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Abstract

The overarching goal of this thesis is to pave the way towards the commercialization ofsolar-driven thermochemical cycles harnessing the redox reaction of ceria with water andCO2 to produce solar fuels. Because preliminary process analysis identified the materialproperties as the major bottleneck, this thesis focused on the improvement and evaluationof ceria. Doping with zirconia and rare-earth metals served as the approach to improve itsproperties, while thermogravimetry analysis was used as the method to experimentallyevaluate its performance.Screening campaigns of various powder compositions identified the most promising dopedcompositions. The beneficial effect of doping was ascribed to modifications of the crystalstructure that, in the case of zirconia, facilitate the reduction and, in the case of rare-earth metals, enhance the bulk diffusion. For following experimental campaigns, porousand dense pellets made of pure ceria and the most promising doped materials weremanufactured. Investigations on the reaction kinetics of these pellets carried out in thethermobalance qualitatively assessed the impact of doping and microstructure. Since aquantitative interpretation of the experimental data seemed unreasonable, the determi-nation of reliable reaction rates was left to subsequent research.The reduction extent δ in equilibrium-state at varying conditions of the doped-materialwas studied in a second campaign using pellets. Within a physical reaction model, thedependency of δ on temperature and partial pressure of oxygen was described. Basedon the derived relations, Ellingham diagrams were established that convey the reductionenthalpy and entropy as a function of δ . Employing both, the δ-relation and the functionof the reduction enthalpy in a process model, which considers the major losses, estimatedthe maximum solar-to-fuel efficiencies of pure ceria as well as of the doped materials.A parametric study, including partial pressure of oxygen, temperature, heat recuperationand concentrating system, revealed solar-to-fuel efficiencies of the doped materials to betwice as high compared to pure ceria. Suitable doping improves the efficiency, in partic-ular, at a temperature as low as 1200°C, which should facilitate the technical realizationof the process considerably. However, because such low temperatures correspond to lowspecific yields, the mass flow of the material through the receiver drastically increases.The implications of high mass flows on the feasibility of the process are manifold andinitiate various objectives to future research. Especially, investigating the correlation be-tween reduction rate and heat incorporation/transfer is essential to further assess thepotential of the process.



Zusammenfassung

Das Ziel der vorliegenden Arbeit ist die Weiterentwicklung von solarbetriebenen ther-mochemischen Kreisprozessen, die mithilfe der Redox Reaktion von Ceroxid Synthesegasproduzieren. Da die vorläufige Prozessanalyse vor allem die Materialeigenschaften alsentscheidend für die potentielle Effizienz identifiziert hat, beschäftigt sich diese Arbeitin erster Linie mit der Weiterentwicklung und Evaluierung des Materials Ceroxid. DasDotieren mit Zirkonoxid und Metallen der Seltenen Erden diente dabei als Ansatz, dieEigenschaften zu verbessern sowie die thermogravimetrische Analyse als Methode zurexperimentellen Evaluierung des Umsatzes.In Screening Kampagnen mit verschiedenen Mischungsverhältnissen der Ausgangsstoffewurden die aussichtsreichsten Dotierungen bestimmt. Dabei kann die positive Auswirkungdes Dotierens der Modifikation der Kristallstruktur zugeschrieben werden, die bei derDotierung mit Zirkon die Reduktion erleichtert und bei der Dotierung mit Selten Er-den die Diffusion verbessert. In den darauf folgenden Studien wurden sowohl dichte alsauch poröse Pellets aus den aussichtsreichsten Zusammensetzungen hergestellt. ErsteUntersuchungen der Kinetik mithilfe einer Thermowaage zeigten den deutliche Einflussder Dotierung und der Mikrostruktur. Da diese Daten eine quantifizierte Interpretationnicht erlaubten, wird die genaue Bestimmung der Kinetik zukünftigen Forschungsarbeitenüberlassen.Der Umfang der Reduktion δ der dotierten Materialen wurde in Gleichgewichtsversuchenunter variierenden Bedingungen untersucht und die dabei bestimmte Abhängigkeit vonder Temperatur und des Sauerstoffpartialdrucks innerhalb eines physikalischen Reaktion-smodells beschrieben. Aufbauend darauf wurden Ellingham Diagramme der Redoxreak-tionen erstellt, die in Abhängigkeit von δ Aufschluss über die Reaktionsenthalpie und–entropie geben. Durch die Kombination des Verhaltens von δ und der Reaktionsen-thalpie wurde ein Prozessmodell erstellt, das unter Berücksichtigung der Hauptverlustedie Effizienz der Umwandlung von solarer Energie in Brennstoff kalkuliert. Im Rahmeneiner Parameterstudie, die den Einfluss des Sauerstoffpartialdrucks, der Temperatur, derWärmerückgewinnung und des solarkonzentrierenden Systems vergleicht, wurde eineVerdopplung der Prozesseffizienz durch das Dotieren festgestellt. Besonders bei niedri-gen Temperaturen von 1200°C sind die Verbesserungen signifikant. Diese niedrigen Tem-peraturen können einerseits die technische Realisierung des Prozesses entscheidendverbessern, anderseits führen sie zu relativ niedriger spezifischer Aktivität des Mate-rials, was wiederum sehr hohe Massenströme des Materials im Receiver/Reaktor zurKonsequenz hat. Die Handhabung solcher hohen Massenströme wird dementsprechendeine Hauptaufgabe der zukünftigen Erforschung dieser Kreisprozesse sein. Dabei solltebesonders der Zusammenhang zwischen Wärmeeinkopplung und -transport und der Reak-tionskinetik im Fokus der Untersuchungen stehen.
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ṅfuel molar fuel production rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . molCO, H2 ·min−1
Pindex qualitative porosity of a pellet indicated by the index . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Pcond thermal conduction losses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W
Pconv thermal convection losses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . WΦ pellet porosity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . %
p(O2) partial pressure of oxygen . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Pa
Prera radiation losses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .W
Psol incident solar power . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W
Pth heat flux usable for the reaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W
Q heat . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . J
QH2O, CO2 sensible heat of educt gases H2O or CO2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . J
Qmat sensible heat of the oxidized metal oxide . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . J
Qmech heat equivalent for mechanical work to move the redox material . . . . . . . . . . . . . . . . . J
Qox heat release during during oxidation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . J
Qpump heat equivalent for pumping work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . J
Qsweep sensible heat of the sweep gas . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . J
R ideal gas constant . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . J · mol−1 ·K−1
rMx+ radius of a cation of the metal M with the valence x [Shan 76] . . . . . . . . . . . . . . . . nm
σ Stefan-Boltzmann constant . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W·m−2·K−4
∆S0 change in standard entropy during a reaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . J∆Sconf configuration entropy change during reduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . J · K−1
∆Sdev deviation between configuration entropy and solid-state entropy change . . . J · K−1
∆Smat entropy difference between reduced and oxidized metal oxide . . . . . . . . . . . . . J · K−1
∆Sred, Tox change in entropy during oxidation at Tox . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . J · K−1
∆Sred, Tred change in entropy during reduction at Tred . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . J · K−1
s starch content . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . wt. %
SH2 , CO
Tox entropy of hydrogen or carbon monoxide at Tox . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . J
SH2O, CO2
Tox entropy of water or carbon dioxide at Tox . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . J
SO2
Tred entropy of oxygen at Tred . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . J
t time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s



XII Nomenclature
Tox oxidation temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . °C or K∆Tox→red temperature difference between oxidation and reduction . . . . . . . . . . . . . . . . . . °C or K
Tred reduction temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . °C or K
u(v ) standard uncertainty of the mean of the measurand v . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Vi volumes of nitrate solutions (i = x, y, z) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ml
Wpump pumping work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . J
Xox relative oxidation extent with respect to all cerium atoms . . . . . . . . . . . at.% Ce3+→4+
Xred relative reduction extent with respect to all cerium atoms . . . . . . . . . . . at.% Ce4+→3+
x Zr content x of Ce1−xZrxO2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
y trivalent content y of Ce0.85−yZr0.15REyO2−0.5y . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
z cerium content z with z = 1− x − y . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Chemical FomularsAl2O3 aluminium(III) oxide, also known as alumina . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Ar argon . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Ce’Ce reduced cerium lattice atom Ce3+ (Kröger-Vink notation) . . . . . . . . . . . . . . . . . . . . . . . . .CeCe oxidized cerium lattice atom Ce4+ (Kröger-Vink notation) . . . . . . . . . . . . . . . . . . . . . . . . .Ce2O3 cerium(III) oxide, also known as reduced ceria (Ce2O3 = CeO1.5) . . . . . . . . . . . . . . . . . .CeO2 cerium(IV) oxide, also known as ceria, cerium oxide or cerium dioxide . . . . . . . . . . . . .C6H8O7 citric acid monohydrate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .CO2 carbon dioxide . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .CO carbon monoxide . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .Fe3O4 iron(II,III) oxide, also known as magnetite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .FeO iron(II) oxide, also known as wüstite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .H2 hydrogen . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .MaOb metal oxide of the element M . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .MOox oxidized metal oxide . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .MOred reduced metal oxide . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .NiFe2O4 nickel ferrite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .NiO nickel(II) oxide . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .O2 oxygen . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .RE(NO3)2 rare-earth(III) nitrate hexahydrate (RE = Ce, Y, La, Sm or Gd) . . . . . . . . . . . . . . . . . . . . .RE2O3 rare-earth oxide (RE = Y, La, Sm or Gd) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .RE rare-earth elements (RE = Y, La, Sm or Gd) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .V..O oxygen vacancy (Kröger-Vink notation) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .ZrO2 zirconium(IV) oxide, also known as zirconia or zirconium dioxide . . . . . . . . . . . . . . . . . .



Nomenclature XIII
ZnO zinc oxide . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .ZrO(NO3)3 zirconium(IV) oxynitrate hydrate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Abbrevation and AcronymsC short name of pure ceria pellets (CeO2) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .CZ short name of ceria-zirconia pellets (Ce0.85Zr0.15O2) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .CZL short name of lanthanum-doped ceria-zirconia pellets (Ce0.82Zr0.15La0.03O1.99) . . . . .CZS short name of smarium-doped ceria-zirconia pellets (Ce0.82Zr0.15Sm0.03O1.99) . . . . . .DLR Deutsches Zentrum für Luft- und Raumfahrt e.V. (German Aerospace Center) . . . . . .DNI direct normal irradiance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1000 W·m−2
EDS energy dispersive X-ray spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .GUM guide to the expression of uncertainty in measurement . . . . . . . . . . . . . . . . . . . . . . . . . . .MFC mass flow controller . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .MS mass spectrometer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .ox oxidation of a material . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .red reduction of a material . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .SEM scanning electron microscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .SOFC solid oxide fuel cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .TCC thermochemical cycles based on redox materials producing fuel solely from regen-erative resources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .TGA thermogravimetric analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .XRD X-ray dffraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .





1 Introduction

The Urgent Need

Being one of the last generations that is not directly effected by fossil fuel depletion, weare in charge of assuring a continuous and secure transition to a sustainable energy sup-ply. It is in our times’ responsibility to find solutions avoiding that following generationsnot only suffer from the depletion of fossil fuels, but also from a global shortage of energysupply. The consequences of this scenario for the social and political stability aroundthe globe would be disastrous. Hence, along with the issue of global warming and itsassociated climate change, the future energy supply is undeniably the major challengeour generation is facing [Murr 12, Hook 13].Taking into account the increasing global energy demand, various scenarios describedifferent paths to guide us through the transition towards an energy supply system in 2050that mainly depends on carbon-neutral technologies [IEA 12]. In all of these scenarios,solar energy plays a major role, being the most abundant renewable energy sourceavailable on earth. However, due to its intermittent nature, the storage on a truly massivescale is pivotal to the extensive use of solar energy. In this regard, the storage in form ofchemical bounds is very promising, since they feature energy contents of up to 100 timeshigher than the best batteries. The chemical storage of solar energy implies in particularthe solar-driven production of hydrogen and carbon monoxide, thus, the production of solarfuels. The mixture of both gases is referred to as synthesis gas or syngas, which servesas a universal precursor for the synthesis of a very broad variety of chemical substancessuch as gaseous and liquid synthetic fuels, polymers, ammonia, fertilizers, methanol, etc.[Newm 12]. Hence, solar fuels not only store solar energy, but also act as a future energycarrier for the transport sector and the chemical industry.Figure 1.1 presents the major routes to produce solar fuels [Gard 09]. The routes eitheremploy the radiation of the sun in form of each photon (blue) or by concentrating thedirect irradiance to obtain heat (red) [Trai 12]. Some routes imply direct conversion fromsolar energy into fuel, others produce electricity as energy carrier to drive an electrolysis(gray). The latter are a viable technology to produce fuel mainly in form of hydrogen; theformer offer greater potential, since they avoid intermediate energy conversion. Amongthose direct routes, thermolysis and thermochemical cycles promise the highest thermo-
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Figure 1.1: Routes for long-term storage of solar energy into solar fuels.
dynamical efficiencies [Sieg 13]. Both routes employ heat provided by concentrated solarpower (CSP) to decompose water or carbon dioxide into hydrogen or carbon monoxide.However, reasonable fuel production yields via direct gas splitting of the thermolysis re-quire at least temperatures of 2000°C, imposing extraordinary requirements on materialsand reactor design [Pric 04]. To avoid these high temperatures, thermochemical cyclesmake use of redox reactions. Therewith, high efficiencies are enabled, while operatingat feasible temperature levels. Nevertheless, thermochemical cycles are still in their re-search phase. This thesis aims to contribute to the fundamental understanding of thesecycles to be able to improve them.
The Thermochemical Solution

In principle, processes that produce fuel based on redox materials have an arbitrary num-ber of steps. With an increasing number of steps, on the one hand, a lower temperatureis needed for each step, but on the other hand, this results in a decrease of the maximumthermodynamic efficiency of the cycle [Perk 04]. Two-step cycles represent the best com-bination of feasible reaction temperatures and thermodynamic efficiency and are thereforeinvestigated within this thesis.Figure 1.2 illustrates the fundamental principle of solar-driven thermochemical cycles thatemploy a two-step redox reaction to produce solar fuels solely from the regenerative re-sources water and carbon dioxide. In these cycles, the redox material commonly consists
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Figure 1.2: Schematic of a solar-driven thermochemical cycle employing a two-step redox reactionto produce solar fuels. MOox and MOred denotes the oxidized and reduced metal oxide,respectively.
of a metal oxide MO that changes its valence. In other words, oxygen is incorporated into(oxidation) or released from (reduction) the crystal structure of the material [Roeb 12].In the first step, the reduction, the metal oxide releases oxygen due to the solar-driven,endothermic dissociation of the metal oxide either to the elemental metal or the lower-valence metal oxide. In the following step, the reduced metal oxide produces fuel in formof carbon dioxide or hydrogen solely from the renewable resources water and carbonmonoxide. This reaction, referred to as oxidation, implies the exothermic incorporation ofoxygen into the metal oxide. In the subsequent reduction step, this incorporated oxygen isreleased, closing the cycle. Both, the reduction and the oxidation require certain temper-ature levels. Commonly, the former requires temperatures of more than 1200°C to becomethermodynamically favorable, whereas the latter needs temperatures of more than 500°Cto become kinetically feasible.
The Present Study

The overarching goal of this thesis is to pave the way towards the commercialization ofsuch thermochemical two step cycles producing solar fuels. Motivated by a fundamentalprocess analysis, which identified the redox material as the major bottleneck, thermo-dynamical calculations were carried out that determined ceria as the currently most
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promising material to be employed in such cycles. According to literature, doping ceriais the most auspicious method to improve its properties in order to contribute to the setgoal.The present study focuses on experimental investigations of ceria within the framework offour consecutive objectives. After identifying the optimal doping of ceria to enhance its fuelproductivity per cycle by means of thermogravimetric screening, the impact of doping andmicrostructure on the reaction kinetics is determined. In addition to that, the equilibrium
reducibilities of the doped-material are evaluated with the aid of a methodology developedwithin this thesis, which derives the essential thermodynamical data of a redox materialfrom thermogravimetric analyses. Based on this data, the potential of the doped-materialfor the application in solar fuel production cycles is assessed within a process model thatenergetically estimates the overall efficiency.



