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1. Abstract  
     

    CeO2 represent a promising alternative for the widely used Ru-based catalysts for the HCl 

oxidation reaction in order to recover Cl2. CeO2 powder has been extensively studied previously, 

which has clarified the reaction mechanism, the relation between the catalytic activity and feed 

composition, the reaction temperature, and the Cl coverage on the surface. In general, particles in 

powder catalysts expose various facets, predominantly low index surfaces with low surface 

energies. However, correlation between the specific facets and catalytic performance are still 

unknown. Thus the investigation of catalytic activity and stability over shape-controlled CeO2 

nanoparticles (nano-rods, nano-cubes, and nano-octahedrons with exposing preferentially (110), 

(100), and (111) facets, respectively) is the main research focus of this Ph.D project. 

    This cumulative dissertation comprises two main parts: a literature review which includes the 

investigation of the HCl oxidation reaction and application of Ce-based catalysts and my research 

results including two peer-reviewed scientific publications and one completed manuscript to be 

submitted as scientific publications. 

    The introduction starts with the motivation of HCl oxidation to recover the Cl2 and the 

investigation over different metal-based catalysts, revealing that CeO2 is a promising catalyst 

material to replace the industrialized RuO2 catalysts. A brief review of the investigation of shape-

controlled CeO2 nanoparticles for some oxidizing reactions indicates that catalysts with specific 

facets show different catalytic activity and different reaction mechanism. Some studies of doped 

CeO2 catalysts for enhancing its activity and stability on oxidizing reaction are discussed. 

Especially, Zr-doped CeO2 nano-particles for the Deacon reaction are discussed explicitly.  

     In the first paper of this Ph.D project, the shape-controlled CeO2 nanoparticles (nano-rods, 

nano-cubes, and nano-octahedrons) were prepared by hydrothermal method and their activity and 

stability were investigated for HCl oxidation reaction under two reaction conditions (mild: 

Ar:HCl:O2 = 7:1:2 and harsh: Ar:HCl:O2 = 6:2:2). Several kinds of characterizations (X-ray 

Diffraction (XRD), X-ray photoelectron spectroscopy (XPS), Transmission electron microscopy 

(TEM), Scanning electron microscope (SEM), and Oxygen storage capacity (OSC)) were 

performed for the as prepared CeO2 catalysts to investigate their physicochemical properties and 

how these properties affect the catalytic activity and stability. It turned out that nano-rods are most 
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active in terms of the Space time yield (STY), followed by the cubes and finally the octahedrons. 

The very same trend is reconciled with the Complete Oxygen Storage Capacity (OSCc) with the 

rods having the highest OSCc and the octahedrons having lowest one. Regarding the stability of 

these catalysts ex-situ characterizations were conducted after the HCl oxidation reaction by various 

techniques (i.e. XRD, XPS, and TEM). XRD showed the changes of bulk structures (i.e. formation 

of hydrate CeCl3 crystal phase for the CeO2 nano-cubes and CeO2 nano-octahedron catalysts under 

harsh condition). Rietveld refinement of the XRD data discriminated the mixed phases and 

quantified the concentration of the crystal phase of CeCl3·nH2O, presenting the degree of 

chlorination. The surface compositional and morphological changes were addressed by XPS and 

TEM, respectively. The results indicated that rods are stable without any morphology change under 

harsh condition, while cubes and octahedrons are unstable, as can be determined by the destruction 

of their morphology and the forming the crystal phase of hydrate CeCl3. However, for the mild 

reaction condition, all the catalysts are stable. 

In the second paper we systematically investigated the catalytic stability as a function of 

temperature in order to clarify the correlation between the chlorination degree and the reaction 

temperature. A simple theoretical model based on pure thermodynamics for the chlorination of the 

catalyst to validate the experimental data. To visualize morphological changes and the phase 

transformations, the shape-controlled CeO2 nano-cubes with facets of preferential (100) 

orientation were fabricated. Due to crystallinity of the formed CeCl3·nH2O phase, the degree of 

chlorination was quantified by the Rietveld refinement. The results showed that CeO2 is 

substantially chlorinated below 380 °C, revealing a low catalytic activity originated from the 

hydrate CeCl3. While both the activity and chlorination degree change abruptly at 390 °C. Based 

on the model of chlorination for CeO2, we discovered that the leading driving force for the 

chlorination is the formation of the side product H2O. Thus, adding a small amount (1 %) of H2O 

into the feed gas stream can essentially remove the driving force for chlorination, thereby 

improving the catalytic stability. This modelling result, evidenced by our experiment data, is not 

only helpful for understanding the catalytic mechanism of our catalytic system but might also be 

extended to other heterogeneously catalysed oxidation reactions, in particular where H2O is formed 

as a by-product.  

In the third paper, mixed Ce1-xZrxO2 (x = 2 %, 5 % and 20 %) nano-rods were successfully 

synthesized and were exposed to HCl oxidation reaction for 24 h under different reaction mixture 
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(10% O2, 20%-30% HCl and balanced with Ar) at 430 °C to investigate their stability. For Pure 

CeO2 nano-rods bulk chlorination already started at reaction mixtures of HCl:O2 > 2, thus revealing 

a lower stability and a dramatic loss in activity. CeCl3·nH2O was formed via nucleation and growth 

forming large single crystalline particles.  A doping of 5 % Zr for the mixed Ce1-xZrxO2 catalysts 

already efficiently suppressed the bulk chlorination for a reaction mixture of Ar:HCl:O2 = 6.5:2.5:1.  

XPS measurements revealed that the chlorine concentration is too high to be solely assigned to on-

surface chlorine. Additional XPS measurements conducted after an oxygen plasma treatment 

verified that some of Cl penetrated into the near surface region. For even harsher reaction 

conditions (i.e. Ar:HCl:O2 = 6:3:1) none of these Ce1-xZrxO2 catalysts were stable at 430 °C. 

However, even pure CeO2 nano-rods were stable under such harsh reaction conditions when the 

reaction temperature was set to 500 °C. 
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2. Introduction and Motivation 

2.1 Chlorine and HCl 

        Chlorine (Cl2) serves as a basic element for the large-scale production of a great variety of 

indispensable chemicals and consumer products. Many sectors like water treatment, food safety, 

healthcare, transportation, energy and environment, advanced technology, defense and law 

enforcement and building construction depend on chlorine chemistry [1]. Among these, polyvinyl 

chloride (PVC) is one of the most major products in the chlorine chemistry, followed by organic 

chemistry products such as isocyanates and oxygenates [2]. The high utility of chlorine is 

elucidated by the so-called Chlorine Tree [Figure 1.1] which depicts manifold products of the 

chlorine related chemistry. Worldwide, the chlorine production has been rapidly increased since 

1965 and the production is expected to grow continually. 

 

Figure 1.1.  Products of the Chlorine Tree. Copyright 2016 Euro Chlor [2] 

 

    HCl is one of the inevitable by-products of these chlorine relevant processes and is produced far 

beyond its market demand. The main process leading to a large amount of HCl is the synthesis of 

polyurethanes and polycarbonates by the phosgene-mediated method. Methylene diphenyl 
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diisocyanate (MDI) and toluene diphenyl diisocyanate (TDI) are the key raw materials in the 

production of polyurethanes. During the phosgenation step 4 moles of HCl per mole of MDI or 

TDI are produced [3]. The report forecasts the global MDI market to grow at a Compound Annual 

Growth Rate (CAGR) of 6.5 % by volume during 2014-2019. The largest companies in the global 

MDI market are BASF, Bayer, Huntsman, Kumho Mitsui and Yantai Wanhua [4]. The global 

market for polyurethanes was estimated to be 13,650 kilotons in 2010 and was expected to reach 

17,946 kilotons by 2016 [5]. All these data suggest a continuous growth in the amount of the side 

product HCl. In the industry HCl is used as raw material for the production of ethylene dichloride 

(EDC) by the oxychlorination of ethylene. However in the EDC process only a small amount of 

HCl is consumed, compared to the overall produced “side product HCl”. In addition, neither the 

neutralization by alkali nor the sale of hydrochloric acid is profitable. Therefore, efficient 

technologies which enable the recycling of the surplus HCl into Cl2 are highly required. The 

heterogeneously catalytic oxidation of HCl to Cl2 (Deacon Process) is such an attractive solution, 

particularly because of its energy efficiency and environmental friendliness compared to another 

strategies: HCl electrolysis [6].  

 

2.2 The history of the Deacon Reaction     
    The Deacon reaction has been described over 140 years ago by chemist Henry Deacon [7, 8]. In 

the beginning Mn, Fe, and Cu metals were used as catalysts. Then Cu has been determined as the 

main active element, supported on a pumice surface. Unfortunately, its applications were limited 

by some general problems, including the rapid deactivation of the catalysts due to the formation 

of volatile copper-chloride species when the reaction temperature is above 400 °C and severe 

corrosion issues caused by unreacted HCl and H2O. Nevertheless, it is worth noting that the 

Deacon Process was the first applied large-scale catalytic gas-phase reaction.  

    Arnold et al. [9] reported the thermodynamic properties, which provide the possibility to 

calculate the equilibrium conversion of HCl at different reaction conditions. As an exothermic 

reaction (2 HCl + ½ O2 → Cl2 + H2O; rH = -59 kJ/mol) the HCl equilibrium conversion will be 

improved at lower temperatures, but the reaction rate would be decreasing due to the kinetic reason 

as well. Meanwhile, the excess O2 in the feed gas leads to higher HCl conversion, whereas the 
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separation fee between the unreacted feed gas and product will be also foreseeable increased 

[Figure 1.2].  

The main issue of the Deacon reaction is the stability of the catalyst because higher reaction 

temperatures result in the volatilization of the Cu catalyst. Due to this limitation in stability, several 

modifications for the Deacon process have been explored during the 20th century [6].  

 

Figure 1.2. Effect of reaction temperature on the equilibrium conversion of HCl with 

different molar ratio of HCl and O2 (HCl:O2=1:1~4:1) in the feed gas [10]. 

 

Shell-Chlor Process 

    The Shell-Chlor process was designed by Shell company [11]. In the 1960s they used a CuCl2-

KCl-LaCl3/SiO2 catalyst for the HCl oxidation reaction in a fluidized-bed reactor. The reaction 

temperature was around 365 °C and the HCl conversion was about 80 %. KCl and CuCl2 were 

equally concentrated in the catalyst with KCl used to inhibit the volatilization of the copper species. 
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Further a small amount of rare earth metal was added as the second promoter for improving the 

activity.  However, this process was abandoned due to corrosion issues in the plant. 

 

MT-Chlor Process 

In the 1980s Mitsui chemicals used Cr2O3/SiO2 as the catalyst in a fluidized-bed reactor in the 

so-called MT-Chlor process [12, 13]. The MT-Chlor process plant a facility in Kyushu. It produced 

30 kiloton Cl2 in the first year and doubled that amount after two years. As a result the stability of 

the catalyst was significantly improved compared to the Shell-Chlor catalyst. However, the 

disadvantage of this process is the use of environmentally unfriendly and potentially very toxic 

materials, i.e.Chromium. In addition, the Cr2O3 was also very sensitive to the Fe, which means the 

materials of the reactor must contain less than 1 % Fe, leading to great cost for the equipment. 

