% of
CeO2. The surplus CeO2 at higher mol.% (i.e. above 5%) results in the growth of CeO2 particles
attached to the CeO2@ZrO2 particles, thereby minimally altering the active CeO2 surface area
concomitant with a slight increase in activity.

a) b)
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The stability experiments of different Ce-based catalysts under the harshest condition (cf. Figure
21) were employed to identify superior stability of CeO2 thin layer.

The fastest deactivation occurs for a pure CeO2 powder sample (average particle size of 10 nm)
with a similar BET surface area to that of 5CeO2@ZrO2-600. It is noteworthy that the catalyst
5CeO2@ZrO2-900 exhibits complete deactivation after 16 hours of operation, which is a notable
decline in stability compared to the 5CeO2@ZrO2-600. Additionally, the 20CeO2@ZrO2-900
exhibits a pronounced decline in stability during the initial 5 hours of operation, a rate of
deactivation that is considerably faster than that observed for 20CeO2@ZrO2-600. From this
observation, in combination with characterizations (XRD, Raman, XPS, TEM, cf. Chapter 4.2)
of deactivated samples, we can infer that a 1-2 nm thick wetting layer of CeO2 attached to ZrO2
is chemically more stable against chlorination than a mixed CexZr1-xO2 layer (5CeO2@ZrO2-900)
or a CeO2 layer attached to a CexZr1-xO2 interface (20CeO2@ZrO2-900).

Figure 21: Deacon activity experiments of CeO2, ZrO2, Ce0.2Zr0.8O2, 5CeO2@ZrO2-600, 5CeO2@ZrO2-900, 20CeO2@ZrO2-600
and 20CeO2@ZrO2-900 at T = 430 °C (flow rate 15 sccm, 30 mg catalyst, 24 h on stream) for the reaction feed Ar: HCl: O2 = 9:
4.5: 1.5.



30

2.3 In situ Quantification of the Degree of CeO2 Chlorination
The deactivation of CeO2-based catalysts in the HCl oxidation reaction is a selective bulk-
chlorination process, whereby the active CeO2 component is transformed into CeCl3×nH2O. In
this chapter, we present a dedicated experiment for quantifying the degree of chlorination of the
CeO2-based catalyst in the same reactor (cf. Chapter 1.4) used for catalytic tests. This unique
experiment allows for the straightforward monitoring of the reactivation kinetics via reoxidation.
To demonstrate the efficacy of this method, we present a proof-of-principle experiment utilizing
two Deacon catalysts: a pure CeO2 sample and the aforementioned 20CeO2@ZrO2-600 as
described in Chapter 2.1 & 2.2.

The experimental details have been described in Chapter 1.4. To demonstrate the high
sensitivity of the present UV-Vis based reactor experiment, an investigation was conducted into
the chlorination degree of stable CeO2-based catalysts that have not undergone bulk-chlorination
(cf. Figure 22a). The integral chlorine intensities in the dechlorination peaks and the BET
surface areas of CeO2 and 20CeO2@ZrO2 are practically identical (cf. Figure 22a). This may be
attributed to the presence of a comparable active phase in both samples. The chlorine content at
the surface of the CeO2 particle can be quantified from these experiments. It was found that the
chlorination degree of pure CeO2 is approximately 10%, while that of 20CeO2@ZrO2 is 30%.
The former value for pure CeO2 is in close agreement with the PGAA-derived value of
approximately 10% reported in the literature.[31]

Furthermore, dechlorination experiments were conducted on fully deactivated catalysts (cf.
Figure 22b). With regard to the fully deactivated CeO2 sample, the replaced chlorine amount of
6.3 molCl2·kgcat-1 corresponds to a chlorination degree of 68%. The pure CeO2 sample was not
fully chlorinated under the harsh conditions, but rather exhibited a chlorination limitation. This
could be attributed to the CeCl3 particles obstructing the CeO2 surfaces, thereby impeding further
chlorination. Quite in contrast, the chlorine peak area due to oxygen replacement for
20CeO2@ZrO2 is 2 molCl2·kgcat-1, resulting in a chlorination degree of 91%. From the initial
reoxidation of Cl2 observed for the deactivated CeO2 sample (cf. Chapter 4.3), we can ascertain
that the chlorination degree of the 20CeO2@ZrO2 composite is 100%. This implies that the entire
CeO2 component is transformed into the hydrated form of CeCl3, which suggests that the thin
layer structure facilitates complete chlorination. What is more, it is evident that reactivation for
pure CeO2 takes much longer than that for 20 mol% CeO2 supported on ZrO2 due to the fine
CeCl3 dispersion and high nucleation rate of CeO2 on the support surface. In addition, we
observe different shapes of the Cl2 signals during reoxidation.