2 Motivation and Background

This chapter presents the motivation for this thesis and provides the theoretical back-ground. In the first section, a brief process analysis identifies the main barrier to com-mercial success of storing solar energy via two-step thermochemical cycles (TCCs) basedon redox materials to produce solar fuels. The analysis points out the necessity to im-prove the redox material, because it is identified as the major bottleneck. On the basisof fundamental thermodynamical considerations, ceria is selected to undergo further in-vestigations. Background information on ceria that is found in the solid oxide fuel cellliterature as well as recent publications in the solar fuel community reveal the mostpromising approach to improve the properties of ceria: Doping ceria with zirconia andrare-earth elements. A chronological literature review presents the state of the art ofceria applied in TCCs. The formulation of the problem that this thesis tackles and thepresentation of the course of investigation completes this chapter.
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6 2 Motivation and Background
2.1 From Sun to Fuel with Redox Materials

The following gives an insight into the fundamental energetic relations of two-step ther-mochemical cycles based on redox materials producing fuel solely from regenerative re-sources. Therewith, crucial system implications concerning the employed redox materialare revealed.Simplified, the process of storing solar energy into a fuel via a redox reaction is dividedinto three parts: A concentrating system, a reactor and an auxiliary unit. Each part involvesmainly one of the three quantities, Psol, Q and Eaux as illustrated in figure 2.1. Solarirradiation Psol is collected and concentrated by an optical system (e.g. heliostats) andreflected onto a receiver that absorbs the irradiation and converts it into the heat Q. Thisheat Q drives the reduction reaction and heats up the reactants. Radiation losses Preraalso occur and a heat recuperation with an effectiveness εhr can be employed between thereduction and the oxidation to recuperate the sensible heat as well as the heat releasedduring oxidation. The reduction of the metal oxide requires additional auxiliary energy
Eaux to remove the released oxygen and to maintain a certain oxygen partial pressure
p(O2).
solar irradiation 

concentrating system 

H2O / CO2 fuel (CO / H2) 

OC

reduction at Tred 

oxidation at Tox 

reactor 

pump/ 
sweep 

O2 

MaOb MaOb-d 

d

d

d

d

2
d

heat Q radiation Psol 

remove O2 

HH
O

O OC

HH

O O
auxiliary 

energy Eaux  

Prera 

auxiliary unit 

ehr 

Figure 2.1: Simplified process schematic of the thermochemical solar fuel production.
The structural formula of the metal oxide in its oxidized state is given by MaOb. In orderto quantify the amount of fuel produced per mol metal oxide MaOb, it is convenient tointroduce the absolute reduction extent δ , yielding the following chemical formulas:
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• Reduction (red):

MaOb 
 MaOb−δ + δ/2O2 (2.1)
δ denotes the amount of oxygen that is released during reduction and quantifiesthe reduction extent of a redox material. It is a reasonable performance number toassess redox materials, because it is also the upper limit for the amount of producedfuel during the• Oxidation (ox): MaOb−δ + δ(CO2/H2O)
 MaOb + δ(CO/H2) (2.2)

• The net reaction is, in the case of water splitting, given by
δH2O 
 δH2 + δ/2O2 (2.3)

and in the case of carbon dioxide splitting by
δCO2 
 δCO + δ/2O2. (2.4)

The reduction extent δ at certain process conditions (mainly, the reduction temperature
Tred and the partial pressure of oxygen p(O2)) is material specific and will be discussed inmore detail in section 2.2. The three quantitiesPsol, Eaux and Q are directly or indirectlylinked to δ . In order to roughly estimate the system implications of solar fuel productionwith redox materials, it is convenient to exemplarily calculate several relations based onmaterial properties that are reported in literature. Ceria serves as the material candidatethat produces pure H2 with an energy content of 286 kJ·mol−1 (higher heating value)[Panl 75, Erma 13]. Similar calculations were published by Felinks and Brendelberger[Bulf 15]. Keep in mind that the following analysis should only provide a basic idea ofthe fundamental energetics of TCCs and does not claim completeness. A thorough processanalysis concerning the energetics involved is provided in chapter 7.
Concentrating System

The endothermic reduction of the metal oxide requires high temperatures which are pro-vided through the concentration of direct solar irradiation with optical systems. Curvedmirrors concentrate the irradiation onto a receiver with an efficiency ηopt. A detailed de-scription of the losses caused by the concentrating system itself goes beyond the scopeof this work and is found elsewhere [Rome 07]. The receiver absorbs the irradiation. Withan optical efficiency ηopt, the usable heat Q is given by
Q = ηopt · Psol − Pcond − Prera − Pconv (2.5)
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The thermal losses due to conduction Pcond and due to convection Pconv are neglected,since perfect insulation of the reactor is assumed and Pconv is only a minor contributioncompared to the radiation losses Prera in the case of TCCs [Lang 14]. According to theStefan–Boltzmann law, the theoretical radiation losses of several concentration levels Cversus the temperature are illustrated in figure 2.2.
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Figure 2.2: Theoretical radiation losses of the receiver vs. its T for different concentration ratios C .Assuming an ambient temperature of 20°C, a solar flux of 1000 W·m−2 and blackbodyproperties.
To keep the radiation losses at reasonable levels, concentration ratios of approximately
C = 5000 are required when aiming at temperatures above 1300°C. Only point focusingsystems can provide such high concentration ratios [Rome 07]. Because higher concentra-tions are linked to higher costs of the optical system, however, decreasing the reductiontemperature Tred aids the technological realization of TCCs. Furthermore, lowerering Tredleads to significant lower radiation losses Prera, since Prera ∝ T 4red.
Reactor

In the following, an operation mode of the reactor is introduced that assumes mass trans-port of the material within the reactor (between oxidation and reduction chamber). How-ever, there are other modes to operate the process [Mill 08, Lout 10, Chue 10a, Roeb 11,Sck 12]. The reactor comprises generally two reaction chambers as illustrated in fig-ure 2.1. The reduction is carried out in the irradiated chamber at the high temperature(Tred & 1200°C) and consumes heat (endothermic reaction). When the reduction processis completed, the material leaves the reduction chamber and enters the oxidation cham-
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ber. Before the oxidation starts, the material needs to be cooled down to the oxidationtemperature Tox ∼ 800°C . This waste heat might be recuperated as explained later. Tooxidize the material, H2O and/or CO2 are introduced. The gases are split to produce fuel.No heat input is required during oxidation, since the reaction is exothermic. When theoxidation is completed, the material is transported back to the reduction chamber. There,the material is heated to the reduction temperature Tred and reduced again to close thecycle. Q is the heat that is usable for the entire process, assuming no other thermal lossesthan radiation. In the process, Q is consumed by1. the reduction enthalpy ∆Hred of the metal oxide; this energy equals the solar energychemically stored in the metal oxide2. heating the redox material from Tox to Tred (heat Qmat)3. heating the reactants H2O and CO2 (heat QH2O,CO2)4. heating the sweep gas if used during reduction (heat Qsweep)This gives:

Q = ∆Hred + Qmat + QH2O; CO2 + (Qsweep) (2.6)Implementation of heat recuperator with an effectiveness εhr decreases the necessary sen-sible heats Qmat, QH2O; CO2 and Qsweep. Hence, more energy can be used to reduce the metaloxide. Since the reduction extent δ limits the overall cycle productivity, ideally, δ shouldequal the stoichiometric maximum (for ceria: δmax, stoic. = 0.5). However, there are techni-cal reasons to not fully reduce the material, thus, to operate with non-stoichiometricallyreduced material. Reasons are, for instance, time limitations of the reduction step or re-duction conditions that are insufficient to fully reduce the material. Moreover, the fullreduction usually results in a phase change of the material that implies structural prob-lems such as volume changes leading to damages of the structured materials.If only a fraction of the metal oxide is reduced, a certain mass of the material does notreact actively. Depending on δ , the fraction of non-reacting material might be a significantamount of material that is solely heated up and cooled down. In the case of ceria, the ratioof active to passive material equals 2δ . Assuming a temperature difference between oxi-dation and reduction ∆Tox→red of a few hundred Kelvin and a δ of less than 5% of δmax, stoic,the ratio of sensible heat Qmat and reduction enthalpy ∆Hred equals values that representa significant penalty on the overall efficiency. In this regard, the incorporation of an ef-ficient heat recuperation is highly beneficial [Erma 13]. Figure 2.3 illustrates the crucialimpact of the temperature difference ∆Tox→red and the heat recuperation effectiveness εhron the basis of ceria.In general, high efficiencies require small Qmat:∆Hred ratios; the smaller the better. Hence,to achieve a reasonable overall efficiency, it is pivotal to either increase δ or to decrease∆Tox→red. Furthermore, the process requires an efficient heat recuperation, in particular
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Figure 2.3: Ratio of sensible heat Qmat to reduction enthalpy ∆Hred as a function of the tempera-ture gap between oxidation and reduction temperatures (T ox to T red) of two δ assumingdifferent heat recuperation effectiveness εhr. As the reference material, pure ceria wasemployed with heat capacities and reduction enthalpies derived from [Erma 13].
in the case of small δ .
Auxiliary Unit

Besides the temperature Tred, the reduction reaction depends on the partial pressure ofoxygen p(O2). The thermodynamics of the redox reaction are further discussed in section2.2. Generally, decreasing the partial pressure of oxygen p(O2) increases the amountof released oxygen and therewith the reduction extent δ . Either vacuum pumping orsweeping with an inert gas removes the released oxygen and provides the necessarylow partial pressure of oxygen p(O2) within the reactor during reduction. Both ways areaccompanied by the consumption of additional energy which is referred to as auxiliaryenergy Eaux. The vacuum pumping requires work in form of electricity or, in the case ofsteam ejectors, thermal energy. When sweep gas is employed, it has to be recycled to bepurified from oxygen, which requires separation energy. Theoretically, a heat recuperationsystem may provide some of the auxiliary energy Eaux. However in this basic analysis,this possibility is not further investigated.Figure 2.4 depicts the ratio of auxiliary energy Eaux to the energy stored in produced fuel
Eaux:Efuel in the case of ceria. For this calculation, H2 serves as the fuel with an energycontent of 286 kJ·mol−1 (higher heating value).
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Figure 2.4: Ratio of auxiliary energy to the energy stored in produced fuel Eaux:E fuel dependingon the pressure of oxygen p(O2). E fuel denotes the higher heating value of hydrogen.Calculation parameters are derived from [Erma 13] in the case of pure ceria.
In the case of sweep gas, the amount of energy necessary for purification is correlatedto p(O2) drastically. Decreasing p(O2) by one order of magnitude yields an increase ofthe ratio Eaux:Efuel by one order of magnitude. Using sweep gas with p(O2) of less than0.001 bar, ratios Eaux : Efuel > 100 are obtained that are likely to result in efficienciesimpeding TCCs from commercialization. In the case of vacuum pumping, the situation isnot as dramatic. Assuming realistic pump efficiencies, reasonably small Eaux : Efuel ratiosare possible for partial pressures as small as 10−3 bar [Bren 14, Feli 14, Bulf 15]. Notethat for other materials the absolute numbers differ, but the trend is similar.
Conclusions

Employing redox materials for solar-driven thermochemical fuel production leads to cru-cial system implications for the three quantities Psol, Eaux and Q. To enhance the overallprocess efficiency the following fundamental relations have to be considered:• A decrease of the reduction temperature Tred decreases radiation losses Prera andtherewith increases the solar energy that can be converted to heat Q usable forthe process. From a technical point of view, decreasing Tred leads to required con-centration ratios that are lower than 5,000, resulting in cost reduction as well asfacilitation of the concentrating system.
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• At constant reaction conditions, doubling the reduction extent δ approximately dou-bles the produced amount of fuel, which doubles the stored energy Efuel and there-with, significantly enhances the overall process efficiency. Apart from that, increas-ing δ decreases the demand of sensible heat Qmat of the redox material requiredduring cycling per unit of fuel produced. Qmat corresponds to the energy required forheating the redox material MaOb from the oxidation temperature Tox to Tred. There-with, the share of the heat Q that can actually be consumed by the reduction of thematerial increases. Besides, these basic calculations emphasize the importance ofefficient heat recuperation, especially, when operating at small δ .• Increasing the partial pressure of oxygen p(O2) allowed during reduction drasticallydecreases consumption of auxiliary energy Eaux, because the demand of either sweepgas or vacuum pumping decreases. Based on values reported for pure ceria availablein literature, increasing p(O2) by one order of magnitude decreases Eaux by a factorof 5 to 10.Considering these fundamental relations, the importance of the quantities δ , Tred and p(O2)becomes obvious. Since all three are in particular material specific, an efficient redoxmaterial is the key to feasible solar fuel production. The enhancement of the properties ofthe material is the most direct approach to augment the overall process efficiency. Hence,the material might be referred to as the bottleneck of this technology. The identificationand the understanding of optimal materials is pivotal to the commercialization of TCCs.Further requirements on the materials concern their stability as well as their costs. Froma technical point of view, material properties such as heat conduction and emissivity areessential criteria to select a material to be applied in TCCs.

2.2 The Bottleneck: The Redox Material

In the previous section, the importance of the applied material was discovered and thecrucial impact of the reaction conditions on the overall process efficiency discussed. Inparticular, an efficient reduction of the material is pivotal for high overall process effi-ciencies. The key parameters in this regard are the reduction extent δ , the reductiontemperature Tred and the partial pressure of oxygen p(O2). The following section intro-duces the thermodynamical requirements for the material yielding Ellingham diagrams.Based on these diagrams, a material assessment is performed.
2.2.1 Thermodynamical Requirements

Inspired by the work of Meredig and Wolverton, a framework that thermodynamicallyevaluates the gas splitting reaction is introduced [Mere 09]. Concerning the reduction at
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the temperature T red (equation: 2.1) and the oxidation at the temperature T ox (equation:2.2), the following thermodynamical expressions

∆Gred,T red = ∆Hred,T red − Tred∆Sred,T red ≤ 0 (2.7)∆Gox,T ox = ∆Hox,T ox − Tox∆Sox,T ox ≤ 0 (2.8)
must be satisfied. Here, ∆G refers to the change of Gibbs energy, ∆H to the enthalpychange and ∆S to the entropy change during reduction or oxidation at the temperatures
T red or T ox. ∆H and ∆S consist of the enthalpy and entropy changes of every reactant.According to equations 2.1 and 2.2, those reactants are O2, H2O and H2 or CO2 andCO, and the reduced and oxidized metal oxide MaOb−δ and MaOb, respectively. ∆H isexpressed either as the heats of formation ∆Hf or the enthalpies of the compound withrespect to its composition. ∆S is expressed with the standard entropy. This gives

∆Gred,T red = ∆Hmat − Tred · (∆Smat + 1/2SO2
Tred
) (2.9)

∆Gox,T ox = −∆Hmat − ∆HH2O, CO2f,Tox − Tox (SH2 , CO
Tox − SH2O, CO2

Tox − ∆Smat) . (2.10)
Here, SO2

Tred denotes the entropy of O2 at T red. SH2 , CO
Tox and SH2O, CO2

Tox correspond to theentropies at T ox of either H2 and H2O in the case of water splitting, or CO and CO2 inthe case of carbon dioxide splitting. ∆HH2O, CO2f,Tox denotes the enthalpy accompanied withthe formation of either CO2 and H2O at T ox. The quantities that only depend on the redoxmaterial are:• Redox enthalpy changeThe enthalpy difference between reduced and oxidized metal oxide MaOb−δ andMaOb, respectively, given by the difference between the formation enthalpies:
∆Hmat ≡ ∆HMaOb−δf − ∆HMaObf (2.11)

• Redox entropy changeThe entropy difference between MaOb−δ and MaOb:
∆Smat ≡ SMaOb−δ − SMaOb (2.12)

Since O2 is released during the reduction of the metal oxide, a change in the degreesof freedom of the atoms within the crystal structure might occur. In most of thematerials, a negative ∆Smat is expected, since decreasing the number of atoms yieldfewer vibrational degrees of freedom. However, there are some material systemsthat exhibit positive ∆Smat, because of the creation of oxygen vacancies within theircrystal structure during reduction.
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The quantities ∆Hmat and ∆Smat must be considered as the most important design variablesof the redox system, since they state, whether the use of a material is thermodynami-cal favorable towards TCCs, as demonstrated in the following. In equilibrium ∆G = 0,equations 2.9 and 2.10 are solved to evaluate the dependency of ∆Hmat on ∆Smat:

∆Hmat = 1/2TredSO2
Tred + Tred · ∆Smat (2.13)

∆Hmat = −∆HH2O/CO2f,Tox − Tox (SH2/CO
Tox − SH2O/CO2

Tox
)+ Tox · ∆Smat (2.14)

The calculations are carried out with the aid of FactSage 6.1 and its databases, sinceFactSage contains the entropies and enthalpies of the gases [Bale 02, Bale 09]. Figure2.5 (top) displays the thermodynamically favorable regions of the two equations, for thereduction at varying partial pressures of oxygen (beneath the solid lines) and oxidationwith water (above the dashed lines) and carbon dioxide (above the dotted lines) at vary-ing temperatures. The solid lines denote equation 2.13 at several partial pressures ofoxygen and Tred = 1500°C. The dashed lines denote equation 2.14 at several oxidationtemperatures Tred and gas pressures of p(CO2) = p(H2O) = 1 bar.Materials featuring ∆Hmat and ∆Smat values that correspond to points above a dashedline are able to split CO2 and H2O at the denoted temperature. For large negative ∆Smat,the region favoring the splitting reaction decreases with decreasing the oxidation tem-perature Tox. For ∆Smat & −45 JK−1 per 0.5 mol O2, decreasing Tox enhances the splittingthermodynamics. Concerning the reduction at Tred = 1500°C, ∆Hmat and ∆Smat values arenecessary that are beneath a solid line presenting the allowed partial pressure of oxygen
p(O2). Decreasing the partial pressure of oxygen p(O2), significantly increases the regionof ∆Hmat and ∆Smat values that favor the reduction.Favorable thermodynamics for both, oxidation and reduction are achieved in the inter-secting region of dashed and solid lines. As roughly calculated in section 2.1, only partialpressures of oxygen p(O2) ≥ 10−3 bar presumably are feasible. The corresponding regionsof ∆Hmat and ∆Smat values is displayed with the gray areas in figure 2.5 that favor bothreduction and oxidation with water (bright and dark gray area) and CO2 (dark gray area)under feasible conditions. Generally speaking, for the investigated reduction temperaturesboth reactions become favorable, when• the partial pressure of oxygen p(O2) during reduction is low enough,• the oxidation temperature Tox is low enough (respectively the temperature difference∆Tox→red between Tox and Tred large enough),• or ∆Smat is large positive.Low p(O2) or low Tox (large ∆Tox→red) lead to less efficient processes, as discussed in theprevious section. Therefore, it is reasonable to develop materials featuring large positive∆Smat, because these are in particular promising for the application in TCCs. Figure 2.5
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bottom shows the ∆Hmat and ∆Smat values of interesting materials that could be derivedfrom FactSage. None of the materials favor both reactions at ones at the conditions thatwere defined to be feasible. However, ceria is relatively close to the gray area.
2.2.2 Material Assessment: Ellingham Diagrams

Ellingham diagrams are plots of the change in the standard Gibbs energy ∆G0 withrespect to the temperature T for various reactions such, as the formation of oxides, sulfidesetc. of various elements [Monk 44]. If the investigated reaction does not imply a change inheat capacity, for instance, due to a phase transition of a reactant, the diagram displaysa straight line. In metallurgy, Ellingham diagrams are used to predict the equilibriumtemperature T between a metal, its oxide and oxygen. Keep in mind that the term oxidationmay not only imply the splitting reaction of water, but also the oxidation of the materialwith oxygen as it is the case in the following.At a glance, such diagrams rank metal oxide systems concerning their CO2- and H2O-splitting abilities and state, whether they are thermally reducible. Beyond that, theyprovide the information which temperature and partial pressure of oxygen is requiredfor the reduction. These characteristics make Ellingham diagrams an expressly materialscreening tool for TCCs.Ellingham diagrams result from the second law of thermodynamics [Atki 06]:
∆G0 = ∆H0 − T · ∆S0 (2.15)