 

Sumitomo Process and Bayer Process 

In 1999 Sumitomo Chemical developed RuO2/TiO2-rutile as the catalyst with a very high 

activity (HCl conversion was around 90 %) at low reaction temperature (300 °C) and remarkable 

stability for more than 15000 h in a fixed-bed reactor [14, 15]. In 2002, they licensed a plant with 

a capacity of 100 kiloton Cl2 per year in Japan, followed by three additional plants worldwide. 

Until now no critical problem was reported about this commercial process. Afterwards, Bayer also 

developed a sort of ruthenium-based catalysts for the Cl2 recovery by gas phase HCl oxidation [16, 

17]. Their RuO2/SnO2-Al2O3 catalyst showed a HCl conversion about 40 % for 7000 h in the 

temperature range from 280 °C to 380 °C [18, 19]. This process has been successfully piloted as 

well. Seki et al. reported that RuO2 can be formed as a highly active and remarkably stable film on 

the surface of the TiO2-rutile support due to its rutile structure [16].  

However, ruthenium is still an expensive metal and its market price has been fluctuating 

dramatically [Figure 1.3], thereby limiting the large-scale industrialization. These imperfections 

has motivated many research groups to investigate alternative and cost-effective catalysts that can 

also be applied for industrialization. In the last decade many efforts were devoted to develop new 

catalysts and to understand the mechanism of the HCl oxidation reaction. 
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Figure. 1.3. Monthly average prices of ruthenium between 16 Mar 2002 and 16 Mar 2017. Data 

retrieved from [20]. 

 

2.3. The state-of-the-art on catalytic HCl oxidation with Cu-based 

catalyst 

    As mentioned before copper-based catalysts were used in the original Deacon process as well 

as the Shell-Chlor process. Unfortunately, both of them can’t be successfully industrialized due to 

the fast deactivation of catalysts by the volatilization of the copper chlorides and the severe 

corrosion issues in the plant caused by hydrochloric acid. However, with a much lower price and 

compared to Ruthenium, many groups kept on investigating on copper-based catalyst.                    

    Hammes et al. investigated the activity and stability of CuTi mixed oxides by doping a third 

metal. The activity results revealed that Nb1Cu10Ti89Ox had the highest Cl2 STY and the kinetic 

results confirmed that the apparent activation energy decreases by doping of Nb. Furthermore, 
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only 1 mol% Nb doping can effectively decelerate the loss of Cu with excess O2, thus improving 

the catalyst stability. Nevertheless, there is no further application news about this catalyst [21].  

Fei and co-workers investigated CuO-CeO2 mixed oxide catalysts with different molar ratio 

supported on Y type zeolite. At the reaction condition of 1 bar (Tbed=430 °C, mcat=5 g, HCl=80 

ml/min and HCl:O2=1:1) the CuO(12wt%)-CeO2(13wt%)/Y catalyst showed the highest activity 

(HCl conversion: 85%) and best stability over 1200 hours without decreasing activity, thus 

representing a promising industrialized catalyst for the HCl oxidation reaction. After several 

characterizations (XRD, H2-TPR, SEM, XPS, Raman, and etc.) they confirmed that the high 

content of well dispersed CuO species and intensively synergetic effects between the CuO and 

CeO2 species are the main contributions for the high activity [22]. Furthermore, some intrinsic 

kinetic studies were conducted after eliminating the influence of external and internal diffusion to 

clarify the mechanism of the catalytic reaction. The empirical intrinsic kinetic model has been 

established on the assumption that the surface reaction (absorbed HCl react with absorbed O2) is 

the rate-controlling step. Finally, the experimental results were consistent with the predicted data 

calculated from the intrinsic kinetic model, being very helpful for the industrial reactor design and 

scale-up in the future [23]. According to the news reports, they have piloted with one factory in 

Changzhou with a capability of 1000 ton per year.  

Amrute and his co-worker discovered a copper catalyst based on a delafossite structure (CuAlO2) 

which displayed for over 1000 h under Deacon reaction conditions (N2:HCl:O2=5:1:4, Tbed=380 °C，

W/F0(HCl) = 8.96g h mol-1). However, this structure was quite unstable and the copper species 

were easily transformed into CuCl2, CuCl, and CuO during the reaction. Surprisingly, the activity 

was not decreased by the copper loss of around 40 % caused by forming volatile CuCl2 and CuCl, 

which is inconsistent with other copper-based catalysts reported before. They explained that the 

progressive formation of CuAl2O4, CuO, and copper chloride outstripped the deactivation caused 

by volatilization of the copper chlorides [24]. Furthermore, they kept working on copper-based 

delafossite structure (CuMO2) with different metals (M=Cr, Ga, Fe, Mn) by the same preparation 

method. After testing the catalytic performance with regard to the HCl oxidation, CuCrO2 showed 

a better activity than CuAlO2 with the activity of the other three catalysts even lower than that of 

CuAlO2. The XRD results of all used catalysts revealed an interesting behaviour: for CuCrO2 no 

bulk chlorination after the reaction and even in pure HCl for several hours has not been observed. 

However, for the other four catalysts bulk chlorination occurred during the reaction. It suggested 
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that this discovery of CuCrO2 catalyst can solve the problems of the copper loss because of its 

unique delafossite structure. A 100 hours stability experiment was also operated successfully. In 

order to further improve the activity, CuCrO2 (70 wt%)-CeO2 (30 wt%) composites were prepared 

by the mechanochemical activation of CuCrO2 and CeO2 powders materials. This material exhibits 

a four times higher activity than each single phase and presents a feasible alternative to ruthenium-

based catalyst for the Cl2 recycling process. Unfortunately, there are no followed-up reports about 

this application or a pilot plant of this catalyst [25]. 

    Feng and co-workers used a CuCl2-KCl-LaCl3/γ-Al2O3 catalyst with CuCl2 as the active 

component, KCl and LaCl3 as promoters and γ-Al2O3 as supporting material. According to the 

results the best weight ratio of CuCl2, KCl and LaCl3 was determined to be 3:1:2. The HCl 

conversion could reach about 80 % under the reaction condition 0.1 MPa, Tbed=340 °C, GHSV of 

450 L/(kgcat·h), and HCl/O2 = 2:1. Afterwards, a long-term stability of the best active catalyst was 

investigated and a remarkable stability for over 9600 h was observed without losing any activity. 

Consequently, this catalyst has already been successfully implemented in a pilot production with 

1000 t/year Cl2 in Shanghai Chlor-Alkali Chemical Company for 2 years. Now, they are building 

the industrialization setup with a capability of 100 kton/year Cl2 in Jinshan District in Shanghai. 

To deeply understand the catalyst, several characterization technics were applied thus confirming 

that the KCl can promote the reduction of Cu2+ to Cu+ while LaCl3 significantly reduces the 

reaction temperature for oxidizing CuCl2 to CuO and therefore producing chlorine [26, 27]. 

However, the reaction mechanism which is significant for the further improvement of the catalyst 

and optimization of large-scale industrialization application had not been investigated yet.  

 

2.4. The state-of-the-art on catalytic HCl oxidation with Ce-based 

catalyst 

2.4.1 Pure CeO2 catalyst 

Pure CeO2 catalyst applied in Deacon Reaction 

CeO2 has attracted the researchers’ interest in view of its wide application in a variety of 

catalytic reactions [28-34]. In these reactions it had been employed both as catalyst and supporter 

because of its excellent redox properties and high oxygen storage capacity (OSC). For the same 

reason CeO2 had also been claimed as a potentially suitable catalyst for HCl oxidation at high 
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temperature in some patents [35, 36]. Amrute and his co-worker systematically studied CeO2 

powders by varying their properties, i.e. calcination temperature, surface area and OSC values with 

regard to the HCl oxidation at different reaction conditions. The results of catalytic performance 

tests illustrated that the activity is related to the oxygen vacancies and bulk chlorination could be 

suppressed in O2-rich feeds. As reported in their kinetic study the reaction order on oxygen was 

calculated as 0.5, suggesting a positive effect of the oxygen pressure. Through the characterization 

and DFT simulations the mechanism over CeO2 catalyst for the HCl oxidation reaction was further 

proposed. The bulk chlorination took place under HCl-rich condition while the bulk chloride phase 

disappeared when the catalyst was exposed to O2-rich conditions. Under the reaction condition of 

O2/HCl ＞ 0.75 the catalysts were bulk stable, whereas, surface chlorine/chloride was also 

detectable by XPS technique. DFT simulations showed that Cl activation from vacancy positions 

to surface Ce atoms is the most energy-demanding step, although the re-oxidation step is the rate-

determined step due to the oxygen-chlorine competition for the available active site [37].  

Meanwhile Farra et al. used in-situ techniques to investigate the correlation between Cl coverage 

and catalytic activity over CeO2 catalyst for HCl oxidation. Based on the in-situ Prompt Gamma 

Activation Analysis (PGAA) they conclude that the chlorination rate of CeO2 during the reaction 

is not influenced by the pre-chlorination degree. The chlorination degree would increase at HCl-

rich feed condition. Contrarily the de-chlorination process is dominated under the oxygen-rich feed 

conditions where bulk CeCl3 is transformed back to CeO2. Afterwards the surface coverage studies 

showed that increasing either the ratio of O2 to HCl or the temperature will remove the surface Cl 

and increase the surface OH concentration, accompanied by enhancing the reactivity at the same 

time. Additionally the experiment with pure Cl2 into the probe mixture feed gas confirmed that the 

Cl2 had no effect on the surface Cl coverage except the strong inhibition of the reaction rate during 

the reaction [38]. In order to clarify how the surface acid/base properties of the CeO2 varied during 

HCl oxidation, several kinds of characterizations such as probe molecule (CO2, NH3 and CO) 

adsorption, Micro-calorimetry, in-situ FTIR, TPD and DFT calculations have been applied for 

CeO2 in fresh and post-reaction states. Combining both the experiments and calculations, Farra et 

al. concluded that the initial surface basicity of CeO2 has been removed during the reaction, thus 

the surface became more acidic upon reaction. This phenomenon could be explained by the 

replacement of surface lattice O with Cl species and that the formed OH groups were rather acidic 

naturally. They also confirmed a linear correlation of OH concentration with the reactivity when 



12 
 
T or pO2 is varied. However, a converse trend  was observed when pHCl is changed [39]. As an 

alternative for the active surface, i.e. chlorinated CeO2, a bulk oxychloride phase, namely CeOCl, 

was also considered as a potential catalyst for the HCl oxidation reaction. Synthesized CeOCl was 

tested under different feed compositions. The results showed that CeOCl is not stable either in 

harsh condition (oxygen-lean) or in mild condition (oxygen-rich). Excess oxygen feeds completely 

transformed CeOCl into CeO2 during the reaction, indicating that the bulk CeO2 plays a significant 

role in the HCl oxidation [40].  

Kanzler et al. investigated the stability of CeO2 nano-fibers under HCl oxidation reaction.  The 

reaction was measured for 60 hours at the so-called ‘mild’ (Ar:HCl:O2 = 7:1:2) and ‘harsh’ 

(Ar:HCl:O2 = 6:2:2) condition, respectively. Afterwards BET, SEM and XRD were used to 

characterize the changes of physicochemical properties and morphology between the fresh and 

post-reaction samples. At the harsh reaction conditions the well-defined fibers were destroyed 

completely and new crystal phase of CeCl3 was formed [Figure 1.4C]. Nevertheless the 

morphology of the fibers did not change and no crystal phase of CeCl3 was detectable by the XRD 

after the mild condition [Figure 1.4B]. These visible morphological changes directly show how 

the unstable catalyst looks like after HCl oxidation [41].  