Figure 22: Time needed for reactivation of CeO2 in comparison to that of 20CeO2@ZrO2 after the activity measurement of a)
steady state and b) fully-deactivated state after 2nd deactivation step.
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In light of the aforementioned results, a cutting-edge characterization of fresh, deactivated and
reactivated catalysts, in conjunction with a straightforward nucleation and growth model based
on the JMAK approach, has been devised (cf. Chapter 4.3). The different reoxidation kinetics
observed for the two kinds of catalysts can be attributed to the higher nucleation rate of CeO2 on
the ZrO2 support surface. While the ZrO2 surface is otherwise inert in the HCl oxidation reaction,
it appears to provide sites for the nucleation of CeO2 particles and to maintain the dispersion of
CeCl3 particles in the chlorinated catalyst. The ZrO2 support thus facilitates the redispersion of
the catalyst during chlorination-dechlorination cycles.
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3. Conclusion and Perspective
This thesis presents fundamental research on two kinds of ceria-zirconia catalysts for the Deacon
process. In order to establish a connection between systematic OSC data and the activity data of
pure CexZr1-xO2 solid solutions for HCl and CO oxidation reactions, we initially prepared CexZr1-
xO2 catalysts with a constant surface area by varying the calcination temperature. Secondly, we
devised a method of depositing CeO2 on preformed ZrO2 particles (CeO2@ZrO2) using a
moderate calcination temperature, with the aim of investigating the influence of the structure of
CeO2@ZrO2 on the catalytic activity and stability. Finally, the reactivation process of two fully-
deactivated CeO2-based catalysts, namely pure CeO2 and 20CeO2@ZrO2, was studied by oxygen
treatment at 430 °C with a dedicated experiment. The main conclusions are as follows:

The CexZr1-xO2 catalysts were prepared by the co-precipitation method and the specific surface
area of all samples remains constant at 46  2 m2/g by selecting the appropriate calcination
temperatures. By combining the concentration of ceria in the near-surface region, as determined
by XPS experiments, with the linear relationship between ceria concentration x and the cell
dimensions, as calculated by Rietveld refinement, it can be illustrated that the actual
concentration of ceria is consistent with the nominal concentration of ceria. The OSCc of CexZr1-
xO2 solid solutions is found to vary as a function of the Ce content exhibiting a volcano curve.
Hereinto, Ce0.8Zr0.2O2 is observed to exhibit the highest OSCc value. The activity of CexZr1-xO2
for both the CO and HCl oxidation reactions also exhibits a discernible trend with increasing Ce
concentration. Catalytic activity increases with increasing Ce concentration up to 80% and then
exhibits a slight decline with further increases in Ce concentration from 90% to 100%. With
these specifically prepared CexZr1-xO2 solid solutions we then compared the OSC with the
activity of both the CO and the HCl oxidation reaction.The trend in the CO oxidation activity
and in OSCc as a function of the composition x is virtually identical, thus being compatible with
the expected Mars-van Krevelen mechanism. From the close correspondence between the OSCc
and the activity of the HCl oxidation, we may infer that this oxidation reaction also proceeds via
the Mars-van Krevelen mechanism.

CeO2 on preformed ZrO2 particles (CeO2@ZrO2) catalysts were prepared by incipient wetness
impregnation method. The highly dispersed CeO2 wetting layer, which exhibits an enriched
concentration of Ce3+, can be observed in the 5 mol.% CeO2 on preformed ZrO2 particles
calcined at 600 C for 5h (5CeO2@ZrO2-600). The addition of excess CeO2 at higher molar
ratios (i.e. above 5%) results in the growth of CeO2 particles attached to the ZrO2. The distinctive
morphology of CeO2@ZrO2 is responsible for the high (specific) activity in the Deacon reaction.
The 1-2 nm thick CeO2 wetting layer lead to the exceptionally high specific activity observed in
5CeO2@ZrO2-600. Saturation of the wetting layer and formation of adhering CeO2 particles
result in a slight increase in activity above 5 mol% CeO2. It is noteworthy that stability tests have
demonstrated that a 1-2 nm thick layer of CeO2 exhibits better stability than a mixed CexZr1-xO2