∆G0 is the change in standard Gibbs energy during a reaction. Accordingly, ∆H0 denotesthe standard enthalpy change and ∆S0 the standard entropy change. For an oxidationreaction
xM + 0.5O2 
 MxO (2.16)∆G0 is described with a relation of the temperature T and the equilibrium rate constant

k as ∆G0 = −RT ln k = −RT · ln a(MxO)
ax (M) · p0.5(O2) (2.17)

Here, a denotes the activities of the solid reactants. The choice of the pure oxide and thepure metal in its standard states makes the activities of M and MxO unity, which gives
∆G0 = 0.5RT · lnp(O2) (2.18)

Ellingham lines are constructed by plotting equation 2.15 for a specific redox reactionat standard conditions. As long as the line is below the x-axis (∆G0 = 0 at p(O2) =1 bar), the oxidation is favored; above the x-axis, the back reaction (reduction) is favored.An intersection of x-axis and reaction line identifies the equilibrium temperature. Every
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point in an Ellingham diagram represents a combination of T and RT · lnp(O2), thusby substitution of T into RT · lnp(O2) the corresponding partial pressure of oxygen isobtained. Due to equation 2.18, oxygen isobars are straight lines with a slope of R ·lnp(O2)radiating from the origin of the diagram (T = 0 K, ∆G0 = 0). Thereby, a nomographicscale for partial pressures of oxygen p(O2) may be placed along the right-hand edge ofthe diagram. Further explanations for constructing and reading Ellingham diagrams arefound elsewhere [Gask 08, Jeff 08].The Ellingham diagrams presented in this thesis exhibit thin gray lines corresponding tothe isobars at oxygen partial pressures of p(O2) = 1, 10−3 and 10−6 bar. The intersec-tions of the dotted lines and the Ellingham lines of a reaction determine the equilibriatemperatures at the different oxygen partial pressures p(O2). Note that these isobars areonly of importance in the interpretation of the reduction step. Apart from that, Ellinghamdiagrams state, whether a material may split H2O or CO2 resulting in the production ofsyngas. This is because of the redox nature of both gas-splitting reactions:

CO + 0.5O2 
 CO2H2 + 0.5O2 
 H2O
The ∆G0 of both reactions are plotted in the Ellingham diagrams presented in this thesis(H2O and CO2 equilibria line). In terms of the thermodynamics, oxidation reactions ofmetal/metal oxides that exhibit lower ∆G0 values compared to the H2O and CO2 are ableto decompose the gases. Visually, these reactions correspond to Ellingham lines that arebeneath the CO2/H2O lines.The ∆G0 of 40 binary and ternary oxide reactions have been calculated with the aidof the software FactSage 6.1 and its databases Fact53 and SGPSBase. For the sake ofconvenience, only the Ellingham lines of the most promising redox systems, as discussed inliterature are presented in the following [Aban 06a, Vish 11, Roeb 12]. Figure 2.6 displaysthe non-volatile redox systems of ferrites and ceria, and the volatile system of zinc oxide.The Ellingham diagrams of the other materials are found in the appendix in section A.1.
Ferrites contain Fe in the oxidation state Fe2+ and Fe3+. The redox system of wüstite(FeO) or the mixture of NiO/FeO (and the spinel of iron oxide and iron mixed oxides)feature the splitting of water and carbon dioxide at temperatures around 700°C.The reduction is not thermodynamically favorable below the melting point of themonoxide as displayed with the end of the Ellingham line. However, the gap betweenthe reaction lines and the p(O2) = 10−6 bar - isobar is relatively small. Being one ofthe first redox systems for TCCs, Nakamura et al. proposed the application of ferritesin the 70ties [Naka 77]. It is reported that the reducibility is improved by dopingthe spinel structure [Lore 08, Mill 08, Koda 09, Sche 10, Goko 11, Agra 12, Kane 12,
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Figure 2.6: Ellingham diagrams of the most promising materials derived from FactSage calcula-tions (databases Fact53 and SGPSBase).
Tama 12, Sche 13a]. In the Ellingham diagram, this trend is already visible for Ni-doping. The basic feasibility of doped ferrites were proven in the pilot plan of theEuropean project HYDROSOL [Roeb 11, Sck 12]. Nevertheless, since the reductiontemperature is still close to the melting point, ferrite-based materials are prone tosintering causing significant degradation.

Zinc oxide is applied in a redox system of the elemental Zn and Zn2+. ZnO is reducibleat 1500°C and p(O2) = 10−6 bar or even higher T /lower p(O2). The reduced form,elemental Zn, features the splitting in a wide temperature range up to 1200°C.However, Zn exhibits a melting point of 419°C and a boiling point of 907°C. Therefore,after reduction, the product gas stream (Zn + O2 + carrier gas) has to be quenched inorder to separate O2 from Zn to obtain solid Zn. The quenching results in tremendoustechnical challenges especially for the reactor design and makes a continuous H2production almost impossible. Besides technical problems, the thermodynamics ofthis cycle are significantly downgraded by the quenching process. Due to the goodreactivity of zinc towards H2O and CO2 splitting, however, the Zn/ZnO cycle is stillone of the most promising approaches [Stei 02, Lout 10, Stam 12].
Ceria contains cerium in the oxidation state Ce3+ and Ce4+. Besides the stoichiometricoxides, Cerium(IV)-oxide (CeO2) and Cerium(III)-oxide (Ce2O3 = CeO1.5), there areso-called non-stoichiometric compounds due to the generation of oxygen vacancieswithin the crystal structure. These compounds feature a positive entropy change
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∆Smat. The database SGPSBase contains the information of two non-stoichiometricphases, Ce6O11 (= CeO1.833, β-phase) and Ce7O12 (= CeO1.714, δτ-phase) [Trov 13].Because the β-phase features the best properties concerning reducibility, only thisEllingham line was plotted in figure 2.6. Below 800°C, Ce6O11 splits CO2 and H2O.In addition, the reduction of CeO2 to Ce6O11 is thermodynamically favorable below1500°C at p(O2) = 10−6 bar. Ceria was first proposed as a water-splitting materialby Otsuka et al. [Otsu 85]. Recent literature confirms its outstanding position asa promising material for the application in H2O-splitting as well as CO2-splittingprocesses [Chue 10a, Erma 13, Goko 13, Le G 13, Sche 13b].

From these three promising redox systems, ceria is selected to undergo further inves-tigations, because of its promising thermodynamical features and its significant betterstability. In addition, the non-stoichiometry of ceria that results in ∆Smat > 0 meeting therequirements of the thermodynamical framework introduced in section 2.2.1. Promisingresults were already published in the solar fuel community [Chue 10a, Call 13, Goko 13,Le G 13]. It is also worth noting that many dopants have not been evaluated yet in termsof improvements for the use of ceria in TCCs, leaving substantial room for optimization.
2.3 Ceria

Ceria is of central interest for this thesis, as explained previously. Therefore, introducingthe main properties of this substance seems reasonable. In particular, of interest is theredox reaction of ceria and the possibility to enhance the reduction features by dop-ing. A literature review regarding the application in TCCs provides an insight into thefeasibility.Ceria, also known as cerium(IV) oxide, is an oxide of the rare-earth metal cerium. Itschemical formula is CeO2 and it appears as a pale yellow-white powder. As it is thecase of most rare-earth compounds, ceria is basically of low toxicity. Ceria is prone tosintering at high temperatures. Major sources of ceria are found in igneous, sedimentaryand metamorphic rocks. The principle cerium ores mined today are Bastnasite, Monaziteand Loparite [Sche 02]. With 64 ppm, cerium is far more abundant in the upper earth’scrust than any other rare-earth element. For comparison only, copper features 60 ppmand tin 2.3 ppm [Ahre 95].Pure stoichiometric CeO2 exhibits a calcium fluoride (fluorite) type structure (fcc) withspace group Fm3m over the whole temperature range from room temperature to meltingtemperature. This structure consists of a cubic close packed array of cerium atoms anda cubic primitive arrangement of oxygen atoms. Each cerium cation is coordinated byeight equivalent nearest neighbor oxygen anions at the corner of a cube, each anionbeing tetrahedrally coordinated by four cations [Trov 02, Adac 04]. Figure 2.7 illustrates
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the crystal structure of ceria.

-2O

4Ce

Figure 2.7: Scheme of the crystal structure of ceria.
Mainly, ceria is used in ceramics, as a catalyst or catalyst support, to sensitize photosen-sitive glass and to polish glass and stones [Sche 02]. The remarkable ability of ceria todisplay large oxygen non-stoichiometry without changing its crystal structure is essentialto many applications in electrochemistry as well as in catalysis [Gopa 12]. Because of thisproperty, ceria is referred to as an oxygen storage material. It is in particular employedas a catalytic converter in automotive applications as well as an electrolyte in solid oxidefuel cells. The non-stoichiometry is quantified with the reduction extent δ .Ceria stores and releases oxygen, and forms surface and bulk vacancies. This processresults in the change of the oxidation state of the cerium ions from Ce3+ to Ce4+ and viceversa. Using the Kröger-Vink notation [Kroe 56], this process is described as follows:

OO + 2CeCe 
 0.5O2(gas) + V..O + 2Ce′Ce
Here, Ce’Ce denotes the reduced ceria atom Ce3+. The negative charge compared to thenormal lattice Ce4+ (Kröger-Vink notation: CeCe) is balanced by oxygen vacancies V..O. Theoxygen in the crystal structure OO is released in form of oxygen gas O2.Applying the property of non-stoichiometric oxygen storage in TCCs modifies the generalprocess reactions (equations 2.1 and 2.2), as follows:• Reduction (red) CeO2 
 CeO2−δ + δ/2O2 (2.19)

δ denotes the amount of oxygen that is released during reduction. Its stoichiomet-rical maximum value is δmax, stoic = 0.5 corresponding to the complete reduction, i.e.all cerium ions change their valence from +4 to +3.
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• Oxidation (ox): CeO2−δ + δ(CO2/H2O)
 CeO2 + δ(CO/H2) (2.20)

To improve the process and make it commercially feasible, in particular, the reductionconditions (reduction temperature Tred and partial pressure of oxygen p(O2)) have to beimproved. Due to the non-stoichiometry of the reduction of ceria, the enhancement of thereduction extent δ is also expedient. These necessities imply in the case of ceria-basedmaterials the following:• Improvement of bulk reduction, since it is known to be difficult. [Aneg 06].• Prevention of sintering, because low surface areas may result in low reactivity[Mill 09].• Enhancement of diffusivity of oxygen within the crystal structure, as it is beneficialfor the reducibility [Aban 06b].To modify ceria accordingly, the approach of doping ceria with various elements is verypromising and introduced in the following.
2.3.1 Doping Ceria

The addition of a cationic element My+ into the structure of ceria may influence thereducibility in various ways. For instance, doping with ions My+ that display a lowervalence than Ce4+ increases the density of oxygen vacancies and therewith the oxygenion mobility. Doping with ions with the same valence but with a lower ionic radius thanCe4+ lead to modifications of the crystal structure that aid the reducibility [Aban 10].Because thermodynamical data of the redox reaction of doped-ceria are unavailable, theidentification of efficient dopants and material compositions featuring optimized redoxproperties requires an experimental study.A pivotal criteria to select promising dopants to undergo the experimental stage is theirsolubility in ceria. This depends on the elastic energy W that is introduced in the latticeattributed to differences in ionic radii [Kim 89]. The larger the elastic energy W persubstituted ion, the lower is the solubility. The Vegard’s slope criteria fairly predicts thesolubility limits [Vega 21, Naka 10]. On the one hand, as long as the dopant cation featureradii close to the radius rCe4+ of Ce4+, the fluorite structure is very tolerant to dissolutionof up to 40% of foreign oxides. On the other hand, Vegard’s law indicates that oxides withcations much smaller or bigger than Ce4+ the solubility is very limited. For instance in thecase of Co2+ or Ni2+, the solubility is less than 1 at.%. Nevertheless, the line of promisingcandidates is extensive. Isovalent dopants, such as Zr4+ feature excellent solubilities inceria as well as it is reported for trivalent rare-earth dopants RE3+ [Moge 00]. This isbecause of the fact that rare-earth cations feature an ionic radius and an electronegativity
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close to those of cerium [Hern 11].
Zirconia Doping

Zirconia is the most common oxide of zirconium (ZrO2) and is used for a variety of ap-plications as catalysts, electrolytes for solid-oxide fuel cells, and structural materials[Yash 13]. The principal economic source of zirconium is the zirconium silicate mineral,zircon (ZrSiO4) with a yearly production of approximately one mega ton [Niel 10]. Zirconiafeatures high thermal stability and a high melting point of 2715°C. At room temperature,it adopts a monoclinic crystal structure, equaling a distorted fluorite-type structure. Inthis structure, the coordination number of Zr4+ cations is seven, which is smaller thanthat of fluorite-type oxides [Yash 13].As reported in many experimental studies within the catalysis community, doping CeO2with Zr4+ improves the resistance against sintering at high temperatures [Pijo 95, Vida 01,Di M 05b, Delg 13]. However, the intrinsic role of Zr4+ as a sintering inhibitor is yet notfully understood [Kasp 99, Yang 06]. Some authors theoretically explained this improvedthermal stability with the formation of associated point defects between Zr4+ and Ce3+[Janv 98]. The diffusivity of these defects limits the sintering rate. However, as generallyobserved for ceramic-type materials, the sintering behavior of ceria is strongly effected bythe pore curvature and pore radius [Di M 05b]. Besides the increased thermal stability,many investigations evidenced an enhanced reducibility of ceria-zirconia solid solutions,although the substitution Ce4+ for Zr4+ does not necessitate the formation of charge com-pensation in form of vacancies [Di M 04, Chen 10, Boar 11]. The corresponding enhancedoxygen storage capacity made ceria-zirconia solid solution the state-of-the-art materialof three way emission control catalysts [Aneg 13].Introducing Zr4+ in the fluorite lattice of CeO2 induces structural modifications attributedto the smaller dimension of Zr4+ ions compared to Ce4+ ([Shan 69]: 0.084 nm vs. 0.097 nm)[Kasp 00, Di M 04]. At room temperature, compositionally homogenous Ce1−xZrxO2 occursin various phases with crystal structures depending on the Zr content x . For high Zrcontents x & 0.9 a monoclinic crystal structure is reported. For Zr contents lower than x ≈0.4, Ce1−xZrxO2 adopts a cubic structure. At intermediate Zr contents, various tetragonalphases are observed [Trov 96, Yash 13].
Rare-Earth Metal Doping

Rare-earth (RE) elements are a set of the fifteen lanthanides plus scandium and yttrium.These non-toxic materials are natural resources with unique properties making themessential to emerging technologies [Adac 04]. Despite their name, RE elements are infact not especially rare. Each element is more common in the earth’s crust than silver
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or gold, while yttrium, neodymium and cerium are more common than lead. The yearlyworld’s production of RE materials is in the range of 100,000 tons and their scope ofapplications is manifold. Catalysis is one of the major application fields of RE elements,representing 20% of the total market worldwide [Maes 00]. The glass industry uses REoxides for coloration of glass pieces. For instance, glass colored with neodymium showspink and purple colors. RE phosphors are manufactured as luminescent materials in colortelevisions and lamps [Adac 04, chap. 9].Rare-earth oxides are promising candidates as electrolytes or anode materials in solidoxide fuel cells (SOFC). For instance, trivalent-doped ceria materials are widely investi-gated as the electrolyte material for SOFC, due to showing all three main requirementsfor a SOFC electrolyte: oxygen diffusivities at temperatures in the range of 700°C to900°C, chemical stability and sinterability [Zhu 03, Fu 10, Maha 11].Besides zirconia doping, doping with rare-earth cations is a widely discussed approachto enhance the catalytic properties of ceria. Since ceria is part of the same subgroup,rare-earth elements feature similar chemical properties making rare-earth oxides RE2O3one of the most suitable dopant materials. Due to the lower valence of the dopant RE3+compared to the host Ce4+ ion, the introduction of trivalent cations in the fluorite structureof ceria requires charge compensation, creating oxygen vacancies. With the aid of theKröger-Vink notation, this creation is described as follows [Chat 13]:

RE2O3 CeO2−−→ 2RE′Ce + V..O + 3OO (2.21)
Here, OO and V..O denote oxygen ions on oxygen lattice sites and doubly charged oxy-gen vacancies, respectively [Kroe 56]. These vacancies enhance the oxygen conductivitysignificantly, which in turn, promotes the reduction kinetics. The scheme of the resultingdefect structure is depicted in figure 2.8. One oxygen vacancy is created per two trivalentions. Divalent-doping for instance (Ca2+) induces even more oxygen vacancies - one va-cancy per dopant ion. Due to the higher radius mismatch of divalent compared to trivalentdopants, however, trivalent dopants exhibit much higher solubility [Ni 08].Concerning the application in thermochemical solar fuel processes, doping ceria solelywith trivalent dopants is not promising. Trivalent-doping alone promotes the sintering ofceria, yielding relatively low specific surfaces [Maha 11]. This is due to the high amount ofvacancies in the crystal structure, enhancing not only the transport of the anion oxygen,but also of the cations. Such high densities and low specific surfaces are beneficial forthe application as an SOFC electrolyte, but not for the application in TCCs. Here, highspecific surfaces to feature enhanced fuel production are presumably needed. Particularly,the oxidation benefits from high specific surfaces, because it is a solid-gas reaction. Takinginto account the high temperatures of the reduction step Tred, the increased sinterabilityis more likely to be disadvantageous for the cyclability.
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Figure 2.8: Scheme of the defect structure of trivalent doped ceria.
Pretests of solely trivalent-doped ceria evidenced increased sintering and no enhance-ment of the reduction performance was observed. Therefore, it is reasonable to employternary oxides based mainly on CeO2-ZrO2-RE2O3, instead of solely trivalent-doped ceriaCeO2-RE2O3. The ternary oxides combine higher thermal resistance due to the zirconiadoping as well as increased oxygen diffusivity due to the trivalent doping. [Aneg 13].Therewith, near-optimal reactivities for oxygen storage and release at high temperaturesare expected.The selection of the trivalent-dopants to undergo the experimental stage was guided bythe SOFC community, which mainly discusses the dopants Y3+, La3+ , Sm3+and Gd3+[Adac 04, chap. 9].
2.3.2 Chronology: Solar Fuels with Ceria