 

Figure 1.4. SEM of different samples. a) as-prepared CeO2 fibers. b) CeO2 fibers after 60 h of 

mild condition. c) CeO2 fibers after 60 h of harsh condition [41]. 

 

Investigation of CeO2 nanoparticles with different morphologies 

Over the last decade CeO2 nanoparticles with well-defined morphologies (nano-rods, nano-

cubes and nano-octahedrons) exposing preferentially (110), (100), and (111) facets have attracted 

much attention [42-46]. These different facet orientation could influence the catalytic activity as 

the active component or the carrier during the reaction. Further people can investigate the reaction 

on the atomic level to get a better insight into the reaction. The shape-controlled CeO2 particles 
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were used to investigate structure sensitivity of various catalytic reactions (VOC oxidation, Water-

Gas shift reaction, CO oxidation, Soot combustion, and some other oxidizing reaction) [47-61].  

Volatile Organic Compounds (VOC) are considered as one of the main pollutants, that have 

always been hazardous to atmospheric environment and have negative effects on indoor air quality, 

thus being greatly harmful to public health. Zhang et al. studied the dichloromethane oxidation 

reaction depending on different morphologies of CeO2 nanoparticles. The nano-rods showed the 

best performance, which was attributed to its high surface area, abundant oxygen vacancies and 

increased amount of adsorbed active oxygen species during the reaction [48].  

    Research in the field of low-temperature water gas shift reaction (WGS) has attracted much 

attention due to its potential in the production of clean hydrogen for fuel cell applications. Si et al. 

synthesized an Au-CeO2 catalyst by depositing Au on the different facets of nano-rods, nano-cubes, 

and nano-polyhedra in a two-step process. These catalysts were used in the Water-Gas shift 

reaction. It was shown that the shape of the catalyst, i.e. its crystal planes, has a strong effect on 

the activity. The CeO2 nano-rods enclosed by (110) and (100) facets were most active for gold 

activation and stabilization. They concluded that the lowest formation energy of anion vacancies 

in the (110) facet for nano-rods can contribute to more oxygen vacancies and higher lattice strain, 

thereby enhancing the activity [49].  

    Another catalytic reaction, the dimethyl carbonate synthesis from CO2 and methanol, was used 

to study the effect of specific facets on the activity of shape-controlled CeO2 by Wang et al. The 

results showed that the spindle-like CeO2 exhibit the highest DMC yield with the key factors 

determined to be exposed active (111) facets and a large amount of acid-basic sites [51]. Murciano 

et al. used shape-controlled CeO2 nano-particles for the total oxidation of polycyclic aromatic 

hydrocarbons. The results showed that nano-rods are most active followed by nano-cubes and 

finally the nanoparticles, suggesting that (110) and (100) facets with the higher oxygen storage 

capacity are more active than the (111) facets [53].  

    Hu et al. studied the effect of the shape-selective oriented CeO2 on the catalytic properties of 

Pd/CeO2 for both CO oxidation and propane oxidation. Interestingly, the Pd/CeO2(nano-rods) 

displayed the best performance for CO oxidation, whereas Pd/CeO2 (nano-octahedrons) 

represented the most active catalyst for propane oxidation. These results indicate that different 

facets contribute the different interactions of Pd-O-Ce at the interface, which clearly elucidates  

the strong correlation between morphology and reactivity [54].  
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Soot is one of the main pollutants emitted by diesel engines, which contain NOx, CO, and 

unburned hydrocarbons. Aneggi et al. investigated the shape-dependent activity of CeO2 for soot 

combustion. The results confirmed that nano-cubes with predominantly CeO2(100) facets 

displayed higher activity than polycrystalline CeO2 with predominantly (111) facets [57].  

Inverse results were found for the hydrogenation of C2H2 from Vilé and his co-workers. They 

compared the effect of (100) facets (predominantly exposed by nano-cubes) with the (111) facets 

(mainly in normal nano-particles) on their performance for C2H2 hydrogenation and CO oxidation. 

Due to the different oxygen vacancy chemistry and defect sites on each facet, the sample with (100) 

plane showed a higher oxidation activity than that with (111) plane for CO oxidation, while the 

(111) plane dominated in the hydrogenation reaction. The reason for the inverse results is that 

hydrogenation is opposite to the oxidation and benefitted over the low-vacancy surface, suggesting 

the key role of oxygen on the stabilization of reactive intermediates [62].  

All these literature confirmed a strong correlation between the facets orientation and catalytic 

performance under various reaction. The CeO2 powder have been extensively investigated in HCl 

oxidation, however, the correlation between the specific facets and catalytic performance (activity 

and stability) is still elusive. In order to clarify this point, we employed shape-controlled CeO2 

nano-particles (namely, cubes, rods, and octahedrons), exposing (100), (110), and (111) facets, for 

HCl oxidation reaction, respectively. These results are presented in Chapter 3.1 and Chapter 3.2. 

 

2.4.2 Doped CeO2 catalyst 

Application of rare earth metal doped CeO2 catalyst  

In spite of the wide application of pure CeO2 there are still some obstacles such as comparatively 

low catalytic activity and poor thermal stability during some reactions. In order to solve these 

problems and make further improvement of the CeO2 based catalysts, people have made much 

effort and found doping by a second metal is a feasible strategy [62]. The rare-earth metals (such 

as La, Pr, and Sm) as well as Zr are often used as dopants. Krishna et al. investigated the 

performance of CeO2 catalysts modified by rare-earth metals for soot oxidation and concluded that 

the La and Pr doped CeO2 catalysts show much higher activity than Sm and Y doped and pure 

CeO2 catalysts. The enhanced activity is related to an increased surface area in the case of CeLaOx, 

and to better redox properties in the case of CePrOx. This could be elucidated by the inhibition of 

the grain growth of CeO2 under high temperature by doping La3+ or Pr3+/4+ [63-65]. The 
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improvement of thermal stability of CeO2-based catalysts by doping La has been widely 

investigated in a three-way catalyst. Wang et al. reported that the Ceria-Zirconia solid solution 

modified by La had larger surface area, better thermal stability and higher oxygen storage capacity 

than the unmodified Ceria-Zirconia solid solution, due to the lattice distortion after doping. In 

addition La doped fresh samples favored the conversion of NO and the aged samples exhibited 

higher catalytic activity for all the target pollutants [66, 67]. Meanwhile CeO2 doped by Sm was 

also applied for various catalytic reactions [68-74]. Mandal et al. reported that CeO2-based nano-

crystalline frameworks with high concentration of Ce3+ and high surface area could be achieved 

by doping with Sm. Several characterizations were employed revealing that Sm3+ doping increased 

the lattice volume, the mesoporous volume and induced defects on the surface. The H2-TPR 

measurements revealed the reduction temperature of bulk CeO2 shifted to a very low region after 

doping. The evident change of the reduction properties suggested that the oxygen mobility within 

doped CeO2 is enhanced, alongside a higher oxygen diffusibility at lower temperatures (＜ 300 °C). 

This promoted reducibility is suggested to be very helpful in the auto-catalytic cycle [68].  

Konsolakis et al. investigated the performance of Cu supported on the Ce1-xSmxO γ for Volatile 

organic compound (VOC) oxidation. Unlike other researches this study revealed the opposite 

effect by Sm doping, indicating a detrimental impact on the VOC oxidation according to Sm 

content, the more the Sm doped, the worse the catalytic activity. The H2-TPR results showed that 

a higher concentration of Sm led to a higher reduction temperature, indicative for the weaker 

reduction of catalysts. The reason is that the reducible Ce4+ was replaced by un-reducible Sm3+, 

thereby decreasing the reducibility of the whole catalyst material. Moreover these results also 

illustrate that reducibility is beneficial for VOC oxidation [72].  

 

Applications of Zr doped CeO2 catalyst 

Besides the doping of rare earth metals, CeO2-ZrO2 mixed oxides also drew attentions to 

investigate their physiochemical properties, catalytic activity, and stability for various reactions. 

First of all, the equilibrium phase diagram of the CeO2-ZrO2 system [Figure 1.5] has been studied 

by many researchers [75-80]. Based on these results, we could conclude that the phase of the mixed 

oxides is dependent on different composition range in CexZr1-xO2 and the most popular phases 

were summarized below [Table 1]. It was reported several times that the doping of trivalent metal 

ions will not enhance the oxygen storage capacity, whereas the quadrivalent metal ions (such as 
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Zr4+) can improve the OSC [81-84]. Madier et al. used 18O/16O isotope exchange measurements to 

investigate the oxygen mobility in Ce-based materials, confirming that mixed oxides react more 

quickly than pure CeO2. Also the inclusion of Zr into the CeO2 lattice could markedly improve the 

thermal stability, with the mixed oxides still maintaining a relatively high surface area after the 

calcination at 900 °C [81]. The well-known application of CexZr1-xO2 is regarded as the promoter 

in the automotive TWCs (Three Way Catalysts) [85-88]. Because the TWCs are requested to be 

exposed to extremely high thermal high temperature (normally > 1000 °C) for longer time periods, 

a high thermal stability of catalysts is indispensable. Otherwise the ‘active oxygen’ which is 

essential for the contact between the noble metal and the CeO2-based promoter will be lost during 

the sintering process [88].  

 

Figure 1.5. Experimental equilibrium phase diagram of the CeO2-ZrO2 system. Solid lines 

represent the stable phase-boundaries and dashed lines correspond to the metastable phase-

boundaries [76]. 
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Table 1. Most Metastable, Bulk Homogeneous Phases Identified for CexZr1-xO2 Materials.  

Composition Crystal system and 

phases 

Space group Unit-cell parameters 

0.90 ≤ x ≤ 1 cubic Fm3m c/a=1 

0.65≤x<0.90 Tetragonal (t″) P42/nmc c/a=1 

0.20≤x<0.65 tetragonal (t′) P42/nmc c/a > 1 

0.12 ≤ x <0.20 tetragonal (t) P42/nmc c/a > 1 

0 ≤ x < 0.12 monoclinic (m) P21/c am≠bm≠cm,β > 90° 

x=0.5,Ce2Zr2O7+y pyrochlore Fd3m c/a = 1 

x = 0.5,Ce2Zr2O8 phase κ (cubic) P213 a = 1.05270 nm 

x = 0.5,Ce2Zr2O8 phase t*(tetragonal) P42/nmc c/a > 1 

 

In addition to the TWCs CexZr1-xO2 are widely used in other reactions, such as Soot Combustion, 

Oxidation of VOC, Water-Gas Shift Reaction and Steam Reforming. Many researchers 

investigated the Ce-Zr mixed oxide, in order to replace pure CeO2 as the catalyst for soot 

combustion [89-92]. Atribak et al. prepared Ce-Zr mixed oxides with different Ce:Zr ratios under 

various NOx/O2 gas compositions. Among these mixed oxide catalysts Ce0.76Zr0.24O2 has shown 

the best activity. Meanwhile Ce0.76Zr0.24O2 exhibited high thermal stability at typical reaction 

temperatures of 1000 °C where the pure CeO2 is gradually deactivated. Based on the results of 

characterization (XRD, H2-TPR, BET) they found the activity is mainly dependent on the surface 

area and the crystallite size. Additionally other properties as the redox behavior and lattice mobility 

of O also affect the catalytic activity [90].  