layer (CeO2@ZrO2 calcined at 600 C versus 900 C) under the harsh reaction condition. From
this observation, we can infer that the improved stability of the CeO2 layer calcined at 600 °C is
due to the formation of a sharp interface with the ZrO2 support. Altogether, it is anticipated that
this particular core-shell morphology, comprising an active and stable CeO2 wetting layer on a
ZrO2 particle, could prove beneficial as a support or as active component in other catalytic
oxidation reactions as well.
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The pure CeO2 and 20CeO2@ZrO2-600 catalysts were subsequently employed to the dedicated
“deactivation-reactivation” experiments to study the process of reactivation and quantify the
degree of chlorination for fully-deactivated CeO2-based catalysts. The catalytic activity of
20CeO2@ZrO2-600 is completely recovered after the second deactivation-reactivation cycle,
whereas the activity of pure CeO2 after reactivation declines steadily. The quantification of the
reoxidation peak during the initial reactivation cycle of fully deactivated CeO2-based catalysts
allows us to ascertain that the ceria species from deactivated 20CeO2@ZrO2-600 is fully
chlorinated, with a chlorination degree of 77% for pure deactivated CeO2. In addition, the
reactivation process for pure CeO2 is considerably slower than that for 20CeO2@ZrO2-600, and
the shapes of the Cl2 signals during reoxidation for above two samples are distinct. A modified
JMAK model indicates that the accelerated reactivation of the 20CeO2@ZrO2-600 catalyst is
attributed to a higher nucleation rate, which is facilitated by the ZrO2 support surface. While the
ZrO2 surface is otherwise inert in the HCl oxidation reaction, it appears to provide sites for the
nucleation of CeO2 particles and to maintain the dispersion of CeCl3 particles in the chlorinated
catalyst. The ZrO2 support thus facilitates in the redispersion of the catalyst during deactivation-
reactivation cycles. We conclude that the choice of catalyst support is crucial to prevent catalyst
deactivation in non-steady-state operation.

In light of the above investigations into ceria-zirconia-based catalysts in the Deacon reaction,
there are several avenues for further research that are worthy of ongoing investigation.

1. It is essential to investigate the influence of ZrO2 structures on the physio-chemical properties
of CeO2@ZrO2 catalysts, including Ce morphologies, Ce3+/Ce4+ ratios, and OSCc/OSC. This
investigation should extend to an examination of the impact of ZrO2 structures on the catalytic
activity of these catalysts in the Deacon reaction and other oxidation reactions. In general, ZrO2

exhibits three distinct crystalline phases: monoclinic, tetragonal, and cubic. In this thesis, the
ZrO2 with a monoclinic structure was selected as the support directly, in accordance with the
findings of the preceding study. It is thus imperative to prepare CeO2 supported on different ZrO2

structures and to assess the corresponding catalytic performance.

2. The preparation of kappa-Ce0.5Zr0.5O2 thin layers supported on ZrO2 with different structures
(m, t, c-phase) should be addressed. In one study, the layer morphology of a Ce2Zr2O8 kappa
phase supported on YSZ can be identified by subjecting CeO2@YSZ to a high-temperature
reduction/mild reoxidation treatment. Furthermore, Chapter 3.2 demonstrates that the dry
impregnation of CeO2@ZrO2 and subsequent calcination at 600 °C for 5 h results in a highly
dispersed layer of the catalytically active CeO2 phase. It can therefore be concluded that the as-
prepared CeO2@ZrO2 catalysts with various structures (m, t, c-phase) can be subjected to a high-
temperature reduction/mild reoxidation treatment. The application of advanced techniques such
as XRD, Raman, TEM and XPS may provide insight into the structures and surface properties of
the compounds under study and could be employed in the investigation of catalytic oxidation
reactions.

3. What are the physiochemical properties of inverse catalyst 80CeO2/ZrO2? What is the catalytic
performance of the inverse 80CeO2/ZrO2 system in the Deacon reaction? As illustrated in Figure
14 from Chapter 4.2, the catalytic activity of CeO2@ZrO2 is markedly higher than that of the
solid solution with an identical CeO2 content. To illustrate, the activity of 5CeO2@ZrO2 is 3
times higher than that of Ce0.05Zr0.95O2, the activity of 20CeO2@ZrO2 is still 20% higher than
that of Ce0.20Zr0.80O2. However, as the most active sample depicted in Figure 14 from Chapter
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4.2 (Ce0.80Zr0.20O2), there is no comparative analysis of the catalytic activity between
80CeO2/ZrO2 and Ce0.80Zr0.20O2. Further research is required to prepare inverse 80CeO2/ZrO2
catalysts and to investigate their applications in catalytic oxidation reactions..