In the following time bar, the research progress of ceria as the redox material for TCCs ischronologically displayed. Thereby, the most important research groups are named andtheir major publications briefly described.
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2.4 Outlining the Research

Research Objective

Nowadays, so-called solar fuel processes that use concentrated solar power to thermo-chemically produce fuels via a two-step redox reaction are still in the research phase. Theoverarching goal of this thesis is to pave the way towards the commercialization of suchprocesses. Basic process analysis identifies the redox material as the major bottleneck ofprocess efficiency and points out the demand to improve the performance of the appliedmaterial. Particularly, improvements of the reduction step are pivotal, implying the en-hancement of the reducibility of the material quantified in the absolute reduction extentand the facilitation in terms of the reduction conditions. Here, the reduction temperatureand the allowed partial pressure of oxygen are of major interest.A thermodynamical screening of more than 40 redox systems with the aid of Ellinghamdiagrams identified ceria as the most promising redox material available. Although pureceria principally features the properties to be employed in TCCs, the technical realizationof the process demands significant improvements of the reducibility of ceria. Doping ceriawith various elements is the most obvious approach to provide such improvements. How-ever, due to the lack of thermodynamical data as well as literature data to evaluate thepotential of doped-ceria materials for the solar fuel production, an experimental approachis required. The main research objectives are:Identification of the optimal dopants and dopant content in ceria regarding thefuel productivity quantified in specific yields and regarding the long-termstability.Determination of the kinetics of the oxidation and reduction and the impact ofdoping as well as microstructure on the kinetics.Evaluation of the dependence of the reduction extent on reduction conditionsand, therewith, evaluation of the thermodynamics of the doped materials.Assessment of the potential of the doped materials for the application in solarfuel processes in terms of efficiency.
Course of Investigation

After introducing the materials and methods employed in this thesis in chapter 3, fourchapters pursue the main research objectives. Each chapter focuses on one researchobjective.Chapter 4 encompasses the impact of zirconia and rare-earth doping on the redox per-
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formance of ceria. Experimental campaigns of powder materials with the aid of thermo-gravimetry analysis were carried out to determine the specific yields of fuel productionand oxygen release depending on the composition. Accordingly, the optimal compositionsof doped-ceria materials were identified. To assess the impact of doping on the long-termstability, the most promising compositions identified were subjected to long-term exper-iments of up to 100 cycles. Microstructural characterization by means of XRD and SEMcompletes the experimental investigation.Because the requirements on the kinetics are very high to assure efficient cyclic operation,to assess the process the determination of reliable reaction rates are ineluctable. However,since thermogravimetry exhibits methodical deficits to estimate such rates and no other,more suitable testing facility was available, the kinetical study presented in chapter 5solely focuses on a qualitative analyzes of the impact of doping and microstructure onthe kinetics. Accordingly, in combination with microstructural characterization, test seriesemploying pellets were carried out in the thermobalance to study both, oxidation andreduction to gain fundamental insight into the kinetics as well as to create objectives forsubsequent research.In chapter 6, an experimental campaign with pellets is described that evaluates the reduc-tion thermodynamics of pure ceria as well as the optimal doped compositions. With theaid of a thermobalance, the equilibrium reducibilities at varying reduction temperaturesand several partial pressures of oxygen were determined. Therewith, the improvement ofthe reducibility caused by doping was quantified with respect to the reaction conditions.By applying a thermodynamical reaction model, the dependence of the reduction extenton both, temperature and partial pressure of oxygen was calculated, yielding functions todetermine the reducibilities of the various compositions for arbitrary reaction conditions.These functions were applied to assess the Gibbs energy of the redox reaction and toconstruct Ellingham diagrams. Those diagrams serve as a tool to display the fundamentalrelations of the reaction conditions of the reduction as well as the ability of a materialto split water and carbon dioxide. Furthermore, the diagrams convey the enthalpy andentropy changes due to the redox reaction.The last experimental chapter, chapter 7 evaluates the potential of the doped materials toovercome the barriers for the technical realization. To gain a realistic idea of the potentialof the doped-materials, an innovative reactor design, which was recently reported, wasemployed. A parametric study varying the temperature, partial pressure of oxygen andheat recuperation effectiveness in two concentrating concepts was performed. Therewith,the doped materials were ranked with respect to pure ceria as well as to the processconditions, yielding potential limitations of the feasibility of the process.Chapter 8 concludes the most important findings of this thesis and displays the perspectivefor upcoming studies that aim to further understand and enhance ceria-based materialsconcerning their application in solar-fuel processes.





3 Materials and Methods

The following chapter introduces the materials and methods that are employed in thisthesis. To evaluate measurement uncertainties, the guide to the expression of uncertaintyin measurement (GUM) is applied. Doped-ceria powder materials were synthesized viaan auto-combustion route. A fraction of the powder materials was further manufacturedto dense as well as to porous pellets. Thermogravimetric analysis (TGA) assessed theperformance of both, powder and pellet materials. X-ray diffraction (XRD) and scanningelectron microscopy (SEM) characterized the microstructure of the materials.
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3.1 Uncertainty in Measurement

The uncertainties of the experimental results in this work are expressed as the standarduncertainty according to the guide to the expression of uncertainty in measurement (GUM)[GUM ]. The GUM classifies the evaluation of uncertainty in type A and type B. Mainly inthis thesis, the standard uncertainty u(v ) of the mean of the measurand v was estimatedbased on statistical methods (GUM: type A). In some cases, u(v ) was estimated by applyingthe procedure of type B, based on error margins due to manufacturers data or ownexperience. The results are presented as 〈v〉 ± u(v ). The combined standard uncertainty
u(w) of a value w depending on various input quantities v i with uncertainties u(vi) isgiven by:

u(w) =√∑(
∂f
∂vi

)2
· u2 (vi) (3.1)

The estimation of the uncertainty of each experimental procedure/measurement will bediscussed in its own section.
3.2 Synthesis

3.2.1 Powder Route

Various routes are able to synthesize ceria-based materials that exhibit homogenousdistribution of the dopants within the crystal structure. One may distinguish between solidto solid synthesis and wet chemical synthesis. Solid to solid routes are the oldest andmost-common routes to synthesize multi-component systems by direct reaction of solidcompounds at high temperatures. These low-cost methods may produce solid materialson the industrial scale [Adac 02]. However, long sintering durations at high temperaturesas well as the possibility of non-homogeneity make these routes inapt to provide thematerials for this thesis. By contrast, wet chemical routes are more feasible becauseof their process conditions. Literature primarily discusses coprecipitation, sol-gel andcombustion routes to synthesize ceria-based materials. In a coprecipitation synthesis, theoxide is precipitated from a liquid solution of dissolved salts, e.g. nitrates [Llus 10]. Themain difficulty is the simultaneous precipitation of all components at once, which is crucialto obtain segregation-free target compositions. The sol-gel route involves chemical andphysical processes associated with hydrolysis, polymerization, gelation, condensation,drying and densification [Henc 90]. Downsides of this route are the numerousness stepsaccounting for close monitoring of the process and the high costs of the raw material (inthe case of metal alkoxides). Combustion processes feature a rapid thermal degradation ofprecursors with oxygen at relatively low temperatures producing homogenous powdersin the nanometer scale [Hwan 06, Dega 09]. In particular, these routes are suitable to
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synthesize non-crystalline single-phase multi-component oxides.At this stage of the research of doped ceria for solar fuel processes, economical consider-ations concerning the synthesis play a minor role, because primarily material screeninghas to be done. It is solely crucial to synthesize single phase doped-ceria materialsthat exhibit excellent homogeneity via a synthesis route that is convenient in terms ofcomplexity and duration. Auto-combustion routes perfectly meet these demands.In literature, various types of combustion routes are reported [Liu 12]. They have in commona sequence of exothermic chemical reactions between an oxidant and a fuel, which produceheat or both heat and light in form of either flames or a glow. The investigated materialswere synthesized via the citrate-nitrate auto-combustion route similar to ones reportedelsewhere [Peng 02, Alif 03, Maha 05, Hoss 07]. This route makes use of an reduction-oxidation type exothermic reaction. As precursors, nitrates containing the desired metalcations are mixed with citric acid. The citric acid serves as a chelating agent for themetal ions as shown in figure 3.1. In addition, the citric acid provides the fuel for the
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Figure 3.1: Chelation mechanism of citric acid with a metal ion.
auto-combustion process. Heating the mixture induces the nitrates to decompose. Thereleased oxygen acts as an in-situ oxidizing agent causing the ignition of the carbon thatis present in the citric acid. The exothermic burning of carbon causes the temperature toincrease. Therefore, the completion of the reaction requires no further heating.The synthesis route was practically conducted as presented in figure 3.2. The precursorsof the redox powders are listed in table 3.1. For the sake of convenience, the solid nitratescontaining the cation M were dissolved in deionized water to produce a liquid solutionwith a concentration cM. Desired amounts of these liquid solutions were mixed in areaction vessel made of quartz. Citric acid, also dissolved in deionized water, was addedto the nitrates in a molar ratio of 1:2 (cations:citric acid). Water evaporation at 95°Con a heating plate under continuous stirring yielded a yellow-colored gel. Heating thisgel to 200°C for 20 minutes resulted in a swollen foam exhibiting a very low density.During slow heating to 500°C, the auto combustion occurred leaving a fine oxide powderin the reaction vessel. Subsequent calcination in the reaction vessel in a muffle furnaceat 800°C for 1h under air ensured the removal of remaining carbonaceous species. For
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ZrO(NO3)2 x 6H2O RE(NO3)3 x 6H2O 

Figure 3.2: Citric auto combustion route employed for powder synthesis. RE denotes rare-earthelements (RE = Y, La, Sm and Gd).
Table 3.1: Chemical precursors dissolved in deionized water. The resulting solutions have theconcentration cM (M = Ce, Zr, Gd, Sm, La and Y).

substances formula purity distributor cM in mol·l−1
citric acid monohydrate C6H8O7 > 99% Merck 2cerium(III) nitrate hexahydrate Ce(NO3)3 >99.9% Merck 0.2zirconium(IV) oxynitrate hydrate ZrO(NO3)2 >99.9% Sigma Aldrich 0.2yttrium(III) nitrate hexahydrate Y(NO3)3 >99% Merck 0.1lanthan(III) nitrate hexahydrate La(NO3)3 >99.9% Alfa Aesar 0.1samarium(III) nitrate hexahydrate Sm(NO3)3 >99.9% Alfa Aesar 0.1gadolinium(III) nitrate hexahydrate Gd(NO3)3 >99.9% Alfa Aesar 0.1

each composition, at least two batches were synthesized to guarantee reproducibility.For the powder test campaign presented in chapter 4, volumes of approximately 40 mlwere mixed to obtain powder masses of approximately 0.5 g. Powders that were furtherprocessed to pellets were synthesized in batches of more than 5 g. Pellets investigationsare described in chapter 5 and 6.
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3.2.2 Quantification of the Synthesis

In this work, solid solutions of either ceria and zirconia or solid solutions of ceria, zirconiaand one trivalent rare-earth oxide are investigated, that are described with the followingformula: CezZrxREyO2−y/2 (3.2)The three quantities x , y and z quantify the content of each cation: The zirconium content
x , the rare-earth content y (RE = Y, La, Sm, Gd) and the resulting cerium content zwith z = 1 − x − y. The oxygen fraction is reduced due to the trivalence of the rare-earth elements. Note that for y = 0 only ceria-zirconia solid solutions are described. Thecontents of the various elements, i.e. the composition of the material, determine intensiveproperties of the material such as the molar weight of the oxidized material Mox:

Mox = zMCe + xMZr + yMRE + (2− 0.5y)MO, (3.3)
where MCe denotes the molar weight of cerium, MZr of zirconium, MRE of the employedrare-earth element and MO of oxygen. Since solely cerium changes its valance from IV toIII, the maximum oxygen release during reduction is correlated to the cerium content z .Hence, the molar weight of the fully reduced material is given by:

Mred = zMCe + xMZr + yMRE + (2− y/2)MO − z/2MO = Mox − z/2MO (3.4)
For the maximum mass loss ∆mmax assuming complete reduction of the material, equation3.3 and 3.4 lead to: ∆mmax = 1− Mox

Mred = 0.5z · MO
Mox (3.5)

Since the intensive properties ∆mmax and Mox are applied to calculate performance quan-tities (see section 3.3), uncertainties of x , y and z will directly influence the performancevalues derived from experimental campaigns. The contents x , y and z correspond to thevolumes Vx , Vy and Vz of the nitrate solutions with their concentrations cM mixed togetherin the first step of the synthesis. A content i of a cation M is given by:
i = Vi · cM

Vx · cZr + Vy · cRE + Vz · cCe (3.6)
with i = x , y, z and M = Ce, Zr, Y, La, Sm and Gd. The volumes Vx , Vy and Vz were adjustedwith the aid of various volumetric pipettes (class AS) with volumes 0.5 ml ≤ Vpipette ≤ 50 ml.A statistical analysis of ten independent observations estimated the mean volumes of thepipettes with their standard deviation of less than ±0.03 ml. For each observation, thepipettes were filled completely with deionized and the drained water was weighed withan analytical balance (precision of ±0.1 mg). The concentration cM of the liquid solutions



34 3 Materials and Methods
is given by:

cM = mM
Vflask (3.7)

where mM denotes the mass of the solid nitrate and Vflask the volume of the employedreaction vessel. The balance features a precision of ±0.1 mg leading to relative uncertain-ties of less than 0.01% for masses mM of more than 5 g that were the minimum amountsto produce the solutions. The nitrates were funneled into volumetric flasks with volumes100 ml ≤ Vflask ≤ 1000 ml that were subsequently filled with deionized water. The flaskvolumes exhibit relative error limits of less than 0.1%.The relative standard uncertainties ur (∆mmax) and ur (Mox) estimated by combining thestandard uncertainties of x , y and z are less than 0.2%. Compared to the relative standarduncertainties of the measurands obtained in thermobalance runs of approximately 5%,these small uncertainties are negligible and are not considered in further analysis. Table3.2 presents the powder materials synthesized and investigated in this thesis.
Table 3.2: Synthesized powder materials.

material x y

CeO2 - -Ce1−xZrxO2 0.026, 0.051, 0.076, 0.126, 0.151 -0.177, 0.200, 0.225, 0.252, 0.376Ce0.85−yZr0.15YyO2−0.5y 0.15 0.013, 0.025, 0.076, 0.2Ce0.85−yZr0.15LayO2−0.5y 0.15 0.025, 0.05, 0.075, 0.10.125, 0.15, 0.2Ce0.85−yZr0.15SmyO2−0.5y 0.15 0.013, 0.025, 0.076, 0.2Ce0.85−yZr0.15GdyO2−0.5y 0.15 0.013, 0.025, 0.076, 0.2

3.2.3 Pellet Manufacturing

The pellets were manufactured within the scope of the master thesis of Tijana Paraknewitz[Para 13]. Powders were slightly mixed with polyethylene glycol dissolved in ethanol usinga pestle. Amounts of 600 to 1200 mg of the dried mixtures were uniaxially pressed with110 MPa into a pellet using a cylindrical extrusion die and sintered at 1650°C for 2 h.Two types of pellets were manufactured: Dense and porous.• Before pressing dense pellets, the powders were ball-milled in a planetary micromill pulversiette7 (Fritzsch, Germany) using grinding balls made of ZrO2 with di-ameters of 1.5 mm in a grinding balls to powder weight ratio of 60:1. Isopropanol(Sigma-Aldrich, purity >98%) was used as the dispersing agent in a powder toisopropanol weight ratio of 10:1. The milling was performed for ten minutes at a
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velocity of 500 rpm and repeated three times.• To obtain porous structures, rice starch (Sigma-Aldrich) was added to the powderin a ratio of 10 to 30 wt.%. The starch featured particle size of 1 to 8 µm. Duringthe firing process, the powder burns out and leaves pores. Digital image analyzesestimate porosities of approximately 60 to 70% [Para 13].Table 3.3 summarizes the pellets manufactured and investigated in this thesis. Pelletexamples are shown in figure 3.3.