Aneggi et al. investigated the effect of specific crystal planes exposed by CeO2 and Ce-Zr mixed 

oxides in soot combustion experiments. It is demonstrated that the higher calcination temperature 

(1000 °C) facilitates the formation of these more active facets ((100) and (110)) than the less active 

but more stable (111) oriented facets. This preferential exposed facets after calcination is also 

highly dependent on the amount of Ce, being more evident with pure ceria than with ceria-zirconia. 

However, at lower calcination temperature (＜ 500 °C), the fraction of reactive planes (i.e. (110) 

and (100)) in Ce-Zr is higher than in pure CeO2. This could be an explanation for the higher activity 

of Ce-Zr mixed oxides in various reactions. Nevertheless the role of the redox properties of Ce and 

Ce-Zr in the mechanism of soot oxidation are still not fully understood [91]. 
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    Ce-Zr mixed oxides have been applied in various VOCs’ combustion investigations [93-96]. 

Bozo and his co-workers prepared a CeO2-ZrO2 solid solution by a precipitation method, and 

investigated the catalytic activity via methane combustion. A Ce0.67Zr0.33O2 solid solution aged at 

1000 °C displayed the best thermal stability and catalytic activity and was selected as a support 

for active phase. Afterwards, Pd/Ce0.67Zr0.33O2 and Pt/Al2O3, for comparison, were prepared and 

measured for the catalytic activity of soot combustion. The results showed that the fresh 

Pd/Ce0.67Zr0.33O2 catalyst was much more active than the corresponding Pt/Al2O3 catalyst, 

although a deactivation on stream was observed in the 200-500 °C temperature range. If the 

catalyst was aged at 1000 °C, the thermal stability of the Ce0.67Zr0.33O2 is preserved, whereas the 

activity is similar to that of an aged Pt/Al2O3 catalyst. The same phenomenon also happened when 

the Pd was replaced by Mn. Therefore Bozo et al.  concluded that the CeO2-ZrO2 solid solution is 

not suitable for methane combustion since the application temperature is above 1000 °C [93].  

Rivas et al. investigated the catalytic performance on the combustion of single and chlorinated 

VOC/toluene mixtures over a series of CexZr1-xO2 oxides. The incorporation of Zr4+ ions into the 

CeO2 lattice noticeably lowers the reaction temperature in the combustion of the chlorinated feeds. 

It is generally stated that toluene is more prone to get completely oxidized by oxygen than 

chlorinated VOC. However, the chlorinated VOC/toluene mixtures resulted in significant changes 

in both activity and selectivity compare to the pure chlorinated VOC or toluene. Competitive 

adsorption presumably plays a key role for the activity, but no species could dominate the 

adsorption site which can be completely removed by increasing the reaction temperature. It seemed 

that surface acidity and accessible lattice oxygen control the catalytic performance for chlorinated 

compounds, while the combustion of toluene was essentially controlled by surface oxygen species. 

Noticeably these catalysts possess a considerable potential for VOC removal combined with an 

acceptable stability during the combustion process [95].  

Gutierrez-Ortiz investigated the adsorption of different volatile organic compound (VOC) on 

Ce-Zr mixed oxides by Inverse Gas Chromatography (IGC). These chromatography data, 

combining with other physicochemical properties (surface area, oxygen storage capacity, surface 

acidity, and reducibility), were correlated to the reactivity and selectivity. It is indicated that the 

adsorption capacity on the oxide surfaces plays an important role on the activity for chlorinated 

VOC. Also the selectivity towards different oxidation products depend on both: the oxygen storage 
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capacity (OSC) and the specific interaction of the chlorinated compounds and the surface of the 

catalysts [96]. 

CeO2-ZrO2 based materials are used for water gas shift reaction (WGS) due to their ability to 

limit the catalyst deactivation by carbonate deposition during start-stop operation [97-102]. 

Kalamaras et al. synthesized a series of y wt% yPt/CexZr1-xO2 catalysts (y=0.1, 0.5 and 1.2; x=0.3, 

0.5 and 0.7) and investigated the effect of Zr doping on physicochemical properties and catalytic 

performance for the WGS reaction. Based on the results they concluded that the introduction of 

Zr4+ into the ceria lattice would decrease the Ce4+→Ce3+ reduction energy, thus directly 

influencing the catalytic activity. The structure of the active intermediates (C-contained) formed 

during the WGS also changed due to the doping of Zr4+. Even the concentration of active 

intermediates (C-contained and H-contained) were found to be strongly dependent on the reaction 

temperature, support chemical composition (Ce/Zr atom ratio) and Pt particle size [98].  

Steam methane reforming (SMR) is a widely applied technology to manufacture hydrogen or 

synthesis gas (syngas). The most explored system is based on Ce-Zr mixed oxides due to their 

outstanding redox properties [103-111]. Roh et al. prepared Ni-Ce(1-x)ZrxO2 catalysts by the co-

precipitation method and studied their catalytic performance on the SRM reaction under severe 

reaction conditions (GHSV ＞ 150000 h-1). Through the optimization of the CeO2/ZrO2 ratios, Ni-

Ce0.8Zr0.2O2 was found to exhibit the highest CH4 conversion as well as stability. The extraordinary 

catalytic performance was mainly related to the synergic effect of Ce0.8Zr0.2O2 solid solution, high 

Ni dispersion, high thermal stability and high oxygen storage capacity [106]. Au/Ce(1-x)ZrxO2 

catalysts were employed for oxidative steam reforming of methanol in the temperature range of 

200-400 °C. The initial activity was efficiently promoted by doping 25 mol% Zr4+ into the CeO2 

lattice to form a solid solution, which also contributes to high stability and less coke formation. 

However, increasing the support calcination temperature to more than 400 °C  would cause the 

simultaneous agglomeration of CeO2 and segregation of ZrO2, thus leading to a reduced activity 

[108].  
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Doped CeO2 catalysts applied in Deacon Reaction 

As mentioned previously bulk CeO2 had been largely investigated as a promising catalyst for 

the Deacon Reaction. In order to scale up the CeO2 based catalysts system, several strategies were 

made for further improvement of activity and stability [112-116]. Farra and co-workers 

investigated trivalent (La, Sm, Gd, and Y) and tetravalent (Hf, Zr, and Ti) metals as dopants for 

CeO2 to enhance the catalytic performance in the HCl oxidation. The catalysts were test under 

‘extremely mild condition’ (O2:HCl = 9:1) at 430 °C. The results revealed a promoting effect on 

the activity and stability after doping Zr and Hf, whereas all the trivalent dopants were detrimental. 

For the Hf- and Zr-doped catalysts a 10 % Hf and 20 % Zr doping has shown to give the best 

performance regarding catalytic activity and stability, respectively. At the initial 5 hours all the 

catalysts exhibited a slight deactivation of around 3-5 % compared to the original reactivity. The 

oxygen vacancy formation energy followed the order of trivalent＞tetravalent＞undoped under 

oxidizing condition, suggesting irrelevance with the reactivity. According to DFT calculations 

only a balanced reduction of both Cl and O vacancy formation energies results in an enhanced 

reactivity [112].  Möller and co-workers prepared CeO2 nano-fibers with different contents of Gd 

doping (CGO) by electrospinning and investigated their physicochemical properties, oxygen 

storage capacity and catalytic performance with regard to the HCl oxidation. The in-depth 

characterization evidenced that the formed CGO was a solid solution with high surface area and 

the Gd was randomly distributed within the CeO2 lattice. Surprisingly, the OSC had a positive 

correlation with the increasing concentration of the doped tetravalent metal: Gd. However, the 

activity in the HCl oxidation had the contrary tendency which is in agreement with the work of 

Farra et al. [112]. Additionally Gd doping was not able to stabilize the Ce-based catalysts for the 

HCl oxidation reaction. It indicated that they are not feasible strategies for increasing of oxygen 

vacancies for enhancing the catalytic activity on HCl oxidation of CGO catalysts. Nevertheless the 

combination of various characterization techniques would be very helpful to deeply and accurately 

understand the correlation between the doping/vacancies onto the oxygen storage capacity and the 

catalytic performance of CeO2 [113]. Urban et al. synthesized Zr1-xCexO2 (x=0.1~1) nanofibers by 

electrospinning and measured their catalytic performance (reactivity and stability) for HCl 

oxidation under ‘mild’ and ‘harsh’ condition, respectively. The results indicated that the activity 

is enhanced when the concentration of Ce is increased from 0 mol% to 30 mol% of the catalysts. 

For the other Zr1-xCexO2 (x=0.4~1) catalysts, the activity were shown no difference under the same 
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reaction condition.  Meanwhile SEM and XRD measurements of the Zr1-xCexO2 catalyst after HCl 

oxidation under ‘harsh’ conditions indicate that 20 mol% Zr can stabilize the CeO2-based 

nanofibers by inhibiting the bulk chlorination from the HCl. However it was also observed that the 

OSC does not regulate the catalytic activity of the Ce-based catalysts [114]. A series of CexZr1-xO2 

(x=0, 0.1, 0.3, 0.5, 0.7, 0.9, and 1) mixed oxides were prepared by a soft reactive grinding 

procedure and were investigated by Fei and co-workers. Several characterization technics were 

utilized to investigate the correlation between the physicochemical properties and catalytic 

performances. The results revealed that a small crystalline size of the nano-particles could improve 

the activity and the oxygen storage capacity (OSC). They observed a positive correlation between 

the activity and OSC, which is different to the previous research [112-114]. However, the method 

for the OSC measurement is quite different. Fei et al. used a H2/Ar mixture for 0.5 h at 600 °C to 

completely reduce the samples, and then an O2/He mix feed gas was induced for re-oxidation. This 

procedure was quite similar to the measurement of another property, namely the Oxygen storage 

Capacity complete (OSCc). Among all the catalysts they discovered that the Ce0.5Zr0.5O2 with 

mixed phases (cubic and tetragonal) exhibited the highest OSC and the best catalytic activity for 

the HCl oxidation reaction. Furthermore kinetic studies of Ce0.5Zr0.5O2 confirmed that the rate-

determining step is the desorption of Cl atoms which are bound to the active site, thus competing 

with the adsorption of O2/HCl [115]. Instead of the Zr doped CeO2-based catalysts, ZrO2 has also 

been used as a support and investigated by Moser and co-workers. In order to scale up the CeO2-

based catalysts for HCl oxidation reaction, different stable and inert metal oxides (ZrO2, Al2O3, 

and TiO2) were utilized as a support material and the concentration of Ce was varied in the range 

of 3-20 wt%. They found that CeO2/ZrO2 showed the best catalytic performance among these 

catalysts and the most active one being CeO2/ZrO2 (9 mol% Ce). This 9 mol% CeO2/ZrO2 was run 

for a long-term stability experiment in a pilot plant. Its remarkable activity and robust stability 

presented a realistic alternative to RuO2-based catalysts for industrialization. The kinetic data 

showed that the apparent activation energy was calculated to be 60 kJ/mol, which is significantly 

lower than the value of 90 kJ/mol for bulk CeO2 catalysts. The oxygen reaction order of 0.4 is as 

similar to bulk CeO2. Based on the Rietveld refinement results of XRD data, Moser et al. observed 

the transformation from monoclinic phase to tetragonal phase of ZrO2 by the CeO2 impregnation. 