4. The process of “deactivation-reactivation” process could be refined. In Chapter 3.3, the
reactivation of two bulk-chlorinated CeO2-based catalysts was investigated, namely pure CeO2
and 20CeO2@ZrO2. However, it is challenging to discern the morphological alterations
occurring in the pure CeO2 catalyst throughout the deactivation-reactivation cycle. It may be
beneficial to conduct “deactivation-reactivation” experiments with CeO2 nanocubes or
octahedrons in order to elucidate the underlying nucleation and growth processes. Furthermore,
additional “deactivation-reactivation” experiments are necessary for 5CeO2@ZrO2, given that
only a CeO2 thin layer is present on ZrO2 in this catalyst. The simplified structure of
5CeO2@ZrO2 is conducive to more accurate fitting of the JMAK model.
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4. Scientific Publications
4.1 Publication I: Oxygen Storage Capacity versus Catalytic Activity
of Ceria-Zirconia Solid Solutions in CO and HCl Oxidation
H. Over conceived the original idea. The experimental schedule was devised by H. Over and
myself. I and H. Over wrote the draft version of the manuscript, and H. Over took the lead in
writing and analysis. I prepared the samples and led the most of experiments and analysis. C. Li
and I evaluated the HCl oxidation performance. I. Djerdj conducted the Rietveld refinement. O.
Khalid evaluated the CO oxidation performance. P. Cop measured the OSC performance. J. Sann
and T. Weber contributed the XPS experiments and analysis. S. Werner and K. Turke
contributed the N2-soprtion experiments. Y. Guo and B. M. Smarsly contributed through
scientific discussion of the data.

Reprinted with permission from Sun Y.; Li C.; Djerdj I.; Khalid O.; Cop P.; Sann J.; Weber T.;
Werner S.; Turke K.; Guo Y.; Smarsly B.M.; Over H. Oxygen storage capacity versus catalytic
activity of ceria-zirconia solid solutions in CO and HCl oxidation. Catal. Sci. Technol. 2019, 9,
2163-2172. DOI: 10.1039/c9cy00222g. Copyright © The Royal Society of Chemitry 2019.
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4.2 Publication II: Highly Active and Stable in the Catalytic HCl
Oxidation Reaction: CeO2 Wetting Layer on ZrO2 Particle with
Sharp Interface
The experimental schedule was devised by H. Over and myself. The draft version of the
manuscript was wrote by H. Over and myself. H. Over conceived the original idea and took the
lead in writing and analysis. I prepared the samples and evaluated the HCl oxidation
performance and analysis. P. Cop measured the OSC performance. I. Djerdj performed the
Rietveld refinement. X. Guo performed the ICP-AES and HRTEM experiments and analysis
under the supervision of Y. Guo. T. Weber conducted the XPS experiments and analysis. P. Cop,
O. Khalid, B. M. Smarsly and Y. Guo contributed through scientific discussion of the data.

Reprinted with permission from Sun Y.; Cop P.; Djerdj I.; Guo X.; Weber T.; Khalid O.; Guo Y.;
Smarsly B.M.; Over H. Highly Active and Stable in the Catalytic HCl Oxidation Reaction: CeO2

Wetting Layer on ZrO2 Particle with Sharp Interface. ACS Catal. 2019, 9, 10680-10693. DOI:
10.1021/acscatal.9b03482. Copyright © 2019 American Chemical Society.
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4.3 Publication III: Reactivation of CeO2-based Catalysts in the HCl
Oxidation Reaction: In situ Quantification of the Degree of
Chlorination and Kinetic Modeling
The experimental schedule was devised by H. Over and myself. I prepared the materials and
conducted the experiments and wrote a first draft. F. Hess developed the reoxidation model and
performed the theoretical analysis. I. Djerdj performed the Rietveld refinement. Z.Wang
performed some of the activity experiments. T. Weber performed the XPS experiments and
analysis. H. Over conceived the original idea and took the lead in writing the manuscript with
contributions from myself, F. Hess, B. Smarsly and Y. Guo.

Reprinted with permission from Sun Y.; Hess F.; Djerdj I.; Wang Z.; Weber T.; Guo Y.; Smarsly
B.M.; Over H. Reactivation of CeO2-based Catalysts in the HCl Oxidation Reaction: In situ
Quantification of the Degree of Chlorination and Kinetic Modeling. ChemCatChem. 2020, 12,
5511-5522. DOI: doi.org/10.1002/cctc.202000907. © 2020 The Authors. Published by Wiley-
VCH GmbH.
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5. Appendix
5.1 Supporting Information of Publication I
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