Table 3.3: Manufactured and investigated pellet materials.
short name mass mpel height h diameter d starch content s porosity Φ
d ≡ dense in mg in mm in mm in wt.% in %

p ≡ porous ±0.01 mg ±0.1 mm ±0.1 mm ±1 wt.% ±5 %
C≡ CeO2C:d600 589.75 0.8 12.4 - 6C:d1200 1180.03 1.7 12.4 - 7C:p10 562.34 1.5 12.1 10 50C:p20 587.76 2.1 12.4 20 64C:p30 582.90 2.4 12.0 30 67

CZ≡ Ce0.85Zr0.15O2CZ:d600 592.54 1.0 11.6 - 8CZ:d1200 1182.36 2.0 11.6 - 8CZ:p10 588.72 1.7 12.3 10 55CZ:p20 590.70 2.2 12.3 20 65CZ:p30 590.73 3.1 12.3 30 75
CZL≡ Ce0.825Zr0.15La0.025O1.99CZL:d600 591.69 1.1 11.2 - 8
CZS≡ Ce0.825Zr0.15Sm0.025O1.99CZS:d600 591.10 1.1 11.3 - 8CZS:d1200 1177.49 2.0 11.3 - 9CZS:p10 586.42 1.7 11.8 10 52CZS:p20 548.02 1.9 11.7 20 60CZS:p30 583.07 3.3 11.6 30 74
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Figure 3.3: Different types of pellets investigated in this thesis. From left to right: C:p10, C:p20,C:p30, C:d1200, CZ:d1200, CZS:d1200. The short names are explained in table 3.3.
3.3 Performance Testing via Thermogravimetric

Analysis

Thermogravimetric analysis (TGA) is a method that measures the mass change of a sam-ple while it is subjected to a specified temperature program consisting of heating, coolingand isothermal steps. The basic instrumental requirements are a precision balance anda furnace that can be linearly programmed [Coat 63]. A device fulfilling these require-ments is referred to as a thermobalance. Commonly, a thermobalance is swept with a gasflow during the experiment to obtain a certain atmosphere or to sweep gaseous speciesreleased from the sample. Since reducing or oxidizing atmospheres are permitted, a ther-mobalance is able to simulate thermochemical gas splitting cycles. Connected to a massspectrometer that monitors the gas outlet of the furnace, it is a powerful tool to assess theperformance of redox materials towards thermochemical fuel production. The results froma thermogravimetric run are presented by mass change ∆m versus time t (or temperature
T ) graphs.
3.3.1 Experimental Proceeding

The TGA facility employed in this thesis consists of a thermobalance STA 449 F3 Jupiter(Netzsch, Germany) and a mass spectrometer GSD-301-C2 (Pfeiffer Vacuum, Germany)and is part of the thermo-analytical laboratory of CeraStorE®. Figure 3.4 shows the testfacility. The thermobalance is monitored with the Software Netzsch Messung 5.2 and themass spectrometer with Pfeiffer Quadstar 32-bit 7.0.The interior of the device is shown in figures 3.5. The balance system is located in the
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Figure 3.4: TGA test facility located in the CeraStorE®consisting of a thermobalance Netzsch STA443 Jupiter F3 and a mass spectrometer Pfeiffer GSD-301-C2, which is connected tothe gas exhaust.
lower part of the device. The precision of the balance is ±1 µg. A sample carrier isconnected to the balance system, entering the protective tube, which is shielded with aradiation shield in order to reduce thermal losses of the upper part (furnace). The balancesystem and the furnace are swept with the protective gas; two other gases, purgered and
purgeox, only sweep the furnace of the STA. Three mass flow controllers (MFC) adjust thegas composition and gas flow. The direction of the gas flow is denoted by the arrowsand the gas is released at the gas outlet, which is connected to the mass spectrometer.Additionally, during the pellet test campaigns, an oxygen sensor (λ-sensor) measures thepartial pressure of oxygen p(O2) of the gas outlet. The chamber is linked to an evacuatingsystem in order to assure an inert atmosphere at the beginning of each experiment. Table3.4 provides an overview of the gases applied in this thesis.The purgered and purgeox gases sweep the sample during reduction and oxidation, respec-tively. The protective gas sweeps the entire device starting at the balance system with 20ml·min−1 incessantly to impede humidity from entering the balance system, guaranteeinga steady weighing signal. To assure consistent gas atmosphere in particular during re-duction, the same inert gas is connected to the protective as well as to the purgered ports.For this purpose, argon-based gases were selected with different oxygen concentrations;
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Figure 3.5: Schematic of the thermobalance interior.
Argon gas with a standard purity of 5.0 is employed as well as test gases purchased fromPraxair (Germany), which are predefined mixtures of 5.7 Ar with 5.0 O2.In order to oxidize the material, two gases are available to be used as purgeox: CO2and synthetic air. A second furnace allows the use of water steam but is limited totemperatures of 1250°C during reduction. Since the investigated materials require higherreduction temperatures and during experiment the furnaces cannot be changed, the watersteam furnace is not applicable. Hence, no water splitting cycles – i.e. no H2 productioncycles – were carried out in this work. In the following, differences in the experimentalprocedure of powder testing and pellet testing are described.
Powder Test Campaigns

In the test campaign presented in chapter 4, powder materials with varying compositionsare investigated. Before TGA experiments, those materials were calcined at 1400°C for1h in a Pt crucible. Samples with masses minitial = 25 mg were placed on an Al2O3plate (13 mm in diameter) that was covered with a Pt-foil. During the experiment, Ar 5.0swept the thermobalance. The gas had a nominal oxygen concentration c(O2) ≤ 10 ppm.Approximately one gram zirconium foil that was placed in the furnace acted as an oxygen
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Table 3.4: Gases employed in the experimental campaigns.

used as gas flow rates nominala
c(O2) & c(CO2)

resultingb p(O2),
c(CO2) & c(O2)

chapter

in ml·min−1 in vol.% in Pa or vol.%
Ar 5.0 85 c(O2) ≤ 0.001 p(O2) ≈ 0.5c 4

protective test gas 1 85 c(O2) = 0.0099 p(O2) ≈ 27 - 49d 5 / 6
and purgered test gas 2 85 c(O2) = 0.0978 p(O2) ≈ 125d 6test gas 3 85 c(O2) = 0.988 p(O2) ≈ 1270d 6

purgeox
CO2 4.8 5 c(CO2) ≥99.998 c(CO2) ≈ 6e 450 c(CO2) ≈60e 6synthetic air 30 c(O2) = 20 c(O2) ≈ 8e 5 / 6

aNominal oxygen and CO2 concentrations c(O2) & c(CO2) of the raw gas according to manufacturer’s data.
bEstimated partial pressures and concentrations at the sample. According to pretests, varying room pres-sures and λ-sensor calibrations, a relative uncertainty of 10% is assumed.
cDerived from comparing maximum reducibilities obtained in calibration runs of pure ceria with literaturevalues [Panl 75]. The calibration runs comprised long reduction steps of more than 4 h at differenttemperatures providing equilibrium conditions.
dDerived from oxygen concentrations measured with the oxygen sensor that was connected to the gasoutlet.
eDuring oxidation, purgeox is introduced with a certain flow rate and purgered is reduced by this rate tokeep the total flow rate constant. The denoted concentrations correspond to the volumetric fraction ofCO2 and O2, respectively.

getter and absorbed oxygen entering the measuring cell due to random leakage. Thereby,low oxygen partial pressure of oxygen of approximately p(O2) ≈ 0.5 Pa were obtained.Such low p(O2) were necessary to assure mass changes during cycling that are largeenough to be reasonably analyzed, especially, since the powder campaign was supposedto screen materials exhibiting only slight compositions variations. The value of 0.5 Pa wasestimated as explained in footnotec of table 3.4. Zirconium only reacts sufficiently withO2, when it is heated to temperatures >300°C [Zeli 66]. Placing the foil on the forth levelof the heating shield (see figure 3.5) assures that the temperature of the foil is sufficientlyhigh to absorb oxygen when the sample is heated to temperatures close to the reductiontemperature Tred. When the oxidation temperature of 900°C is applied, the temperatureat the Zr-foil is as low that no oxidation occurs. This was evidenced by isothermal testsat 900°C, which resulted in no changes of the mass of the Zirconium foil. Hence, thezirconium foil solely absorbs oxygen during reduction and not during oxidation whenlower temperatures are applied to the sample. The powder materials were oxidized withCO2 in a mixture of 6 vol.% CO2 (4.8) in Ar (5.0). The flow rate was set to 85 ml ·min−1 forall powder experiments.
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Pellet Test Campaigns

Chapters 5 and 6 present the results of the pellet experiments. The pellets were placed onan Al2O3 plate (13 mm in diameter covered with a Pt-foil). During reduction, the measuringcell was swept at several flow rates with one of the test gases (see table 3.4). Duringthe experiments, various reduction temperatures Tred were applied making the use of theoxygen getter (Zr-foil) unreasonable. The Zr-foil would lead to varying partial pressuresof oxygen due to its temperature dependence. Therefore, an oxygen sensor was installedmeasuring the partial pressure of oxygen p(O2) of the exhaust gases. The oxidation wasperformed under a mixture of synthetic air and Ar, resulting in an oxygen concentration
c(O2) = 8%.
3.3.2 Analyzing the Results

As mentioned above, the thermobalance can simulate thermochemical gas splitting cyclesin order to evaluate the performance of a material towards solar fuel production. A cycleconsists of1. the reduction: A heating step to a reduction temperature Tred followed by an isother-mal step. Both steps were performed under an inert Ar atmosphere.2. the oxidation: A cooling step to a oxidation temperature Tox followed by an isother-mal step. At the beginning of the isothermal step, the atmosphere were changed toan oxidizing atmosphere for a certain amount of time.The cycles were repeated as often as required. The signal ∆m is corrected by meansof reference experiments with an empty sample holder in order to filter all systematiceffects that occur due to buoyancy (because of temperature changes) or changing the gasatmosphere. These experiments are referred to as blank runs. If not stated differently, allpresented TGA data are already corrected.The mass loss ∆mred during thermal reduction corresponds to the oxygen release; themass gain ∆mox during the oxidation to the oxygen uptake of the material. Figure 3.6illustrates the estimation of mass losses ∆mred and ∆mox according to the regulationEN ISO 11358. The mass spectrometer confirms the redox reaction, detecting O2 duringreduction. Note that oxidation might already occur during cooling and without introducing
purgeox, due to the oxygen contained in the applied gases protective and purgered. Forinstance, the oxygen concentration of test gas 3 is c(O2) ≈ 1%, which is sufficient toreoxidize the sample during cooling.In the case of experiments performed with powder materials (chapter 4), the uncertaintyof ∆mred and ∆mox are obtained according to type A (GUM). Three to five samples percomposition were subjected to cycling runs, which were individually corrected with fiveindependent blank runs that were conducted periodically during the test campaign.
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Figure 3.6: Example cycle of a TG experiment. Determination of ∆mred and ∆mox according to theregulation EN ISO 11358.
Chapter 5 and 6 show the investigations of pellet materials. Since repetition of eachexperiment could not be performed, the uncertainty of the reduction mass loss upel(∆mred)was evaluated according to type B (GUM). Based on an exemplary repetition of theexperiment of one pellet (see appendix figure A.10), the standard deviation of the mean
〈∆mred〉 of the three runs was estimated. This standard deviation serves as the upper andlower error limit a for the other pellet experiments. Assuming a triangular probabilitydistribution, the type B standard uncertainty upel(∆mred) of pellet experiments is givenby

upel(∆mred) = a√6 (3.8)
Derived Quantities

∆mred and ∆mox allow the calculation of following quantities, which estimate the redoxperformance of the material:• The relative redox extents Xred and Xox, i. e. the mol ratio of reduced/oxidized ceriumatoms to the total amount of cerium atoms (in at.% Ce4+→3+ and at.% Ce3+→4+,respectively).
Xred, ox = ∆mred, ox∆mmax (3.9)

∆mmax denotes the maximum mass change obtained when all cerium atoms changetheir valence. (see equation 3.5). The redox extent convey the information about thetheoretical room for improvement in terms of the redox reaction. When, for instance,
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Xred = 100%, the material operates as good as stoichiometry allows. Starting froma completely oxidized ceria, Xred is linked to the absolute reduction extent δ asfollows: Xred = 2 · δ .The redox extent does not contain information concerning the mass that has to beheated every cycle to produce a certain amount of fuel.• In order to assess the performance of the material towards a technical realization,
specific yields are introduced: the specific O2 yield nm(O2) during reduction andCO yield nm(CO) during oxidation in the case of oxidation with CO2 (in mmolO2 andmmolCO per gram oxidized material, respectively):

nm(O2) = 0.5∆mred
MO (3.10)

nm(CO) = 0.25∆mox
MO (3.11)

MO denotes the molar weight of one oxygen atom (15.9994 g·mol−1). Note that thespecific yields are not influenced by intensive material quantities derived in section3.2.2, but only depend on the mass changes ∆mred and ∆mox. The specific yieldsallow the estimation of the mass flows of the redox material necessary to producea certain amount of fuel. This information is one of the key parameters to developa reactor concept in terms of dimensions.Doping ceria will inherently influence the specific yields. On the one hand, themolar weight changes. For instance, with increasing Zr-content the molar weightdecreases, due to the lower molar weight of zirconium compared to cerium. On theother hand, the load of active sites (cerium) and therewith the actual activity of thematerial decreases.• Changes of the molar weight due to doping do not inherently influence the molar
yields O2 and CO: nn(O2) and nn(CO) (in mmolO2 and mmolCO per mmol oxidizedmaterial, respectively):

nn(O2) = nm(O2) ·Mox (3.12)Molar yields are particularly interesting for comparing the effect of various dopantsincorporated in the same amount.Due to stoichiometrics of the cycle reactions, the reduction performance limits the fuel pro-ductivity. Provided that full reoxidation is achieved, the maximum amount of produced fuelcorresponds to the amount of oxygen released in the precedent reduction. Any increasesin oxygen yields are beneficial for the overall process efficiency ηsolar to fuel. To comparediverse materials, a performance enhancement is defined as an increase in the molar orspecific O2 yields nn(O2) or nm(O2) at the same reduction conditions. This enhancementcorresponds to an improved fuel production.
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3.3.3 Methodical Improvements

Pretests discovered methodical problems concerning the investigation of redox reactionby means of thermogravimetric analysis. Figure 3.7 illustrates one of the first experimentsperformed with ceria-based materials in the employed thermobalance.
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Figure 3.7: Pretest performed in the beginning of this thesis. Corrected correspond to the samplerun subtracted by the blank run. Sample: Powder material of CeO2 with a mass of 10mg.
The following issues impede a reasonable analysis of the data:1. The identification of the actual reduction start is indistinct making the estimationof ∆mred of the first reduction impossible. In addition, during the first heating ofexperiments carried out in the thermobalance, the mass signal exhibits measurementartifacts.2. Due to its volume, the crucible employed in the pretests limits the sample massesto approximately 5 mg. Under the investigated process conditions (T and p(O2)),reducing ceria leads to relative mass changes of less than 0.5%. Accordingly, theabsolute mass loss at the end of a reduction is approximately 25 µg, which is closeto the error limit of the thermobalance of 1 µg.3. The mass signal of the employed thermobalance exhibits a drift differing in shapefrom one experiment to another. This drift effects sample as well as correction runs.
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Therefore, correction runs may not filter this artifact accurately.According to this, following modifications of the experimental procedure and improvementsof the analysis were conducted to solve the methodical problems:1. A preheating step to 1300°C with subsequent cooling to the oxidation temperature
Tox was performed. Thereby, the following reduction does not suffer from randomeffects influencing the mass signal. At Tox, CO2 was introduced to reoxidize thematerial that might be reduced during preheating. Hence, a complete reoxidizedmaterial is subjected to the first reduction and a distinct start of the reduction isassured.2. A minimum sample mass of 25 mg was subjected to TGA experiment in order toobtain significant mass changes during the redox reaction.3. The mass-signal drifts of sample as well as correction runs are individually calcu-lated with the aid of an excel tool (Microsoft) that was developed in the scope ofthe thesis. In most of the cases, a polynomial regression could describe the driftaccurately. Subtraction yields the undrifted data as shown exemplarily in the caseof a blank run in figure 3.8.

3.4 Characterization Methods

X-ray Diffraction

X-ray diffraction (XRD) analyzes the crystallographic structure of the materials. XRDwas performed with CuKα radiation with the aid of a computer-controlled diffractometerD-5000 (Siemens, Germany). The material was placed on a sample holder with 2 cm indiameter that consists of monocrystalline silicon.
Scanning Electron Microscopy

Scanning electron microscopy (SEM) characterizes the microstructure of the powder aswell as of the pellet samples. The characterization was carried out with a Ultra55 (Zeiss,Germany). Maximum magnifications of 900,000x are feasible with this equipment. Besidesimaging of the microstructure, the elemental composition is quantitatively estimated usingenergy dispersive X-ray spectroscopy (EDS) unit (Oxford). Small amounts of a few µg ofthe powder materials were placed on sample holders made from aluminum. To investigatepellets, polished cross-sections of pellets were embedded in epoxy resin. The sampleswere coated with platinum by vapor phase deposition to assure their conductivity.
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4 Optimizing the Doping of Ceria

One of the major barriers to technical success of thermochemical solar fuel productionconcerns the properties of the redox material. Improvements regarding the performanceof the material as well as its long-term stability are necessary to make thermochemicalsolar fuel production competitive. In the case of ceria, doping is a promising approach toenhance its redox properties. This implies the substitution of cerium for foreign ions.This chapter encompasses the evaluation of promising dopants such as zirconium andrare-earth ions to estimate their optimal content in ceria. Literature ascribes zirconiadoping not only the ability to stabilize the microstructure of ceria, but also the facilita-tion of the reducibility. Lower-valent dopants are well-known in the solid oxide fuel cellcommunity to improve the oxygen diffusivity within ceria, due to the creation of oxygenvacancies. In particular, rare-earth oxides are promising, because they feature chemicalproperties similar to ceria. Some of the results were already published in [Call 13]. Thefirst section of this chapter focuses on improving the fuel productivity. Because of theabsence of theoretical data, optimization of the composition requires an experimentalapproach that screens the powder materials in short-term experiments. The best compo-sitions identified are subjected to long-term experiments in the second section. Therewith,the impact of doping on the cycle stability is investigated. The chapter concludes withthe identification of compositions that are selected to be processed to pellets.
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4.1 Fuel productivity

The term “fuel productivity” primarily implies the fuel (CO and/or H2) yield per amountredox material (per g, mol or l) per cycle. According to the relation between produced fueland released oxygen (equations 2.3 and 2.4), the specific/molar oxygen yield per cycle alsoserves as a performance number. However, comparison of the fuel productivity of variousmaterials is complicated, because of accomplishing the cycling under different reactionconditions and testing devices. For instance, the reduction of zinc is carried out at muchhigher temperatures and requires a complicated processing due to phase changes. Theoxygen yield per cycle of zinc might equal the one of ceria, but the quantification “percycle” implies significant differences. Hence, the estimated fuel productivity solely bearsthe comparison within the same class of material that is investigated under the samereaction conditions.The fuel productivity is evaluated with the aid of a thermobalance that performed foursuccessive cycles. The data of a typical TGA run is shown in figure 4.1. After a pre-heating step to 1300°C with subsequent cooling to 900°C (not shown here), four similarcycles were performed consisting of a reduction step (heating to 1400°C with 20 K·min−1;isothermal step for 20 minutes under Ar 5.0 corresponding to p(O2) = 5 × 10−6 bar as
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discussed in table 3.4) and a splitting step (cooling to 900°C with 50 K·min−1; isothermalstep for 20 minutes under 6 vol.% CO2 4.8 in Ar 5.0 and 20 minutes under Ar 5.0). Themass gain and loss alternately occur in the cyclic reaction along with the temperaturevariation. During the heating process from 900°C to 1400°C, the reduction starts at about1200°C corresponding to a sharp mass loss. The reaction rate markedly increases withtemperature. As the temperature plateau begins, the ∆m curve exhibits an inflection pointrepresenting a gradual reaction deceleration. This behavior was also observed from othergroups and attributed to the rate-limiting transition between the surface reaction andthe bulk reaction [Le G 11a]. At the end of the isothermal step, the reduction is closeto completion. Upon cooling to 900°C, CO2 is injected into the measuring cell causing asharp mass increase. The oxidation reaction is significantly faster than the reduction anddoes not slow down before ∆m ≈ −0.1% is reached. After 20 minutes injecting CO2, thesample mass approximates its initial value equaling full reoxidation.
4.1.1 Zirconia Doping