However, the Zr was incorporated into the CeO2 lattice can’t be undoubtedly evidenced. In situ 

PGAA allowed people to clarify the correlation between the reaction parameters and the Cl 
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coverage. The results illustrated that increasing temperature and O2/HCl ratio reduces the Cl 

uptake, and concomitantly, higher reactivity, which is similar to pure CeO2. But the lower apparent 

activation energy of CeO2/ZrO2 indicates that Cl has less significant blocking efficiency at lower 

temperature compared to pure CeO2, which can be explained by the electronic modification and 

strong incorporation within ZrO2. Based on these results, CeO2/ZrO2 is regarded as a cost-effective, 

eco-friendly, and feasible alternative to the RuO2-based catalysts for the industrialization of the 

Deacon process. As reported CeO2/ZrO2 catalysts have been piloted by Covestro (former Bayer 

materials) and ETHZ [116].  

These researches have made valuable contribution over the Ce-based catalysts for chlorine 

recovery. However, to learn more about the stabilizing effect of Zr4+ we need to control the 

morphology and the exposed facets of single crystalline Ce1-xZrxO2 particles such as encountered 

with nano-rods. Recently, Zr doped CeO2 with shaped-control morphology nanoparticles attracted 

many attentions for various reactions [117-119]. Naturally, we want to investigate how Zr doping 

affects the catalytic activity and stability of CeO2-based nano-rods under even more harsh 

condition (10% O2, 20%~30% HCl, and balanced with Ar). In order to clarify this correlation, we 

prepared the Ce1-xZrxO2 nano-rods (x=0, 0.02, 0.05, and 0.2) and measured them in HCl oxidation 

reaction under various reaction condition. These results are presented in Chapter 3.3. 
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Abstract:  

Mixed Ce1-xZrxO2 nano-rod particles with Zr doping levels of up to 20% were exposed to Deacon 

reaction mixtures with high HCl concentration at a reaction temperature of 430°C and post 

analyzed by x-ray diffraction (XRD), transmission electron microscopy (TEM), and x-ray 

photoelectron spectroscopy (XPS). Pure CeO2 nano-rods are shown to suffer from bulk-

chlorination of the catalyst for reaction mixtures HCl:O2 >2 that is accompanied by dramatic 

activity losses. CeCl3x6H2O is formed via nucleation and growth forming large single crystalline 

particles. For a reaction mixture of HCl:O2=2.5:1, already 5% Zr doping suffices to stabilize Ce1-

xZrxO2 nano-rods against bulk chlorination. Yet, the chlorine concentration of Ce1-xZrxO2 nano-

rods as quantified by XPS is too high to be solely ascribed to on-surface chlorine. The 

incorporation of Cl into the surface-near region is corroborated by XPS experiments after oxygen 

plasma treatment. For even more harsh reaction conditions HCl:O2=3:1 none of the Ce1-xZrxO2 

nano-rods were stable at 430°C. However, reaction temperature of 500°C enables even CeO2 nano-

rods to be stable under such harsh reaction conditions.  

 

Keywords: Deacon process, stability, CeO2, nano-rods, Zr-doping  
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1. Introduction 

The heterogeneously catalyzed gas-phase oxidation of HCl to Cl2 (Deacon process) is an ideal and 

energy-efficient way to recycle the HCl waste [1, 2], which is an inevitable by-product generated 

in chlorine-related chemical process such as polyurethanes, polycarbonates, and chlorinated 

polypropylene. However, severe stability issues of the catalysts had prevented the industrialization 

for 140 years until 1999 when Sumitomo Chemical developed a catalyst based on RuO2 supported 

on rutile-TiO2, featuring remarkably high activity combined with long-term stability [3]. 

Nevertheless, the high and fluctuating market price of ruthenium may limit large-scale application 

of the Sumitomo process calling for other cost-effective catalyst to replace the RuO2-based 

catalysts [4-6]. 

CeO2 has been proposed as a promising catalyst material for the HCl oxidation, and it was 

suggested that oxygen storage capacity (OSC) and catalytic activity are interrelated [7]. However, 

CeO2 suffers from bulk chlorination under harsh reaction condition (HCl excess) at 430℃ 

accompanied by a loss of catalytic activity. Farra et al. found with Prompt Gamma-Ray Activation 

Analysis (PGAA) that chlorination of CeO2 is correlated with catalytic activity: the more the CeCl3 

formed during the Deacon reaction the lower the reactivity [8, 9]. Recently, it was found that the 

catalytic stability of pure CeO2 in the Deacon reaction against chlorination depends sensitively on 

the exposed facets of the particles. The highest stability against bulk chlorination was encountered 

with (110) facets preferentially exposed by nano-rods [10].  

It is well-documented that incorporating isovalent metal cations, such as Zr4+, into the CeO2 lattice 

could strongly facilitate its redox properties and the exchange of oxygen [11-14]. Zr4+ doping has 

also shown to be a feasible strategy to improve the catalytic stability in the Deacon process [9, 15, 

16]. For polycrystalline mixed oxide Ce1-xZrxO2 nanofibers [15], 20% Zr doping is required to 

stabilize the fiber structure on the mesoscale, while 10% of Zr suffices already to prevent bulk 

chlorination according to XRD data.  

Previously Zr doped CeO2 single-crystalline nano-rods were successfully synthesized for Zr 

concentration up to 20% and applied to various catalytic reactions, including styrene epoxidation 

[17], CO oxidation [18], catalytic reduction of NO [14], and ethanol reforming reaction [19].  

To deepen our microscopic understanding on the stabilizing effect of Zr4+ we need to control the 

morphology and the exposed facets of single crystalline Ce1-xZrxO2 particles. In doing so, we 

synthesized Ce1-xZrxO2 nano-rods (x=0-0. 2) by a hydrothermal method and investigated them in 
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the Deacon reaction under various reaction conditions, i.e., different ratio of HCl to O2 in feed gas 

and reaction temperature. Both Oxygen storage capacity (OSC) and complete oxygen storage 

capacity (OSCc) are evaluated for fresh materials and correlated with the catalytic activity. X-ray 

diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and transmission electron 

microscopy (TEM) are employed for the catalysts characterization before and after Deacon 

reaction in order to study the changes of the nano-rods in terms of crystallinity, composition, and 

morphology and correlate them to the catalytic activity.  

 

2. Experimental Details 

Ce1-xZrxO2 nano-rods were synthesized by a previously published hydrothermal method [20, 21]. 

Take Ce0.8Zr0.2O2 nano-rods as an example. The mixed Ce/Zr solution (0.8 mmol 

Ce(NO3)3*6H2O+0.2mmol ZrO(NO3)3*nH2O +2.5 mL deionized water) was first dropped into a 

NaOH solution (4.8 g NaOH+17.5mL deionized water) placed in Teflon liner and stirred for 30 

minutes. The Teflon liner was then placed inside the autoclave keeping the temperature at 100°C 

for 24h. Next, the precipitates were separated by centrifugation and subsequently washed by 

deionized water and ethanol several times, followed by drying at 80°C in air overnight. Finally, 

the samples were calcined at 600°C for 6 h in a muffle oven (heating rate of 5K/min). The 

calcination temperature of 600°C was chosen to be high enough to suppress the further 

temperature-induced sintering of the particles during the Deacon reaction. 

Transmission electron microscopy (TEM) was performed on a Philipps CM30 instrument operated 

at 300 kV. Copper mesh grids were used for the sample preparation. The sample was ultrasonically 

suspended in the ethanol solvent, and one or two droplets of this slurry were deposited on a copper 

grid.  

The activity data were normalized to the surface area, measured by N2 and krypton physisorption 

(BET) (AUTOSORB-6; Quantachrome, Boynton Beach, USA) at 77 K.  

Structural information of the catalyst is gained by X-ray diffraction (XRD) which is conducted in 

Θ-2Θ geometry on a Panalytical X’Pert PRO diffractometer with a Cu Kα source (40 kV, 40 mA). 

Rietveld analysis was carried out by using the FullProf program (Version 2.05). 

X-ray photoemission spectroscopy (XPS) experiments (PHI VersaProbe II) were performed with 

a photon energy of 1486.6 eV (monochromatized Al-Kα line) and the x-ray spot size of ~200 µm 

with an excitation power of  ~50 W to quantify the concentration of Zr, Ce and Cl in the near-
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surface region of the nano-rod particles. For quantifying the Zr surface concentration the Zr3d 

spectrum is referenced against the Ce4d rather than to Ce3d spectrum to allow for similar kinetic 

energies of both emitted photoelectrons (Zr3d, Ce3d). Typical error bars for quantification data of 

concentration ratios are 10% relative. Charging of the sample was compensated by a flow of 

electrons with energies of about 1 eV and Ar+ ions of about 10 eV. The survey spectra were taken 

with an analyzer pass energy of 93.9 eV and a step size of 0.8 eV while the detail spectra were 

acquired with a pass energy of 23.5 eV and a step size of 0.2 eV. The chamber pressure was ~10-

6 Pa during the measurement and all spectra were taken at room temperature. The XPS data were 

analyzed with CasaXPS Version 2.3.17. For some samples a plasma cleaning procedure (GV10x 

Downstream Asher from ibss Group) was applied, for which the samples were exposed to an air 

plasma for 20 minutes. The plasma is created by an inductively coupled RF field (75 W).  

The catalytic tests of Ce1-xZrxO2 nano-rods were conducted in a fixed bed flow reactor at ambient 

pressure. The homemade design of reactor set up [22] includes the gas supply, the quartz tube 

reactor, heated by the furnace, and the UV/Vis spectrometer for analytic chlorine quantification. 

The flow of gases, supplied by AirLiquide (HCl 4.5, O2 4.8 and Ar 5.0), were controlled by digital 

mass flow controllers (MKS Instruments 1179B). Prior to feeding into the reactor, Ar was dried 

using a water absorption cartridge (ALPHAGAZTM purifier H2O-free, AirLiquide).The reaction 

temperature is computer-controlled. The product composition was analyzed in a Z-shaped flow 

cell, combined with a fiber-optic UV–Vis spectrometer (Ocean Optics USB4000 with a DH-2000-

BAL light source). The absorbance at a wavelength of λmax = 329 nm (absorption maximum of 

chlorine) is proportional to the chlorine space time yield (STY) and can be quantified by calibration 

against KI titration. The argon balanced reaction feeds contained 10 vol% O2 and varying HCl 

contents from 20 vol.%, 25 vol.% to 30 vol.% balanced by Ar. The total volumetric flow rate for 

the reaction was set to 15 cm3STPmin-1 (sccm). For the catalytic tests, typically 20 mg ceria 

material was supported between quartz wool wads in the reactor tube. The furnace was heated to 

mostly 430°C (and once 500°C) with a rate of 10 K/min and held for 24 h under reactant stream. 

The catalyst was only exposed to the O2 and HCl mixture after the reaction temperature had been 

reached in Ar atmosphere.  

The oxygen storage capacity (OSC) reactor is a stainless steel tube (i.d. 4 mm, length 60 mm) 

connected to the rest of equipment by stainless steel leads (i.d. 1.6 mm) via Swagelok tube      

fittings [23, 24]. The OSC reactor was heated to 430°C (at the rate of 10 K/min); this temperature 
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was chosen to compare OCS/OCSc with activity data at the same temperature. Carbon monoxide 

(Praxair, quality 4.7) was used as the reducing agent. Typically, 25mg dried catalyst sample was 

loaded into the reactor, supported between quartz wool wads. To determine the plain oxygen 

storage capacity (OSC), i.e. the most active oxygen species in the near-surface region of the sample, 

the stream selector was switched to CO for 2 s (0.067 mL STP of CO), then for 80 s pure Ar was 

fed, and the stream selector was switched to O2 for 2 s (0.067 mL STP of O2). The amount of 

adsorbed oxygen corresponded to the OSC. To determine complete oxygen storage capacity 

(OSCc) nine sequential CO pulses 10 s each (0.33 mL STP of CO each) were applied, separated 

by 60 s when pure Ar was fed. Subsequently, five 2 s pulses of oxygen were fed, separated by 80 s 

periods when only Ar was fed. The total amount of oxygen absorbed defines the OSCc that 

approaches oxygen storage capacity of the bulk nano-rod. 

 

3. Results and Discussion 

3.1 Characterization of the as-prepared catalysts 

In Figure 1 we show XRD patterns of freshly prepared Ce1-xZrxO2 nano-rods for various Zr 

concentrations. The diffraction peaks of all the catalysts belong to the cubic fluorite structure of 

CeO2 (JCPDS NO. 34-0394). In none of the samples XRD peaks indexed to ZrO2 are detected, 

even for doping concentration of Zr4+ reaching 20 mol%, indicating phase-pure solid solution of 

Ce1-xZrxO2. As shown in the inset of Figure 1, the (331) diffraction peak gradually shifts towards 

higher diffraction angles with increasing Zr4+ concentration, reflecting the known lattice 

contraction by Zr incorporation. The lattice parameter, calculated by Rietveld refinement, are 

0.54123nm, 0.54069nm, 0.54048nm, and 0.53892nm (cf. Table 1) for CeO2, Ce0.98Zr0.02O2, 

Ce0.95Zr0.05O2, and Ce0.8Zr0.2O2, respectively. Similar contractions have been reported for Ce1-

xZrxO2 powder samples and summarized in the Vegard plot [25, 26]. The observed reduction of 

the lattice parameter is caused by the lattice contraction induced by the replacement of Ce4+ 

(0.097nm) by slightly smaller Zr4+ (0.084nm). These findings indicate that Zr is successfully doped 

into the CeO2 lattice in agreement with the previously study [17]. Simultaneously to the lattice 

contraction, the incorporation by Zr4+ also reduce the crystalline size, calculated by Rietveld 

refinement, from 8.5 nm for CeO2 nano-rods to 6.9 nm for Ce0.8Zr0.2O2 nano-rods (cf. Table 1). 

For polycrystalline Ce1-xZrxO2 nanofibers the decrease of particle size was even more pronounced 

[15]. 
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Physisorption experiments reveal BET surface areas of 90 m2/g, 86 m2/g, 92 m2/g, and 80 m2/g for 

CeO2, Ce0.98Zr0.02O2, Ce0.95Zr0.05O2, and Ce0.8Zr0.2O2, respectively (cf. Table 1). Practically, the 

BET surface of all studied nano-rod samples is 86±6 m2/g, thus allowing for a direct comparison 

of activity (STY) and OSC data without normalization to the BET surface area.  

 

 

Figure 1: XRD 2-scans of the as-prepared Ce1-xZrxO2 nano-rods (x=0 to 0.2). Inset: magnified 

2-scan around the (331) reflection in order to emphasize the shift of diffraction angle to higher 

values.   

 

Figure 2 shows TEM images of the as-prepared Ce1-xZrxO2 nano-rods. All of them exhibit rod-

shaped morphology with a mean diameter of 7.5±0.5 nm (cf. Figure.S1), which is consistent with 

the crystalline size estimated by Rietveld refinement of XRD data. The average length of the pure 

CeO2 nano-rods is around 200 nm, which has already been reported in our previous study [10]. 

However, with increasing Zr concentration decreases the average length of nano-rods remarkably 

to 150nm, 80nm and 50nm for Ce0.98Zr0.02O2, Ce0.95Zr0.05O2, and Ce0.8Zr0.2O2 nano-rods, 

respectively. This observation does not conflict with XRD since XRD is mainly sensitive to the 

thickness of the nano-rods but not to their lengths. 
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Figure 2: TEM images of as-prepared Ce1-xZrxO2 nano-rods. A): CeO2, B): Ce0.98Zr0.02O2, C): 

Ce0.95Zr0.05O2, D): Ce0.8Zr0.2O2. 

 

OSC and OSCc, representing the ability of oxygen storage/release that is considered to play a key 

role for the activity of several oxidation reaction, are summarized in Figure 3. As the Zr content 

increases from 0% to 20%, the plain oxygen-storage capacity (OSC) keeps almost constant at 63±3 

μmol(O)/g (cf. Table 1) which may be attributed to the constant BET surface area and a 

comparable O vacancy concentration at the surface. The found OSC values are in broad agreement 

with those of a previous study on polycrystalline Ce1-xZrxO2 nanofibers [23]. For instance, 

Ce0.8Zr0.2O2 nanofibers showed OSC value at 50 μmol(O)/g, while the as-prepared Ce0.8Zr0.2O2 

nano-rods reveals 66 μmol(O)/g for the OSC [23].  

 

 

Figure 3: Plain oxygen-storage capacity, complete oxygen-storage capacity (OSC and OSCc, 

respectively) of the as-prepared Ce1-xZrxO2 nano-rods in comparison with their catalytic activity 

under mild condition (Ar:HCl:O2 = 7:1:2).   

 

Quite in contrast to the OSC, the complete oxygen-storage capacity (OSCc) increases from 188 

μmol(O)/g (0%Zr) to 286 μmol(O)/g (2% Zr), and further to 458 μmol(O)/g 5% Zr doping. The 

trend in OSCc fits quite well to a previous study on mixed nanofibers [15] and other studies from 
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the literatures [27, 28]. The main reason for the higher OSCc is seen in the lowering the activation 

energy for oxygen-ion diffusion and O vacancy formation due to the substitution of Ce4+(0.097nm) 

by Zr4+(0.084nm) [27]. However, the OSCc could only be improved very little (472 μmol(O)/g) 

when Zr doping is further increased to 20%, indicating that already for 5% Zr doping the whole 

bulk of the particle is participating in the OSCc.  

A direct comparison with activity in Figure 3 reveals that the STY values of Ce1-xZrxO2 nano-rods 

under mild reaction conditions are practically independent of the Zr concentration, similar to the 

BET surface are and the OSC.   

We would like to notice that most of the reported OSC values in literatures are frequently OSCc 

values since Ar/H2 mixture as reduction gas are employed for quite long time periods (minutes) 

rather than short pulses (1~2s). The published protocols for OSC measurements differ quite 

substantially among various research studies, thus impairing a direct comparison with literature 

values. These uncertainties in the OSC/OSCc determination call for harmonization of the 

experimental procedure.  

 

Table 1. Characterization of the as-prepared Ce1-xZrxO2 nano-rods 

 Surface 

area 

(m2g-1) 

Lattice 

Parameter 

(nm)a 

Crystalline 

Size (nm)a 

Surface 

atomic ratio 

Zr/(Zr+Ce)b 

OSC 

μmol(O)/g 

 

OSCc 

μmol(O)/g 

 

CeO2 90 0.54123 8.5 0 61 188 

Ce0.98Zr0.02O2 86 0.54069 8.0 1.7% 60 288 

Ce0.95Zr0.05O2 92 0.54048 7.5 3.4% 61 458 

Ce0.8Zr0.2O2 80 0.53892 6.9 17.0% 66 472 

a: determined by Rietveld refinement. b: determined by XPS. 

 

In order to quantify the concentration of Zr4+ in the surface region, we conducted XPS experiments 

of as-prepared Ce1-xZrxO2 nano-rods. From the Zr 3d and Ce 4d spectra shown in Figure S2 the 

atomic ratio of Zr/(Zr+Ce) is determined as 0, 1,7%, 3.4% and 17.0% for CeO2, Ce0.98Zr0.02O2, 

Ce0.95Zr0.05O2, and Ce0.8Zr0.2O2 respectively, thus being reconciled with the bulk stoichiometries. 

Obviously, no substantial segregation of Zr towards the surface nor dissolution of Zr into the bulk 

is observed.  
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3.2 Activity/Stability Experiment: HCl Oxidation Reaction  

The activity experiments are summarized in Figure 4. The reactor is heated up to the reaction 

temperature of 430 °C in pure Ar flow of 15 sccm. Subsequently, the Ar flow is switched to the 

actual reaction mixture feeds (Ar:HCl:O2=7:2:1 or Ar:HCl:O2=6.5:2.5:1 or Ar:HCl:O2=6:3:1) for 

24 hours, and the space time yield (STY) is measured online by UV-vis spectroscopy. For a 

reaction condition of Ar:HCl:O2=7:2:1 (cf. Figure 4A), pure CeO2 nano-rods reveal a substantial 

decrease in activity during the first 5h on stream, and the activity keeps slowly decreasing during 

the residual reaction time. Consistent with XRD experiments we presume that part of CeO2 suffer 

from crystalline bulk chlorination CeCl3*nH2O. Next, Ce0.98Zr0.02O2 nano-rods are exposed to the 

same reaction condition, with the results that steady-state of STY is reached after 2h. This 

experiments indicate that 2% Zr4+ doping is sufficient to maintain catalytic stability of CeO2 in 

terms of activity under the reaction condition of Ar:HCl:O2=7:2:1. Undoubtedly, Ce0.95Zr0.05O2 

and Ce0.8Zr0.2O2 nano-rods are also stable under this reaction condition, showing the comparable 

activity.  

We performed also activity experiments under even more harsh condition, Ar:HCl:O2=6.5:2.5:1 

(cf. Figure 4B). Obviously, pure CeO2 nano-rods are unstable, however, the activity curve looks 

quite different from the one shown in Figure 4A. The STY drops continuously during the first 8h 

on stream, The residual activity at steady state is likely due to CeCl3*nH2O, consistent with the 

literature [8, 29]. For the Ce0.98Zr0.02O2 nano-rods, the activity decreases much more slowly than 

for pure CeO2 without reaching steady-state condition even after 24h, likely due to bulk 

chlorination of the CeO2 (compare XRD experiments in Figure 5). This result indicate that 2% 

Zr4+ doping is not sufficient to stabilize the Ce-based against bulk chlorination under this harsh 

reaction condition. Therefore, we measured the activity of Ce0.95Zr0.05O2 and Ce0.8Zr0.2O2 nano-

rods under the same reaction condition. Both samples show stable activity and high steady STY 

with Ce0.8Zr0.2O2 being little more active than Ce0.95Zr0.05O2. Thus 5% (20%) Zr4+ doping could 

not only stabilize the Ce-based catalyst against deactivation, but also improves the activity under 

the more harsh reaction condition (Ar:HCl:O2=6.5:2.5:1).  
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Figure 4: Space time yield (STY) per gram of molecular chlorine in the HCl oxidation is shown 

for the Ce1-xZrxO2 nano-rods (x=0.02~0.2). The reaction temperature during the reaction was 

430°C and 500°C. A) reaction condition: Ar:HCl:O2 = 7:2:1, B) reaction condition: Ar:HCl:O2 = 

6.5:2.5:1 and C) reaction condition: Ar:HCl:O2 = 6:3:1 and a total flow rate of 15sccm.  

 

With the purpose of testing the limitation of the improved stability by Zr4+ doping, we exposed the 

Ce1-xZrxO2 nano-rods to even more harsh reaction condition Ar:HCl:O2=6:3:1 (cf. Figure 4C).  All 

of the tested catalysts deactivated down to the activity level associated with CeCl3*nH2O. 

However, the time interval for full deactivation of Ce1-xZrxO2 nano-rods strongly depends on the 

concentration x of doped Zr4+: the higher the Zr4+ concentration the longer full deactivation takes.  