4.1.1.1 Results

The reducibility and CO2-splitting ability of Ce1−xZrxO2 compositions with varying x isassessed via successive cycling in the thermobalance. x ranges from 0 to 0.375. Charac-terization of the samples is performed with the aid of XRD and SEM.
Performance

Figure 4.2 summarizes the calculated relative redox extents X red and X ox depending onthe zirconia content x , based on the obtained ∆mred and ∆mox. For each cycle, the re-duction extent approximates its following oxidation extent. Only the first oxidation seemsincomplete. This might be due to difficulties to determine the actual starting point ofthe reduction, resulting in values of X red of the first reduction that are slightly too high.The redox extents marginally decrease in the first two cycles until they stabilize in thelast two cycles. For further discussion only the third and fourth cycle is taken into ac-count, because of the high uncertainties of the first two cycles. The redox extent augmentswith increasing Zr content from X red/ox ≈ 7% observed for pure ceria to X red/ox ≈ 12% forcompositions in the range of 15% to 22.5% Zr content.Specific yields are necessary to assess the performance of the material towards a tech-nical realization of the process. They convey information essential for the reactor design,estimating the mass required to obtain a certain amount of fuel. The specific yields of O2and CO averaged over the third and fourth cycle is depicted in Figure 4.3. The rankingbased on the specific yield determines the optimal Zr-content to be 15%. Ce0.85Zr0.15O2 re-
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Figure 4.2: Relative redox extents X red and X ox of Ce1−xZrxO2 compositions plotted versus eachstep (reduction conditions: 20 min at 1400°C, 5.0 Ar; oxidation conditions: 20 min at900°C, 6 vol.% CO2).
leases 0.155±0.016 mmolO2 ·g−1mat during reduction and produces 0.305±0.026 mmolCO·g−1matduring oxidation, respectively. This represents an increase of approximately 50% with re-spect to pure ceria.
Characterization

The SEM imaging discovers no significant changes in the particle structure of the materialcaused by zirconia doping. The phase analysis carried out with XRD of all materialsshowed a cubic fluorite structure as observed for pure ceria with a peak shift to high 2θangle with increasing Zr content (see appendix figure A.5). The obtained patterns agreewith literature data [Alif 03].
4.1.1.2 Discussion

The results indicate that the substitution of Ce4+ for isovalent Zr4+ enhances the re-ducibility, which is in concert with earlier studies [Trov 97, Lema 01, Di M 05a, Zhou 07,Aban 10, Kane 11, Le G 11b, Le G 12, Le G 13]. For some authors, the enhancement isattributed to modifications in the crystal structure, which are confirmed by XRD. Duringreduction from Ce4+ to Ce3+, the lattice expand, because of the bigger dimensions of Ce3+.This transition results in a stress that suppresses further reduction. The introduction of
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Figure 4.3: Specific yields nm(O2) and nm(CO) calculated from TGA runs of Ce1−xZrxO2 versus theZr content x (average yields over cycle three and four).
the smaller Zr4+ compensates for the expansion of the crystal lattice [Kane 11, Le G 13].Theoretical calculations of CeO2-ZrO2 solid solutions showed that the introduction of10 at.% Zr4+ substantially lowered the reduction energy of Ce4+ [Bald 97]. However, forhigher Zr contents the reduction energy remained approximately constant.Recently, Kuhn et al. fitted a point defect model to TGA data indicating a decline in thereduction enthalpy with increasing Zr-content up to 20%, consistent with the findings inthe present study [Kuhn 13]. Kuhn et al. also suggested that the smaller Zr4+ drives theformation of oxygen vacancies caused by the reduction of Ce4+ to Ce3+. This is due to thefact that Zr4+ prefers a lower coordination with oxygen (e.g. Zr[7] in monoclinic ZrO2) incontrast to Ce[8]. Further explanation is given by Vanpouke et al. [Vanp 14]. They studiedceria doped with group IV elements within a DFT framework. For varying Zr-content inceria, they estimated the defect formation energies to be more than one order of magnitudelower compared to pure ceria. They also found IVb elements (Ti, Zr, Hf) more likely to bedispersed in the bulk of ceria grains than segregated to the surface regions of ceria.The reaction conditions required to reduce ceria-based materials are one of the majorbarriers to technical success of the process. Particularly, the high temperature T and/orthe low partial pressure of oxygen p(O2) cause a significant decrease on the process ef-ficiency as discussed in section 2.1. Recently, Ermanoski et al. exemplarily estimated theprocess efficiency depending on the amount of released oxygen δ (see equation 2.19 onpage 20) [Erma 13]. Thereby, Ermanoski et al. introduced a routine that fit thermogravi-metric data of pure ceria for a wide range of temperatures and oxygen partial pressures
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p(O2) published by Panlener et al. [Panl 75]. Based on this routine, the specific yields
nm(O2) depending on T and p(O2) of pure ceria are assessable and depicted in Fig-ure 4.4. At a reduction temperature of Tred = 1400°C and an oxygen partial pressure of
p(O2) = 5×10−6 bar (vertical solid line), pure ceria releases approximately 0.1 mmolO2 ·g−1mat(blue circle). In our experiments, ceria liberates 0.101±0.016 mmolO2 ·g−1mat, demonstratingagreement with the literature data. The most efficient composition Ce0.85Zr0.15O2, releases0.155 ± 0.016 mmolO2 · g−1mat (red square). Pure ceria does not release this amount untila temperature of 1460°C is reached or p(O2) is further decreased by one order of mag-nitude. In other words, Zr-doping saves 60 K or one order of magnitude of p(O2). Hence,Zr-doping significantly enhances the process efficiency.
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4.1.2 Rare-Earth Doping

Due to the results from the Zr-doping experimental campaign, the Zr content x was fixedto 15% for the rare-earth doped compositions Ce0.85−yZr0.15REyO2−0.5y. The content y ofthe dopants RE = Y3+, La3+, Sm3+and Gd3+ was altered from 0 to 20%. Accordingly,the Ce content z = 0.85 − y decreases. As mentioned above, trivalent-doping induces
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oxygen vacancies. One vacancy is induced per two trivalent ions, explaining the oxygenstoichiometry of 2− 0.5y.
4.1.2.1 Results

Successive cycling with the aid of the thermobalance estimated the performance oftrivalent-doped CeO2-ZrO2 solid solutions. The as-prepared and cycled samples werecharacterized with the aid of XRD and SEM. The solely Zr-doped material, Ce0.85Zr0.15O2,serves as the reference material.
Performance

Exemplarily for the other trivalent dopants, the results of the lanthanum-doped ceria-zirconia (Ce0.85−yZr0.15LayO2−0.5y) is discussed in more detail. Figure 4.5 summarizes thecalculated relative redox extents X red and X ox depending on the lanthanum content y.
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Figure 4.5: Relative redox extents X red and X ox of Ce0.85−yZr0.15LayO2−0.5y compositions plottedversus each step (reduction conditions: 20 min at 1400°C, 5.0 Ar; oxidation conditions:20 min at 900°C, 6 vol.% CO2).
As it was found for the Zr doping test series (see chapter: 4.1.1), the reduction extentapproximates its following oxidation extent. Thus, complete reoxidation is achieved. Theredox extents of the reference composition marginally decrease in the first two cycles untilthey stabilize in the last two cycles. The Ce0.85−yZr0.15LayO2−0.5y compositions, however,exhibit no performance decrease with increasing cycle number. Regarding these four
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cycles, La doping slightly enhances the stability of the fuel productivity. This relation isfurther investigated in long-term cycling experiments. In terms of redox performance, Ladoping does neither improve X red nor X ox. The fraction of ceria atoms that change theirvalance with respect to the overall amount of ceria atoms decreases with increasing Lacontent y.
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Figure 4.6: Specific yields nm(O2) (top) and nm(CO) (bottom) derived from TGA cycling of the rare-earth doped materials Ce0.85−yZr0.15LayO2−0.5y (RE = Y, La, Sm, Gd) with 0 ≤ y ≤ 0.2compared to pure ceria (gray) and Ce0.85Zr0.15O2 (dark blue) (averaged over cycle threeand four). Note that the content y in the case of Lanthanum (La) differs from the othercontents.



4.1 Fuel productivity 55
The specific yields nm(O2) and nm(CO) of the ternary materials are shown in figure 4.6.The values were calculated from three independent experiments based on averages ofthe third and fourth cycle, due to high uncertainties of the first two cycles. The referencematerial Ce0.85Zr0.15O2 releases 0.159±0.012 mmolO2 ·g−1mat during reduction and produces0.308 ± 0.025 mmolCO · g−1mat during oxidation, respectively. This represents an increaseof approximately 50 % with respect to pure ceria. The 1-2% trivalent doped materialsproduce approximately 15% less CO per cycle (0.26− 0.27 mmolCO · g−1mat). Only, the Sm-doped materials feature performances of 0.295 ± 0.101 mmolCO · g−1mat, which equals theyields of the reference material Ce0.85Zr0.15O2 within the error limits. For higher trivalentcontents of y = 0.75; 0.1; 0.2, the performance decreases; for some compositions, theyields decrease to values smaller than those of pure ceria.As it is the case for Zr-doping, introducing a foreign dopant into ceria influences the molarweights and therewith inherently the specific yields. For instance, a yttrium content of
y = 0.2 in the reference ceria-zirconia solid solution leads to a molar weight of theoxidized material of MCe0.65Zr0.15Y0.2O1.9 = 152.9 g · mol−1, whereas a gadolinium content of
y = 0.2 exhibits a molar weight of MCe0.65Zr0.15Gd0.2O1.9 = 166.5 g · mol−1. In order to filterthis effect on the specific yields, it is reasonable to study the molar yields nn(O2) and
nn(CO) in mmolO2; CO2 ·mmol. Figure 4.7 shows the molar yields depending on the ceriumcontent z , which is decreasing with increasing trivalent content y (z = 0.85− y).Generally, the yields nn(O2) and nn(CO) decrease with decreasing cerium content z .The trivalent-doped materials with y = 0.2 perform only half as good, compared to thereference material, Ce0.85Zr0.15O2, which releases 26.2±2.1 mmolO2 ·mmol−1mat and produces50.8 ± 4.1 mmolCO · mmol−1mat, For small trivalent contents y ≤ 0.025, the performancereaches values similar to the reference material. In particular, the Sm-doped materialexhibit the same yields. In between, for 0.025 < y < 0.2, the yields decrease withincreasing z in a similar way as observed for the solely Zr-doped materials.
Characterization

As it was found for Zr-doped ceria, SEM imaging discover no significant changes in theparticle structure of the material caused by rare-earth doping. In the appendix, all XRDpatterns are presented (Y-doping: A.6, La-doping: A.7, Sm-doping: A.8, and Gd-doping: A.9).Exemplarily, figure 4.8 displays the patterns of the materials with the highest rare-earthdopant load.All materials feature a cubic fluorite structure as observed for pure ceria. Comparedto the reference material, Ce0.85Zr0.15O2, the peaks are more or less shifted to low 2θangle depending on the dopant. The smallest dopant, Y3+ with rY3+ = 0.102 nm, leadto almost no shifting. The largest dopant, La3+ with rLa3+ = 0.116 nm results in themost significant shifting. In between, Gd3+ and Sm3+ doping with rGd3+ = 0.105 nm and
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Figure 4.7: Molar yields nn(O2) (top) and nn(CO) (bottom) versus the cerium content z = 1 − x − ycalculated from TGA runs of Ce0.85Zr0.15O2 (blue) with 0 ≤ x < 0.4 compared tothe rare-earth doped materials Ce0.85−yZr0.15REyO2−0.5y (RE = Y, La, Sm, Gd) with
0 ≤ y ≤ 0.2 (average over cycle three and four). The solid lines, representing linearfits of the data of each dopant, shall simplify the visualization of the various trends.
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Figure 4.8: XRD patterns of rare-earth doped compositions with 20% content.
rSm3+ = 0.108 nm, respectively, result in moderate shifting. In comparison, the effectiveionic radii of cerium are rCe3+ = 0.114 nm and rCe4+ = 0.097 nm. All radii were found in[Shan 76] for eight coordinated cations. The shifting towards low 2θ corresponds to higherunit cell parameters, caused by the doping with larger ions compared to the tetravalentcerium. The larger the ion, the larger the shifting. This agrees to expectations due toVegard’s law and to results reported in the literature of rare-earth doped ceria [Xin 10].
4.1.2.2 Discussion

Rare-earth doping of the reference CeO2-ZrO2 composition, Ce0.85Zr0.15O2, does not en-hance the reduction and oxidation yields. None of the employed dopants RE = Y3+, La3+,Sm3+and Gd3+ in Ce0.85−yZr0.15REyO2−0.5y lead to an improved fuel productivity comparedto Ce0.85Zr0.15O2. This contradicts to the expectation that the higher oxygen vacancy con-centration is beneficial for the reducibility. With increasing RE content y, the ceria content
z decreases and therewith, the amount of active species, explaining the decreasing yields.For increasing x in Ce1−xZrxO2, this trend is similar but not as pronounced. The best com-position found in this test campaign is the slightly Sm-doped Ce0.825Zr0.15Sm0.025O1.99.The oxygen yields obtained with small RE contents y < 0.03 agree to results recentlyobtained by Le Gal et al. [Le G 13]. The authors investigated similar compositions andalso observed no improved reducibility. With Ce0.82Zr0.14RE0.04O1.98 (RE = Y, La, and Pr or
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a combination of those), they obtained 0.138 mmolO2 · g−1mat for the second cycle. However,the lack of error margins and no further cycles make it difficult to assess the validity ofthe values. Reviewing the literature, the rationale behind the ineffectiveness of rare-earthdoping remains unknown. My suggestion to explain the results is given in the following.As discussed for the CeO2-ZrO2 compositions, zirconia compensates for the expansion ofthe crystal lattice, when cerium changes its valence from 4+ to 3+. Rare-earth dopingcauses an additional strain in the crystal structure due to the bigger ionic radii comparedto Ce4+. Hence, some of the beneficial effect of the zirconia is already consumed and,compared to the Ce1−xZrxO2 compositions, less oxygen is released.Plotting the oxygen release of the various compositions versus the ionic radii as presentedin figure 4.9, reveals a trend. With increasing ionic radii the decrease in the yields isslightly reduced. This effect is increasing with increasing dopant content. Some authorsmodeled the effect of dopant ionic radius on the dopant-vacancy interaction [Butl 83,Catl 83]. They found the ionic conductivity to increase with increasing radii and ascribetheir results to the relaxation of the dopant towards the oxygen vacancy. Small dopantions increase the stability of the crystal structure, while for larger dopant ions, there isan energy associated with reducing the strain in the crystal structure, when an oxygenvacancy is introduced into a neighboring site. Other authors modeled the behavior ofceria using statistical thermodynamics or Monte Carlo simulation and percolation theory[Adle 93, Stap 99]. They found similar relations. However, these models may not exactlyrationalize the observed trend, since the denoted publications only studied rare-earthdoped CeO2 and not rare-earth doped CeO2-ZrO2 solutions.
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Figure 4.9: Molar yields nn(O2) calculated from TGA runs of Ce0.85−yZr0.15REyO2−0.5y (RE = Y, La,Sm, Gd) with y = 0.025; 0.076; 0.2 plotted versus the ionic radii (average yields overcycle 3-4). Effective ionic radii are given from [Shan 76] for eight coordinated cations.
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4.2 Long-term Stability

The long-term stability of the redox material effects the economic feasibility and is oneof the major barriers to technical success of thermochemical cycles producing solar fuel.The life period of the material directly influences the investments. Moreover, continuousdegradation of the performance of the material causes lower fuel productivity that resultsin decreasing process efficiencies. In the past, especially ferrite-based materials sufferedfrom long-term cycling at temperatures close to the melting point. Presumably, ceria-based materials may exhibit an improved long-term behavior, because they feature muchhigher melting points of > 2000◦C.To evaluate the long-term stability, several 16-cycle experiments were consecutively per-formed with the same powder sample. The two most efficient compositions Ce0.85Zr0.15O2and Ce0.825Zr0.15Sm0.025O2 were subjected to this long-term cycling. The same tempera-ture program was employed for all cycles similar to the one used in the last section: areduction step (heating to 1400°C with 20 K·min−1; isothermal step for 20 minutes underAr 5.0, corresponding to p(O2) = 5 × 10−6 bar as discussed in table 3.4) and a splittingstep (cooling to 900°C with 50 K·min−1; isothermal step for 20 minutes under 6 vol.% CO24.8 in Ar 5.0 and 20 minutes under Ar 5.0).
4.2.1 Results

Performance

The specific yields nm(O2) and nm(CO) versus the cycle number are depicted in Figure4.10 as well as the corresponding CO:O2 ratio r (reduction with its following oxidation).Provided that the oxidation is complete, r = 2 (see equation 2.4 on page 7). The yields ofthe Ce0.85Zr0.15O2 sample decrease slightly but continuously with increasing cycle num-ber. After 100 cycles, the material only releases 0.100 ± 0.014 mmol O2 and produces0.195± 0.016 mmol CO per gram and cycle, respectively. These quantities correspond toa decrease of more than 30% of the initial value (first cycle). The ratio r equals two only forthe first cycles. With increasing cycle number, r continuously declines to ratios of r ≈ 1.8.Since r is defined as the ratio of the CO yield to the O2 yield of the previous reduction,ratios r < 2 indicate incomplete reoxidation of the material. Hence, with increasing cyclenumber, the twenty minutes under CO2 are not sufficient to ensure complete reoxidation.In turn, only a smaller amount of cerium atoms are reduced in the following cycle.The yields of the Ce0.825Zr0.15Sm0.025O2 sample are significantly more stable compared tothe Ce0.85Zr0.15O2 results. With increasing cycle number, the oxygen yield nm(O2) and theCO yield nm(CO) exhibit a negligible decrease. The ratio r slightly decreases but keepsvalues over 1.9 for the entire campaign.
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Figure 4.10: Specific yields nm(O2) and nm(CO) calculated from long-term TGA runs ofCe0.85Zr0.15O2 and Ce0.825Zr0.15Sm0.025O1.99 (data averaged over 4 cycles). Ratio rof CO:O2 release (stoichiometrical: r = 2).
Characterization

XRD of the samples before and after the cycling show no significant differences. Bothmaterials maintain their crystal structures confirming phase stability. SEM imaging ofthe materials before and after long-term cycling is presented in figure 4.11. The imagingreveals that particle and grain sizes of the material significantly increase while cycling.The grains of Ce0.85Zr0.15O2 grow from sizes less than 1 µm after four cycles to sizes of1 - 3 µm after 100 cycles and agglomerate to particles of more than 40 µm. In the caseof the Ce0.825Zr0.15Sm0.025O2 sample, the grain growth is not as pronounced comparedto Ce0.85Zr0.15O2. After 80 cycles, grain sizes of 0.5 to 1.5 µm are observed. The particles,however, also agglomerate to sizes of more than 40 µm. Accordingly, both powder samplessuffer from sintering during long-term cycling, which results in a significant decrease inthe specific surface.
4.2.2 Discussion

The oxygen release is limited to the oxidation of the precedent cycle. When the materialis not fully reoxidized, the oxygen release decreases, which is displayed by a decreasing
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Figure 4.11: SEM images before and after long-term cycling of Ce0.85Zr0.15O2 andCe0.825Zr0.15Sm0.025O1.99. The red bar corresponds to 20 µm.
CO:O2 ratio r . That is the case for the Ce0.85Zr0.15O2 sample. The decrease in the overallperformance may result from declining oxidation kinetics. For the following discussion,keep in mind that the slope of ∆mox corresponds to the oxidation rate as well as to thespecific amount of produced CO per minute. Introducing the specific CO production rates
ṅCZ(cycle, regime) for Ce0.85Zr0.15O2 and ṅCZS(cycle, regime) for Ce0.825Zr0.15Sm0.025O2 shallsimplify the discussion.Figure 4.12 shows the data of the mass change during oxidation ∆mox of three rep-resentative oxidation steps of the Ce0.85Zr0.15O2 sample. As CO2 is injected (minute 0),the oxidation immediately starts corresponding to a mass gain. In the beginning of allthree oxidation steps, the mass change exhibits a sharp increase (regime I) that smoothlysegues into a second regime (regime II) with a significantly lower slope. The lowerthe cycle number, the longer and steeper is regime I. Linear fitting calculates slopes ofregime I, yielding CO production rates of ṅCZ(cycle 5, regime I) = 105 µmolCO ·g−1mat ·min−1,
ṅCZ(55, I) = 73 µmolCO · g−1mat · min−1 and ṅCZ(95, I) = 37 µmolCO · g−1mat · min−1, respectively.The slope of regime II, however, is independent of the cycle number and is approximatelyconstant featuring rates of ṅCZ(cycles 5; 55; 95 , regime II) ≈ 3.7 µmolCO·g−1mat·min−1. Even-tually, this causes the decreasing oxidation extents with increasing cycle number, becausethe time CO2 is introduced is fixed to 20 minutes for all experiments. Hence, the durationis not sufficient to completely reoxidize the material. In future experimental campaigns,
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Figure 4.12: Course of ∆mox of representative oxidation steps of Ce0.85Zr0.15O2.
the duration of the oxidation step needs to be adjusted to obtain complete reoxidation.In the case of the Ce0.825Zr0.15Sm0.025O2 sample, the yields are significantly more stablethroughout the entire long-term cycling. Figure 4.13 compares the beginning of the ox-idation of both samples, Ce0.85Zr0.15O2 and Ce0.825Zr0.15Sm0.025O2. ṅCZS(I) is independentof the cycle number and equals to the rate of Ce0.85Zr0.15O2 in cycle 5 ṅCZ(5,I). Cycle 80shows the highest mass gain after the first two minutes, which is surprising at first sight.In the end of the oxidation step, however, the mass gains of the Sm-doped sample of allcycles and the one of cycle 5 of the Ce0.85Zr0.15O2 sample feature similar values. Therefore,the unexpected higher mass gain of cycle 80 in the beginning of the oxidation might berather attributed to experimental uncertainties. Summing up, the following relations forthe reaction rates of ṅ(cycle number, regime) are obtained for regime I

ṅCZ(5,I) ≈ ṅCZS(5, I) ≈ ṅCZS(40, I) ≈ ṅCZS(80, I) > ṅCZ(55, I) > ṅCZ(95, I)
and for regime II

ṅmax(II) ≈ ṅCZ(5; 55; 95, II) ≈ ṅCZS(5; 40; 80, II)where the indexCZ denotes Ce0.85Zr0.15O2 and the indexCZS Ce0.825Zr0.15Sm0.025O2, and
ṅmax(II) denotes the maximum reaction rates of regime II, respectively.At this point, it is reasonable to have a closer look on potential reaction rate limitations.
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Figure 4.13: Course of ∆mox of representative oxidation steps of Ce0.85Zr0.15O2 andCe0.825Zr0.15Sm0.025O1.99 and fits of regime I of the Sm-doped material.

Mainly, the heterogeneous oxidation reaction of the material with CO2 consists of threeserial steps [Gopa 14]:• Mass transport of the reacting gases• Reaction at the surface of the material• Diffusion of the neutral oxygen species through the bulk of the materialThe mass transport depends on the gas flow rate f , which is the same for the entire cyclein all experiments. Keep in mind that during oxidation, not only CO2 has to be transportedto the reaction sites but also CO needs to be transported away from the reaction sites.From a kinetical point of view, this is a major difference compared to the oxidation withO2. The oxygen diffusion is quantified with the chemical diffusion coefficient DO and thesurface reaction with the surface reaction rate constant kS .Basic calculations might determine, whether the diffusion is likely to be rate limiting.Oxygen diffusivities D0 of pure and Zr-doped ceria can be derived from literature [Chio 96,Gior 01]. At a temperature of 900°C, which was adjusted during oxidation, D0 of at least2 × 10−9 m2s−1 are reported. According to Einstein’s relation, the characteristic diffusion
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length scale ld is as follows:

ld =√2D0t (4.1)
t denotes the time for the investigated reaction step. Looking at regime I, which lasts forapproximately 30 seconds, the diffusion length scale ld is about 75 µm, which is close toparticle sizes displayed in figure 4.11 of 10 µm to 50 µm. Therefore, the diffusion cannotbe precluded to be rate-limiting for regime I. Assuming t = 600 s, which is half of thetime of the oxidation step, the diffusion length scale ld is more than 1.5 mm. Hence, theoxygen diffusion is unlikely to be rate-limiting for regime II, which is observed for the last18 minutes of the oxidation step.To comprehensively discuss the results of both compositions, a short summary of theresults seems convenient. For Ce0.85Zr0.15O2, declining reaction rates of regime I wereobserved with decreasing specific surfaces. Therefore, regime I might correspond to thesurface reaction as it was also suggested from other authors [Le G 11a]. However, forCe0.825Zr0.15Sm0.025O2, no declining kinetics of the surface reaction were observed, al-though the material shows similar agglomeration. Regime II is independent of the de-creasing surface and exhibits approximately constant reaction rates for all cycles andboth compositions displayed by the maximum reaction rate ṅmax(II). Assuming regime IInot to be controlled by diffusion as calculated above, it might be mass-transport limited.This is in particular likely to be the case considering the maximum ṅmax(II) rate observedin all cycles for both materials.Among other terms, experiments that evaluate the exact kinetics must employ well-definedsample geometries and well-controlled gas flow dynamics [Gopa 14]. These requirementsare by far not met by the presented long-term experiments of powder materials in athermobalance, impeding a meaningful quantification especially of the surface reaction.Therefore, in the following, the findings are combined to derive my suggested reactionpath that describes the oxidation reaction only in a qualitative manner.Figure 4.14 presents the reaction path schematically. The upper section represents thereaction of cycle 5, the lower section the reaction of cycle 80. In both sections, the gas flowis directed upwards as denoted by the arrows. The shapes with bold gray frames representthe grains, the black dots the CO2 molecules, and the red dots the CO molecules. Thefirst column displays the exact beginning of the oxidation, at which the introduced CO2did not react yet, but only surrounds the grains. The second column denotes the state ofthe reaction of both, Ce0.85Zr0.15O2 (green frame) and Ce0.825Zr0.15Sm0.025O2 (purple frame)after the first 0.5 minute, when regime I terminates.
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Figure 4.14: Schematic of the reaction path introduced to explain the findings of the long-termcycling. Detailed description is found in the text.



66 4 Optimizing the Doping of Ceria
At the beginning of the reaction, the grains exhibit homogeneously distributed vacanciesdenoted by the dark blue points within the grains. With proceeding reaction, the surfacesof both compositions oxidize and the vacancies are filled. In the Ce0.85Zr0.15O2 sample,vacancy-depleted regions are generated as denoted by the yellow area. However, sincethe Sm-doped sample exhibits vacancies due to the trivalent Sm3+, the region near thesurface still contains vacancies that aid the reaction rate. When the grains and particlesare small enough, such regions might not effect the reaction rate agreeing to the experi-mental results. However, when the grain and particle sizes increase, the oxidation rate ofthe Ce0.85Zr0.15O2 sample declines compared to the Ce0.825Zr0.15Sm0.025O2 sample, becausethe vacancy-depleted regions effect the reaction path more significantly.Recent findings in the literature agree to this approach to explain the beneficial effect ofSm-doping for the oxidation kinetics. In ceria and its derivatives, oxygen vacancies play animportant role in the surface reaction kinetics [Yoko 04]. Hernandez et al. reported that thepresence of oxygen vacancies correlates with an increase in the catalytic performances[Hern 10]. The surface reaction kinetics are proportional to the ionic conductivity that,in turn, is linked to the amount of oxygen vacancies. One rationale behind this is thedirect interaction of the surface defects with the reactive gas phase [Hern 11]. The defectvacancies at the surface directly enhance the surface reaction. Investigations of trivalent-doped ceria (Ce0.8Gd0.2O1.9) confirm a significantly enhanced surface oxygen exchangecompared to pure ceria [Anan 12]. Apart from that, the creation of oxygen vacancies withinthe bulk material is beneficial for the oxidation kinetics, due to the enhanced oxygendiffusivity [Maha 11, Chat 13, Delg 13].The reaction path displayed in figure 4.14 explains the stabilizing effect on the kineticsof Sm-doping. When the Sm-doping enhances the surface reaction as well as surface-near bulk reaction, the doping should also lead to higher reaction rates of low cyclenumbers. In other words, it is still not clear as to why regime II displays a maximum rateindependent of the composition and the cycle number (ṅmax(II)). A possible explanation,which is also included in figure 4.14, is to attribute these findings to a mass transport ofthe reacting gases that is insufficient. During regime I, there is primarily the CO2 transportto the reaction sites. At the beginning of regime II, however, another rate limiting factorappears. Not only CO2 has to be transported to the reaction sites, but also CO awayfrom the reaction sites. This might hamper the reaction, in particular, in regions wherethe exchange is difficult, such as in the interspaces of particles that are not directly incontact with the gas stream, as depicted in figure 4.14. This explanation is in line withresults of the pellet campaign described in section chapter 5.1.
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4.3 Conclusions

In this chapter, the effects of varying Zr content in CeO2 and varying rare-earth contentin Ce0.85Zr0.15O2 on the fuel productivity were investigated. Therewith, optimal dopantcontents concerning the highest CO production yields were identified. Long-term cyclingof these optimal compositions assessed their cycling stability.The results of the Ce1−xZrxO2 compositions indicate that a certain Zr content (0.15 ≤
x ≤ 0.225) enhances the reducibility and therefore the fuel productivity. Increasing theZr-content to x = 0.15 improved the specific CO yields by 50% compared to pure ceria.Further increasing of the Zr-content to x = 0.38 diminished the specific yields to valuesof pure ceria. This finding agrees with theoretical studies attributing the improvements tolattice modification due to the incorporation of Zr4+, which features smaller dimensionsthan Ce4+. Zr4+ ions compensate for the expansion introduced by the transition from Ce4+to Ce3+ that would suppress further reduction. Compared to pure ceria, the most efficientcomposition Ce0.85Zr0.15O2 enhances the required reaction conditions by a temperature of60 K or one order of magnitude of the partial pressure of oxygen p(O2).Doping the optimized ceria (15 at.% Zr) with rare-earth ions leads to compositions ofCe0.85−yZr0.15REyO2−0.5y with RE = Y3+, La3+, Sm3+and Gd3+ and 0 < y ≤ 0.2. Noneof the compositions exhibits higher performances compared to the reference material,Ce0.85Zr0.15O2. With increasing RE content y, the ceria content z decreases and there-with the amount of active species, explaining the decreasing yields. For increasing x inCe1−xZrxO2, this trend is similar, but not as pronounced. The ineffectiveness of rare-earthdoping agrees to recent publications. However, the rationale behind is not found in lit-erature. A possible explanation due to crystallographic consideration is that the biggertrivalent ions compared to the tetravalent Ce4+ cause additional strain within the crystalstructure. This strain adds to the strain introduced by oxygen vacancies created dur-ing reduction. The Zr4+ cannot compensate for this cumulative strain. Hence, comparedto Ce1−xZrxO2, less oxygen is released. The best performing rare-earth doped materialidentified is the slightly Sm-doped Ce0.825Zr0.15Sm0.025O1.99, which approximates the per-formance of Ce0.85Zr0.15O2.Long-term cycling reveals differences in the degradation behaviors of Ce0.85Zr0.15O2 andCe0.825Zr0.15Sm0.025O2. The former suffers from linear degradation of the yields and ofthe CO:O2 ratio r , which is attributed to declining oxidation kinetics, whereas the latterfeatures stable yields and kinetics. Both powder samples exhibit significant sintering.The oxidation reaction exhibits two linear regimes. Regime I is steeper and might beascribed to the surface reaction, since it is only observed for the first 30 seconds of theoxidation. For the Ce0.85Zr0.15O2 sample, the slope of regime I declines with increasingcycle number. The rationale behind is found in a vacancy-depleted region that occurs inthe grains. While cycling, the specific surface decreases and the impact of these regions
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on the reaction rate increases, which leads to declining oxidation kinetics. In spite of that,Ce0.825Zr0.15Sm0.025O2 displays structural vacancies due to the Sm3+, which remain duringoxidation. These structural vacancies might enhance the oxygen bulk transport, resultingin a constant reaction rate of regime I independent of the specific surface. The secondlinear regime begins approximately one minute after regime I and remains until the endof the oxidation step. Here, the mass transport limits the rate, since (1), the same rate isobserved for both compositions, independent of the decreasing specific surface and (2).the diffusion is unlikely to be rate limiting due to basic calculations. Since the geometryof the thermobalance limits the reaction impeding an analysis of material-specific ratelimits, other techniques have to be employed such as secondary ion mass spectrometryand electrochemical impedance spectroscopy. They meet the requirements to reveal thematerial-specific properties of the reaction kinetics. Nevertheless, the results gained inlong-term cycling allow the conclusion that rare-earth doping is in particular beneficial forthe oxidation kinetics and hence, important for the technical realization of the process.In short, the quintessence of this chapter is as follows:Concerning the Zr content, Ce0.85Zr0.15O2 is the composition with the highestfuel productivity. An increase of up to 50% is found compared to pure ceria.Rare-earth doping in CeO2-ZrO2 solid solutions provides no improvements interms of a higher fuel productivity. Ce0.825Zr0.15Sm0.025O1.99 is identified toexhibit at least similar yields as observed for Ce0.85Zr0.15O2.Concerning long-term cycling, rare-earth doping improves the oxidation ki-netics and leads to constant fuel production for at least 80 cycles underthe applied process conditions.The enhanced kinetics of the rare-earth doped material is attributed to struc-tural vacancies caused by the trivalent ion.
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The previous chapter identified optimal doping compositions that were selected to un-dergo further investigations. Doping enhances the reducibility regarding both, the reactionconditions as well as the oxygen yield. The effect of doping ceria, especially with Zr anda trivalent cation, on the kinetics needs to be evaluated.To improve the signal-to-noise ratio of experiments carried out in the thermobalance aswell as to maintain a certain microstructure, from now on, pellets are employed for theexperimental studies. Two types of microstructures were manufactured: Dense and porouspellets. Further details on the pellet manufacture is provided in section 3.2.3.This chapter evaluates the kinetics of pellets made of ceria and doped-ceria qualitatively.After describing the reasons to preclude an in-depth kinetical analysis of thermogravi-metric data, the first section focuses on the CO2 oxidation. Therewith, the impact of dopingand the microstructure on the CO2-splitting ability is assessed at various oxidation tem-peratures. The reduction kinetics are investigated within the second section. Again, theimpact of doping and the microstructure is investigated. The conclusion summarizes theresults and recommends experimental methods to determine the reaction kinetics quan-titatively.
Contents

5.1 Oxidation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 715.1.1 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 715.1.2 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
5.2 Reduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 765.2.1 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 765.2.2 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
5.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81