Last, pure CeO2 nano-rods are exposed to Ar:HCl:O2=6:3:1 reaction mixture, this time however 

with higher reaction temperature of 500°C. Compare to pure CeO2 nano-rods and reaction 

temperature of 430°C, the original STY and steady state STY is increased by a factor of 3 and 25, 

respectively. No deactivation is encountered, indicating a stable catalyst under this reaction 

condition. From these results, we conclude that higher reaction temperature efficiently improve 

the stability of pure CeO2, even under extremely harsh reaction condition, consistent with 

previously studies [8, 29].  

The main conclusion drawn from the activity experiments are that besides low HCl concentration 

(equal to high oxygen concentration) in the feed gas also high reaction temperature and doping of 

Zr4+ into the CeO2 nano rod lattice efficiently improve the catalytic stability against deactivation.  

 

3.3 Characterization of Ce1-xZrxO2 nano-rods after the catalytic tests 

According to our previous study, the stability of CeO2 based catalyst was directly influenced by 

bulk chlorination, with the crystalline CeCl3*nH2O forming during catalytic testing [10, 29]. In 

Figure 5, we present XRD data of Ce1-xZrxO2 nano-rods after Deacon reaction under various 

conditions for which the activity data are shown in Figure 4. For the pure CeO2 nano-rods, 
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CeCl3*6H2O reflections are detected in XRD for all reaction mixtures, evidencing bulk 

chlorination and explaining the deactivation of the catalysts. The degree of bulk-chlorination 

increases with the increasing HCl concentration. For a reaction mixture of Ar:HCl:O2 = 7:2:1 

(430°C) 2%Zr doping suffices to suppress bulk chlorination (Figure 5A).  For Ar:HCl:O2 = 6:3:1 

at 430°C all Ce1-xZrxO2 nano-rods form massive bulk-chloride after 24h on stream (Figure 5C), 

fully compatible with the activity data of Figure 4C.  

For gaining a deeper insight into the stabilizing effect of Zr4+ doping, reaction induced changes for 

Ar:HCl:O2 = 6.5:2.5:1 at 430°C (cf. Figure 4B) are investigated by XRD (Figure 5B), XPS and 

TEM (Figure 6). Under this reaction condition both pure CeO2 and Ce0.98Zr0.02O2 suffer from 

severe bulk-chlorination after 24h on stream. Quantitative Rietveld refinement of the XRD data 

reveals that the chlorination degree is strongly dependent on the concentration of Zr4+ doping: 70% 

of pure CeO2 nano-rods are transformed to CeCl3*6H2O and the chlorination degree decrease to 

11% for Ce0.98Zr0.02O2. Obviously, 2% Zr4+ efficiently decrease the chlorination rate, but is unable 

to fully suppress bulk chlorination. These degrees of bulk-chlorination fit well to the measured 

near-surface chlorination by XPS (cf. Table 2) with Cl/(Ce+Zr)=190% and 60% for pure CeO2 

and Ce0.98Zr0.02O2, respectively. 

  

 

Figure 5: XRD scans of Ce1-xZrxO2 nano-rods after Deacon reaction under different reaction 

condition. Black: CeO2, red: Ce0.98Zr0.02O2, blue: Ce0.95Zr0.05O2, magenta: Ce0.8Zr0.2O2, magenta: 

CeO2 under reaction temperature at 500°C.  

 

Doping of 5%Zr and 20%Zr both stabilizes CeO2 nano rods against bulk chlorination. Nevertheless 

XPS indicates near-surface chlorination of Cl/(Ce+Zr)=23% for both Ce0.95Zr0.05O2, and 

Ce0.8Zr0.2O2 nano-rods. It seems that this surface Cl concentration is self-limiting beyond a Zr4+ 

doping of 5% and is slightly higher than that expected values from on-surface Cl only (about 10-

15%). Quite in contrast to bulk chlorination, surface chlorination is not associated with a loss in 
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catalytic activity. However, near-surface chlorination will defines the catalytically active phase 

which is different from the original Ce1-xZrxO2 nano-rods with their (110) facets. Besides near-

surface chlorination, also the surface Zr concentration slightly increases as revealed by the 

Zr/(Zr+Ce) ratio of Ce1-xZrxO2 nano-rods after the Deacon reaction (cf. Table 2). May be this 

enrichment of Zr is induced by surface Ce-chloride formation.  

 

Table 2. Characterization of the Ce1-xZrxO2 nano-rods after Deacon reaction under the 

reaction condition of Ar:HCl:O2 = 6.5:2.5:1. 

 Crystalline 

Size(nm) a 

Surface 

atomic ratio 

Zr/(Zr+Ce)b 

Surface atomic 

ratio 

Cl/(Ce+Zr)b 

X 

CeCl3*nH2O
 

a 

Surface 

atomic ratio 

Cl/Ob 

CeO2 15.5&89.3c 0 190% 70% 360% 

Ce0.98Zr0.02O2 11.1&60.8c 2.4% 60% 11% 75% 

Ce0.95Zr0.05O2 10.0 4.3% 23% 0 16% 

Ce0.8Zr0.2O2 7.2 22.8% 23% 0 17% 

a: determined by Rietveld refinement. b: determined by XPS. c: crystalline size of CeCl3*6H2O. 

Crystalline Size (nm) were determined by Rietveld refinement for the two different phases. 

 

In order to discriminate between on-surface Cl and Cl in the surface region, we performed the 

following XPS experiment before and after using an air plasma source for cleaning the surface of 

the nano-rod powders after Deacon reaction (cf. Figure S3). The air plasma removes preferentially 

adsorbed species. For pure CeO2 nano-rods after Deacon reaction under Ar:HCl:O2 = 6:3:1 and a 

reaction temperature of  500 °C the  Cl/Ce ratio is 9.2% that is reduced to Cl/Ce=0% upon plasma 

treatment. This experiment indicates that Cl exists likely only in the form of on-surface Cl on CeO2 

nano-rods. Next we studied the chlorine concentration of Ce0.8Zr0.2O2 nano-rods after Deacon 

reaction under Ar:HCl:O2 = 6.5:2.5:1 and a reaction temperature of  430 °C. The Cl/(Ce+Zr) ratio 

was 22% that is reduced to Cl/(Ce+Zr)=10% after plasma treatment. From this experiment we 

infer that a substantial part of the chlorine (about half) is hosted in the surface near region below 

the surface. We presume that in all cases (cf. Table 3) where the Cl/(Ce+Zr) concentration is 

significantly above 10%, Cl is accommodated in the surface near region below the surface.    

For a reaction temperature of 500°C, XRD (cf. Figure 5C) indicates that pure CeO2 nano-rods are 

stable even under very harsh reaction conditions consistent with the activity data in Figure 4C. 

The particle size derived from XRD data is 12.7 nm, being significantly larger than the 8.5 nm of 

particles size for the fresh catalysts. With TEM, we can clearly observe that the nano-rods are still 

intact, although their width have increased and their lengths is reduced (cf. Figure S4).   
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In Figure 6 we summarize our results from TEM characterizations of the Ce1-xZrxO2 nano-rods in 

order to visualize the morphological changes of the sample after Deacon reaction under more harsh 

conditions (Ar:HCl:O2=6.5:2.5:1). For pure CeO2 nano rods dramatic changes are observed. The 

rod morphology transforms to cubic and cuboid structure (cf. Figure 6A). Since most of the CeO2 

is transformed to Ce-chloride (70%), the cuboids in TEM may be assigned to crystalline 

CeCl3*6H2O that is also compatible with its space group of P2/n. The average particle size 

observed in TEM agrees reasonably well with the derived particle size of about 70nm from XRD. 

For the Ce0.98Zr0.02O2, we can recognize in TEM (cf. Figure 6B) that the shape of rods is almost 

not affected, however, the width of the rods are slightly larger with an average value of 10.8 nm 

(cf Figure S5A). Also visible in TEM are small cuboids which can be ascribed to the 11% 

crystalline CeCl3*nH2O that was derived from the XRD data. For Ce0.95Zr0.05O2, the nano-rods (cf. 

Figure 6C), showing an average width of 9.7nm (cf. Figure S5B), are slightly broader than the 

fresh ones, but particles with cuboid shape are not observed. Both observations are reconciled with 

the XRD data (cf. Figure 5B) that show no crystalline CeCl3*6H2O formation but a slight increase 

in the particle size. For Ce0.8Zr0.2O2, we cannot observe any morphological alterations in the TEM 

images (cf. Figure 6D, 2D), consistent with the unchanged crystalline size (cf. Tables 1,2) and 

the non-presence of crystalline CeCl3*6H2O in the XRD data (cf. Figure 5B), clearly indicating 

structural stability.  

Altogether, we conclude from TEM and XRD that the stability of the Ce1-xZrxO2 nano-rods runs 

in the following order: Ce0.8Zr0.2O2 ＞Ce0.95Zr0.05O2 ＞Ce0.98Zr0.02O2 ＞CeO2 nano-rods.  

 

 

Figure 6: TEM images of Ce1-xZrxO2 nano-rods after Deacon reaction Ar:HCl:O2 = 6.5:2.5:1. A): 

CeO2, B): Ce0.98Zr0.02O2, C): Ce0.95Zr0.05O2, D): Ce0.8Zr0.2O2.  

 

From TEM we conclude that the crystalline CeCl3*6H2O phase is formed by nucleation and 

growth of separate particles. Exposure of Ce1-xZrxO2 nano rods to a harsh reaction mixture leads 
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to corrosion of the nano-rods and the formation of a volatile molecular CeCl3 species. In turn, the 

molecular CeCl3 nucleates and grows with cuboid shape. This process is particularly evident for 

pure CeO2 nano-rods, but this process is equally observed for Ce0.98Zr0.02O2. For Ce0.98Zr0.02O2 and 

Ce0.95Zr0.05O2 there is another process evident in TEM, namely the swelling of the nano rods. There 

are two ways of explanation. Either CeCl3*6H2O covers the Ce1-xZrxO2 nano rods, or chlorine 

penetrates the surface near region thereby increasing the layer spacings. Covering of CeCl3*6H2O 

would reduce the Zr concentration in XPS that is not observed. Therefore, we favor swelling of 

the nano-rods by the chlorine penetration into deeper layers.  

In order to clarify the chlorination degree of Ce0.95Zr0.05O2 as a function of reaction time 

(Ar:HCl:O2 = 6:3:1 at 430°C) we took XRD after 0.5, 2, 4, 8, 12, 18, 24h on stream (cf. Figure 

7A). The chlorination degree is quantified by Rietveld refinements of the XRD data and presented 

in Figure 7B. Below 2h there is almost no bulk chlorination discernible (induction period), while 

from 2h to 18h, the concentration of CeCl3*nH2O (chlorination degree) increases strongly from 5% 

to 79% and finally saturates at 80±1%. This chlorination behavior is reminiscent of a nucleation 

and growth mode, where during the induction period critical nuclei are formed which then can 

grow further in size until most of the CeO2 is transformed to CeCl3*nH2O.   

 

 

 

Figure 7: A): XRD scans of Ce0.95Zr0.05O2 nano-rods after Deacon reaction under reaction 

condition of Ar:HCl:O2 = 6:3:1 at 430°C for different reaction time (from 0 to 24h). B): 

chlorination degree x(CeCl3*nH2O) versus reaction time.  
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4. Conclusion 

From XRD and TEM we infer that the solid solutions of Ce1-xZrxO2 in the form of nano-rods are 

successfully synthesized. These Ce1-xZrxO2 nano-rods were employed in the Deacon reaction 

under different reaction condition. Both activity and stability are closely related to the HCl to O2 

ratio in the reaction mixture, the reaction temperature and the doping concentration of Zr4+. Excess 

oxygen in the reaction mixture will improve the catalytic stability against bulk chlorination. High 

reaction temperature increases both catalytic stability and activity. Doping Zr4+ strongly improves 

the stability of CeO2 against bulk chlorination during the reaction. 

Pure CeO2 nano-rods have shown to suffer from bulk-chlorination of the catalyst for all reaction 

mixtures HCl:O2 >2 that is accompanied by dramatic activity losses. However, for a reaction 

mixture of HCl:O2=2.5:1, already 5% Zr doping suffices to stabilize Ce1-xZrxO2 nano-rods against 

bulk chlorination. For even more harsh reaction conditions HCl:O2=3:1 none of the Ce1-xZrxO2 

nano-rods were stable at a reaction temperature of 430°C. Increasing the reaction temperature to 

500°C enables even pure CeO2 nano-rods to be stable under such harsh reaction conditions.  

The corrosion process of Ce1-xZrxO2 nano-rods via bulk-chlorination destroys the nano-rod 

structure (TEM) and leads to the formation of crystalline CeCl3x6H2O with low catalytic activity 

(TEM, XRD). This bulk-chlorination process proceeds via nucleation and growth (TEM and XRD) 

which is likely to be mediated by a volatile molecular precursor species such as CeCl3. But even 

bulk stable Ce1-xZrxO2 catalysts reveal enhanced surface chlorination (XPS) and an increase in the 

width of the nano-rods (TEM, XRD). Utilizing oxygen plasma treatment, Cl2p XPS provides 

evidence for chlorine incorporation into deeper layers in the near surface region of Ce1-xZrxO2. The 

surface chlorine enriched Ce1-xZrxO2 may be even considered as the catalytically active phase in 

the Deacon reaction.  
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4. Conclusion and Outlook 
 

This PhD project aimed at a deeper understanding of the three main issues in the Deacon reaction 

with Ce-based catalysts: (i) The influence of facet orientation on the activity and stability of 

nanocrystalline CeO2 for HCl oxidation reaction under different reaction conditions (HCl:O2 = 

1:2/1:1). (ii) The effect of  reaction temperature and water on the catalytic stability of CeO2 nano-

cubes for Deacon reaction. (iii) Stabilizing effect of Zr-doping on CeO2 nano-rods for HCl 

oxidation reaction under harsher conditions (HCl:O2 ＞2). In order to clarify these issues, shape-

controlled CeO2 nano-particles (namely, nano-rods, nano-cubes, and nano-octahedrons) and 

additionally Zr doped CeO2 nano-rods were synthesized. These were investigated for the catalytic 

performance in a self-designed fixed-bed reactor. 

    The shape-controlled CeO2 nano-particles (rods, cubes, and octahedrons), exposing 

preferentially (110), (100), and (111) facets respectively, were successfully prepared and then 

employed in catalytic oxidation of HCl under ‘mild’ (Ar:HCl:O2 = 7:1:2)  and ‘harsh’ (Ar:HCl:O2 

= 6:2:2) conditions, respectively. The results turned out that the activity is structure-sensitive. The 

nano-rods having the highest surface area show the highest STY, followed by nano-cubes and 

finally octahedrons. However, this activity trend is not consistent with the corresponding surface 

energies with a stability ordering of (111) ＞ (110) ＞ (100). After reaction under ‘mild’ conditions, 

all three different nano-particles still show a crystalline phase with an unchanged morphology. 

However, under ‘harsh’ reaction conditions, solely nano-rods are stable, while nano-cubes and 

nano-octahedrons form crystalline hydrated CeCl3 and their specific morphologies are partly 

destroyed. Concluding, the catalytic stability is facet-depending as well: (110) facets preferentially 

exposed by nano-rods are much more stable than (100) and (111) facets, preferentially exposed by 

nano-cubes and nano-octahedrons respectively. CeO2 nano-rods are showing the highest STY and 

highest stability as well.  

    The reaction temperature has a strong impact on the catalytic activity and stability of CeO2 in 

the HCl oxidation reaction. CeO2 nano-cubes with preferentially (100) facets orientation were 

employed for HCl oxidation under ‘mild’ conditions at different reaction temperatures. Above 

390 °C, the catalyst is stable and active, while it suffers severe chlorination and deactivation at 

temperatures below 380 °C. The thermodynamic model of the chlorination process indicates: (1) 
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Chlorination of CeO2 is thermodynamically favored at a low reaction temperatures, which is 

consistent with the experimental results of this work. Thus, one should never shut down the reactor 

by reducing the reaction temperature under the reaction mixture, which is very important for the 

industrial Deacon process. (2) Chlorination takes place preferentially at the inlet of the catalyst 

bed and propagates slowly along the catalyst bed towards the reactor outlet. A double layer 

experiment has been designed, and the results show that the catalyst in the inlet layer suffers more 

chlorination than the catalyst in the outlet layer, thus confirming modeling results. (3) Little water 

in the reaction feed improves the catalytic stability of CeO2 against bulk chlorination. A dedicated 

experiment with 1% water in the reaction feed and another experiment without water for 

comparison have been performed. The CeO2 catalyst under the feed mixture with 1% water is 

stable, while under dry feed it undergoes severe chlorination, strongly confirming the theoretical 

result of a stabilizing effect by water. 

From XRD and TEM meausrements we infer that the Ce1-xZrxO2 nano-rods were successfully 

synthesized. These catalysts were employed in the HCl oxidation reaction under different reaction 

conditions (10 vol% O2, 20-30 vol% HCl and balanced in Ar). Both catalytic activity and stability 

are highly dependent on the HCl to O2 ratio, the reaction temperature and the doping concentration 

of Zr4+. Excess oxygen in the reaction feed improves the catalytic stability against bulk 

chlorination. High reaction temperature increases both activity and stability. Doping Zr4+ strongly 

improves the resistance of Ce1-xZrxO2 catalysts against bulk chlorination without any degradation 

of activity in the HCl oxidation reaction. Pure CeO2 nano-rods suffer from bulk chlorination for 

all the reaction mixtures (HCl:O2 ＞2), and concomitantly, dramatic activity loss. For a reaction 

feed of Ar:HCl:O2 = 6.5:2.5:1, already 5 mol% Zr doping suffices to stabilize Ce1-xZrxO2 nano-

rods against bulk chlorination. However, for an even harsher reaction mixture of Ar:HCl:O2 = 

6:3:1, none of the synthesized Ce1-xZrxO2 nano-rods were bulk stable. The corrosion process of 

Ce1-xZrxO2 nano-rods via bulk-chlorination destroys the nano-rod structure and leads to the 

formation of crystalline CeCl3·6H2O with low catalytic activity. This bulk-chlorination process 

proceeds via nucleation and growth which is likely to be mediated by a volatile molecular 

precursor species such as CeCl3. However, even bulk stable Ce1-xZrxO2 nano-rods suffer surface 

chlorination and an increase in the width of the nano-rods. Utilizing oxygen plasma treatment, 

Cl2p XPS provided evidence for chlorine incorporation into deeper layers in the near surface 
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region of Ce1-xZrxO2 nano-rods. The surface chlorine enriched Ce1-xZrxO2 may be even considered 

as the catalytically active phase in the Deacon reaction.  

 

Toward further understanding the Ce-based catalyst for the HCl oxidation reaction, the following 

key questions should be addressed: 

     1. Why different facet orientations affect the catalytic performance of CeO2 in HCl oxidation 

reaction?  DFT calculation is demanded to offer specific information, such as adsorption energies 

for HCl and O2, desorption energies for Cl2 and H2O, and etc., of the different facet orientations at 

an atomic level.  

 

    2. How does the surface chlorination start and is this a self-limiting process as shown for RuO2? 

One can stop the reaction under mild condition at different reaction time (i.e. 5min, 15min, 30min, 

1h, 4h, 12h, 24h, and 48h). Cl2p spectra of these post-reaction CeO2 catalysts can be achieved by 

XPS measurement and the Cl/Ce, representing surface chlorination degree, can be quantified as 

well. Here, also DFT calculation are useful for providing more details about this process. 

 

3. What are the adsorption sites for HCl/Cl- on the different CeO2 surface? In-situ Raman 

techniques are demanded to monitor the vibration of the bond between different elements. Also, 

combining the STM, LEED, and DFT techniques can be a promising method for clarifying this 

question. 

 

4. For the reaction feed of Ar:HCl:O2 = 6.5:2.5:1, the 5 mol% Zr doping prevents Ce1-xZrxO2 

nano-rod catalysts from bulk chlorination. The mechanism of this stabilizing effect is highly 

desirable. TEM-mapping of as-prepared and the post-reaction catalysts are demanded to visualize 

the Zr and Cl distribution on the Ce1-xZrxO2 nano-rod. Thermodynamic calculations of the 

chlorination process of Ce1-xZrxO2 nano-rod can be considered as a promising option for answering 

this question. 
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Figure S1: Width histograms of the as-prepared Ce1-xZrxO2 nano-rods (x=0 to 0.2). A minimum 

of 100 rods were measured for each histogram. 
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Figure S2: XPS spectra of Zr 3d and Ce 4d of as-prepared Ce1-xZrxO2 nano-rods.  
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Figure S3: XPS spectra of Cl 2p of used Ce1-xZrxO2 nano-rods before and after Plasma treatment. 

A): CeO2 nano-rods after Deacon reaction under Ar:HCl:O2 = 6:3:1 and a reaction temperature of  

500 °C; B): Ce0.8Zr0.2O2 nano-rods after Deacon reaction under Ar:HCl:O2 = 6.5:2.5:1 and a 

reaction temperature of  430 °C.  
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Figure S4: TEM image of CeO2 nano-rods after Deacon reaction (Ar:HCl:O2=6:3:1, 

T=500 °C). Even under such a harsh reaction condition the nano-rods survived.   
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Figure S5: Width histograms of of Ce1-xZrxO2 nano-rods after Deacon reaction under the 

reaction condition of Ar:HCl:O2 = 6.5:2.5:1. A minimum of 100 rods were measured for each 

histogram. A): Ce0.98Zr0.02O2 and B): Ce0.95Zr0.05O2 
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5.4 List of Abbreviations 
  

PVC polyvinyl chloride 

 

MDI 

 

methylene diphenyl diisocyanate  

 

TDI 

 

toluene diphenyl diisocyanate 

 

EDC 

 

ethylene dichloride 

 

VOC 

 

volatile organic compounds 

 

WGS 

 

water-gas shift reaction 

 

SMR 

 

steam methane reforming 

 

XRD 

 

X- ray diffraction 

 

XPS 

 

X- ray photoelectron spectroscopy 

 

TEM 

 

transmission electron microscopy 

 

SEM 

 

scanning electron microscopy 

 

OSC 

 

oxygen storage capacity 

 

OSCc 

 

complete oxygen storage capacity 

 

STY 

 

space time yield 

 

H2-TPR 

 

hydrogen temperature programmed reduction 

 

GHSV 

 

gas hourly space velocity 

 

DFT  

 

density functional theory 

 

PGAA 

 

prompt gamma activation analysis  

 

FTIR 

 

fourier-transform infrared spectroscopy 

 

TPD 

 

temperature programmed desorption 
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