70 5 Reaction Kinetics
Kinetics in the Thermobalance

Knowledge of the reaction kinetics is pivotal to assess the feasibility of the material tobe employed in a solar reactor; the longer each of the reaction steps, the more solarirradiation is wasted. Hence, the kinetics directly influence the overall process efficiency
ηsolar to fuel. In particular, the kinetics of the reduction step effect ηsolar to fuel, because the re-duction is the predominant on-sun step of the process. Innovative reactor designs separatethe reduction from the oxidation to optimize the reduction step independently [Erma 13].Generally, the reaction kinetics involve two material-specific steps: the oxygen diffusionwithin the bulk of the material, correlated with the diffusion coefficient D0, and the reac-tion at the surface, quantified with the surface reaction rate constant kS [Gopa 14]. Thekinetics of these steps serve as the maximum reaction rate achievable. The quantities D0and kS are principally embodied in the rates of oxygen released or fuel produced, whichare obtained in a thermobalance experiment.Experiments carried out in a thermobalance exhibit gas flow dynamics that are poorlycontrolled as seen in figure 3.5 on page 38. The geometry of the thermobalance preventsthe gas stream to flow through the sample, yielding only small fractions of reacting gasthat directly interacts with the material. In this regard, employing randomly microstruc-tured samples leads to additional uncertainties. Furthermore, large driving forces arerequired to reasonably analyze weight changes in a quantitative way. This particularlyincludes large changes in temperature or partial pressure of oxygen or the reacting gasesH2O or CO2, resulting in non-linear effects. Overlapping of various reaction steps on thematerial side as well as on the processing side may occur: Surface reaction and oxygendiffusion versus mass transport and temperature gradients within the sample. Experi-ments aiming to directly reveal D0 and kS must use small perturbations from equilibriumand well-defined sample geometries as well as exhibit well-controlled gas flow dynamics[Gopa 14]. Secondary ion mass spectrometry and electrochemical impedance spectroscopyare especially promising to gain suitable experimental data.From a technical point of view, the kinetics quantified in the thermobalance are veryunlikely to correctly describe the kinetics of real applications in a (solar)-reactor. Interalia, the heat introduction and temperature gradients significantly differ. A real reactorhas to operate at high heating rates to be efficient – the thermobalance is limited to50 K·min1 – and the sample in the thermobalance is heated with an electrical furnaceinstead of irradiation. This is especially crucial, since the heat incorporation into the bulkmaterial is likely to be a limiting factor of the reduction rate in a solar reactor, which isfurther discussed in section 8.2. Additionally, in a real reactor, direct gas-solid contact, i.e.a gas flow through the material, is essential during oxidation, which can not be simulatedin the thermobalance. Concerning the gas atmosphere during reduction, the introductionof a vacuum is a promising alternative to the use of sweep gas, as discussed in section2.1 and recently reported in literature [Erma 13]. However, since the thermobalance is not
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able to operate under vacuum, this approach cannot be evaluated.Because of the described reasons, a thorough quantitative analysis of the reaction kineticsobtained in thermogravimetric experiments seems unreasonable. That is why the followingtwo sections solely focus on a qualitative analysis of the impact of reaction temperature,employed microstructure and doping on the reaction kinetics. Therewith, fundamentaldirections in terms of material design shall be identified and ideas for future investigationscreated.
5.1 Oxidation

The long-term cycling presented in section 4.2 of powder samples of the compositionsCe0.85Zr0.15O2 and Ce0.825Zr0.15Sm0.025O1.99 revealed the importance of fast oxidation kinet-ics to assure complete reoxidation. The cycling in the thermobalance lead to significantgrain growth and agglomeration. In the following investigations, sintering during opera-tion can be neglected, since the employed pellets were sintered at 1650°C during theirmanufacture.
5.1.1 Results

Figure 5.1 presents the temperature program applied to evaluate the oxidation kinetics atvarying oxidation temperatures T ox. Four consecutive cycles were performed consisting ofa reduction step (heating to 1400°C with 20 K·min−1; isothermal step for 60 minutes undera predefined mixture of Ar and O2 corresponding to p(O2) = 5 × 10−3 bar as discussedin table 3.4 on page 39) and a splitting step (cooling to 700, 800, 900 or 1000°C with 50K·min−1; isothermal step for 220 minutes under 60 vol.% CO2 4.8 in Ar 5.0). Already duringcooling to the oxidation temperature, reoxidation occurs due to the rather high partialpressure of oxygen p(O2). When CO2 is injected, a sharp mass gain is observed (regime I)that smoothly segues in a slower reaction regime (regime II).Four different pellets were subjected to this temperature program: Three dense pelletsC:d1200 (CeO2), CZ:d1200 (Ce0.85Zr0.15O2) and CZS:1200d (Ce0.825Zr0.15Sm0.025O1.99), andone porous pellet CZ:p20 (Ce0.85Zr0.15O2), which was fired with 20 wt.% rice starch. Moreinformation on the pellets is displayed in table 3.3. The microstructure of the pellets wasinvestigated with the aid of SEM. Since the dense pellets exhibit similar microstructures,in figure 5.2 one image is exemplarily depicted for both types of microstructures: dense andporous. The porous pellet exhibit pore channels that are beneficial for the gas exchangeduring oxidation, whereas the dense pellets presumably feature no pore channels, butmore or less single, closed pores with sizes of 1 to 4 µm. The grain sizes of the porouspellets range from 1 to 5 µm, which is in the range of the powder samples after long-term
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t in minFigure 5.1: TGA program (temperature T and atmosphere) and corresponding mass change
∆m versus time t to investigate the oxidation kinetics. Exemplary data of theCe0.825Zr0.15Sm0.025O1.99 pellet CZS:d1200.

cycling. For the dense pellets, grain sizes from 5 to 20 µm are observed. Porosities ofapproximately 70% are estimated for the porous and 5% to 10% for the dense pellets. Suchvalues were determined within a master thesis of Tijana Paraknewitz applying imaginganalysis to SEM images of pellets [Para 13]. Furthermore, calculations basing on thedimension of the pellets and the theoretical density of pure CeO2, ρ = 7.2 g·cm−3 [IFA 14],estimate similar values.The results of the cycling are displayed in figure 5.3. The dense CeO2 pellet C:d1200exhibits the smallest reduction extent of δ ≈ 0.11, which corresponds to the equilibriumvalue of CeO2 as obtained chapter 6. The oxidation is completed quickly, compared tothe other dense pellets. Of the doped compositions, only the porous Ce0.85Zr0.15O2 pelletCZ:p20 reaches the equilibrium state of δ ≈ 0.34. This pellet also features high oxida-tion rates. The two dense pellets, CZ:d1200 and CZS:d1200 displaying the compositionsCe0.85Zr0.15O2 and Ce0.825Zr0.15Sm0.025O1.99, respectively, feature incomplete reduction withrespect to the equilibrium state and, at low temperatures, incomplete oxidation. At 700°Cand 800°C, the Sm-doped pellet exhibits an enhanced oxidation rate compared to theCe0.85Zr0.15O2 pellet.
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CZS:d1200 (Ce0.825Zr0.15Sm0.025O1.99) CZ:p20 (Ce0.85Zr0.15O2) 

Figure 5.2: SEM images of polished cross-sections of the investigated pellets. Left: porous pelletCZ:p20 of Ce0.85Zr0.15O2; right: dense pellet CZS:d1200 of Ce0.825Zr0.15Sm0.025O1.99. Thered bar corresponds to 50 µm.
5.1.2 Discussion

Figure 5.4 compares the course of oxidation depending on the oxidation temperature Tox.The gray area ranges from t = 0 to t = 25 min and encompasses the end of the previousreduction step and the cooling step to the oxidation temperatures Tox under an Ar-O2mixture with a partial pressure of oxygen of p(O2) ≈ 50 Pa. The observed change in redoxextent δ in this area denotes an reoxidation caused by the oxygen that is contained inthe sweep gas. At the end of the gray area, at t = 25 min, the gas mixture is changedto a CO2-Ar mixture with 60 vol.% CO2. The various graphs are shifted in time (x-axis), sothat the CO2 introduction begins at t = 25 min for all of them. The oxidation features tworegimes. For the following discussion, please keep in mind that the time dependency ofthe change in δ corresponds to the oxidation rate.Regime I exhibits a relatively high oxidation rate, but only persists for less than 3 minutes.The share of regime I in the entire oxidation reaction shall be X regime Iox . For the densepellets in general, X regime Iox slightly increases with increasing temperature ranging fromchanges in δ of 0.001 to 0.004. For the porous pellet, the temperature dependency iscompletely different. At an oxidation temperature Tox = 700°C, the reoxidation is alreadycompleted within regime I. At higher temperatures, X regime Iox corresponds to changes in
δ of approximately 0.01, which are significantly higher compared to the dense pellets.The increase of X regime Iox is attributed to the significant higher specific surfaces and, inparticular, to the open porosity. However, the rationale behind the significantly enhanced
X regime Iox at Tox = 700°C remains unclear. Basically, decreasing the temperature should
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slow down the kinetics. One possible explanation might be that air contaminated the CO2pipe of the thermobalance before experiment. This may also explain, why only the firstoxidation displays such a deviation.The second regime, regime II, lasts until either complete reoxidation is achieved (δ = 0)or until the end of the oxidation step at t = 250 min. Regime II features a logarithmicalshape. Generally, increasing Tox increases the slope and hence, the reaction rate of regimeII. This temperature dependence is in particular pronounced for the dense Ce0.85Zr0.15O2pellet CZ:d1200. Comparing the CZ:d1200 with the Sm-doped CZS:d1200, the improvingeffect of trivalent doping is distinct, as already observed in figure 5.3. This finding isin concert with the reaction path described in section 4.2, which ascribes the beneficialeffect of trivalent doping to the enhanced oxygen diffusivities caused by the structuralvacancies that are introduced due to the trivalence of Sm3+. The distinctness of this diffu-sion enhancement shall increase with decreasing reaction temperature, which agrees tothe experimental results. Having the diffusion enhancement in mind, a further conclusioncan be drawn. Since the change in δ of the oxidation of CZ:d1200 and CZS:d1200 are
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Figure 5.4: Course of the oxidation steps at varying oxidation temperatures T ox of 700°C to 1000°Cof each pellet derived from figure 5.3.
similar for temperatures Tox ≥ 900°C, the rate limitation might shift from diffusion con-trolled to either surface or mass-transport controlled. For the porous pellet, regime II is
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significantly steeper. Considering the reaction path of section 4.2, the higher reaction rateof the porous material is attributed to better CO transport away from the reaction sites.This is reasonable due to the open porosity that shall provide enhanced gas exchange.
5.2 Reduction

The following conditions for the investigation of the reduction kinetics during heatinghave to be considered. While reducing, the material releases oxygen that needs to betransported away from the sample instantaneously. Otherwise, the partial pressure ofoxygen p(O2) in the space around the sample increases drastically preventing an ongoingreaction. Optimally, the mass transport of oxygen is fast enough that no increase in p(O2)around the sample is detectable. Because of this requirement, the mass transport of oxygenis presumably one of the major challenges for the design of an efficient solar reactor. Thisassumption is especially true in the light of recently reported reduction durations. Bulfinet al. achieved equilibrium state of a porous ceria pellet (4.5 mm in diameter and 1 mmin height) in less than twelve seconds, while heating the sample by irradiation from roomtemperature to more than 1500°C under vacuum [Bulf 13].To roughly evaluate the impact of the mass transport on the reduction rate in the ther-mobalance, pretests at varying sweep gas flows in the range of 20 to 200 ml·min−1 wereperformed. The results could hardly be discussed in a reasonable way because of theimpact of the flow rate on the partial pressure of oxygen p(O2). Adjusting the gas flowchanges the ratio of the sweep gas to the amount of gas (air) that enters the thermobalancedue to random leakage. Therewith, the partial pressure of oxygen p(O2) changes, yieldingdifferent thermodynamical conditions, which overlapped the influence of the varied massflows. Without exact knowledge of the gas flow dynamics, the potential mass transportlimitations of the thermobalance remain hardly predictable. Therefore, the following ex-perimental campaign solely attempts to qualitatively discuss the impact of microstructureand doping on the reduction rate and does not account for the change in p(O2) duringreaction.
5.2.1 Results

Two dense pellets and two porous pellets of the compositions CeO2 (C), Ce0.85Zr0.15O2 (CZ),and Ce0.825Zr0.15Sm0.025O1.99 (CZS) were subjected to cycling experiments in the thermobal-ance. Four consecutive cycles were performed consisting of a reduction step (heating to1400°C with 20 K·min−1; isothermal step for 60 minutes under a predefined mixture of Arand O2 corresponding to p(O2) = 1× 10−3 bar as discussed in table 3.4 on page 39) anda splitting step (cooling to 800 with 50 K·min−1; isothermal step for 30 minutes under a
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synthetic air:Ar mixture with p(O2) = 0.08 bar).Concerning the microstructure, the following shall provide the essential information of thefour types of pellets employed: Two dense pellets with masses of almost 600 mg (d600)and 1200 mg (d1200), and two porous pellets fired with 10 wt.% (p10) and 30 wt.% (p30) ricestarch with masses of almost 600 mg. A detailed characterization of the microstructureis found elsewhere [Para 13]. Table 3.3 on page 35 provides information regarding thedimensions of the pellets. The microstructural characterization of similar pellets with theaid of SEM is found in the previous section in figure 5.2. The dense pellets studied herefeature similar microstructures. Only, the d600 pellets are approximately half as thickas the d1200. Compared to the porous pellets used in the last section, which were firedwith 20 wt.% starch, the porous pellets studied here feature similar overall porositieswithin the error margins (table 3.3 on page 35), but differ in the type of porosity. Thep10 pellets exhibit significantly less pore channels, whereas the p30 pellets display moreand wider pore channels. To simplify the following discussion, a porosity property P isintroduced that shall describe both, the pore channel density and the specific surface,yielding a relation for the four types of pellets: Pp30 � Pp10 � Pd600 ≈ Pd1200. Thedifferences in P between porous and dense pellets and also between the two types ofporous pellets should result in significantly different surface-reaction and mass-transportproperties during reduction. Concerning the diffusion properties, a relevant parameter isthe characteristic diffusion length ld, which assesses the distance of an oxygen ion todiffuse from the bulk to the surface (see equation 4.1 on page 64). Due to the lack ofporosity of the dense pellets, Id is on the scale of mm due to the macroscopic thicknessof approximately 0.5 mm of the d600 and 1 mm of the d1200 pellets. For the two porouspellets, Id is maximum in the range of a few grains. The two porous pellets, p10 and p30,feature similar grain sizes of 1 to 5 µm sizes, being slightly bigger for p30 than for thep10. Therefore, for the four types of pellets, one may assume lp30 ≈ lp10 � ld600 < ld1200.To preserve clarity, only one reduction step of the performed cycling is depicted in figure5.5. In particular, the heating from 800°C to 1400°C (0 < t < 30 min) and the beginningof the isothermal step is presented. For all compositions, the porous pellets reduce fastercompared to the dense pellets. The enhancement in reduction rate is very pronouncedin the case of Ce0.85Zr0.15O2. CZ:30p begins to reduce at temperatures as low as 900°C,whereas the Sm-doped porous pellets feature no significant reduction extent (δ > 0.001)before reaching 1000°C. For the dense pellets, the thinner one, d600, reduces faster forall compositions. The dense pellets of the doped compositions start to reduce at tem-peratures higher than 1000°C. The δ of Ce0.85Zr0.15O2 raises faster than observed for theSm-doped pellets comparing the two d600 pellets as well as the d1200 pellets. Pure ceriaexhibits reduction extents of δ > 0.001 only when exceeding 1200°C. The ranking in thereduction rate between the 4 types of pellets is C:p30 > C:p10 > C:d600 > C:d1200. Forall compositions and all types of microstructures, the curves flatten when reaching theisothermal temperature.
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Figure 5.5: Reduction extent δ versus the time t of the reduction of various pellets (t = 0 to 30min: heating step, t = 30 to 40 min: beginning of the isothermal step). Table 3.3 onpage 35 provides more details about the pellets.
5.2.2 Discussion

Figure 5.6 visualizes the improvement in the redox extent δ due to open porosity with theaid of the difference ∆δp-d between the redox extent of one of the two porous pellets δp30; p10and the dense pellet δd600 of the same composition: ∆δp-d = δp30; p10 − δd600. To assurecompatibility, only the dense pellet d600 is applied for this relation, because it exhibitssimilar weights as the porous pellets. The highest improvement due to porosity is observedfor Ce0.85Zr0.15O2. Both porous CZ pellets feature similar ∆δp-d in the first 15 minutes. Ata temperature T of approximately 1100°C, ∆δp-d begins to differ. My suggestion for the
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rationale behind this behavior is as follows. The characteristic diffusion lengths of thethree pellets are ranked as lp30 ≈ lp10 � ld600. However, since the porosity properties are
Pp30 � Pp10, the specific surface and the mass transport within the pellet may significantlydiffer. Because both pellets show very similar differences ∆δp-d with respect to the densepellet below T = 1100°C, the different porosities have no impact on the kinetics. Hence,at the beginning of the heating step, the reduction might only be diffusion-limited. For
T > 1100°C, not only the reduction extent differs between dense and porous, but alsobetween both porous pellets. Hence, the rate limit changes from only diffusion-controlledto also surface-reaction or mass-transport controlled at a temperature of Tshift ≈ 1100°C.
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Figure 5.6: Difference in reduction extents ∆δp−d between two porous pellets and the dense pelletd600.
The Sm-doped pellets show a similar behavior. The shift is observed at approximately
t ≈ 22 min corresponding to a temperature of Tshift ≈ 1250°C. For CeO2, different char-acteristics are observed. Both ∆δp-d of the two porous pellets slightly but continuouslydiffer. The more porous pellet, C:p30, features higher ∆δp-d during the entire time, leadingto the conclusion that the diffusion might not be the limiting factor in the beginning of theCeO2 reduction under the employed conditions. Furthermore, the ∆δp-d graph displays nomaximum, hence, no shift temperature Tshift is identified.



80 5 Reaction Kinetics
Figure 5.7 illustrates the difference in the redox extent ∆δd-d between the redox extents
δ of the two dense pellets d600 and d1200: ∆δd-d = δd600 − δd1200. Primarily, ∆δd-d plot-ted versus t describes the time difference that is required to reach equilibrium state bythe thicker d1200 pellet compared to d600. Since the main differences between the twodense pellets involves the characteristic diffusion length, the idea of this illustration isto determine the impact of the doping on the diffusivity. ∆δd-d displays a peak slightlyafter the isothermal step begins. After the peak, ∆δd-d of CeO2 and Ce0.85Zr0.15O2 exhibita rather logarithmical slope, whereas Ce0.825Zr0.15Sm0.025O1.99 features a linear slope. TheCZS:1200d achieves the equilibrium state much faster than the two other compositions,whereas the CZ pellet exhibits rather slow kinetics. Hence, Sm-doping considerably im-proves the diffusivity during reduction.
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Figure 5.7: Difference in reduction extents ∆δd−d between the two dense pellets.
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5.3 Conclusions

Thermobalance experiments suffer from experimental deficits that impede a reliable anal-ysis of the reaction rates in a quantitative manner. Primarily, these deficits compriseinsufficient gas flow dynamics and the requirement of large driving forces implying largetemperature changes or partial pressures of the reacting gases. Therefore, the inves-tigations performed in the thermobalance presented in this chapter solely focused onassessing the fundamental impact of doping and microstructure on the reaction kineticsof ceria-based materials. In particular, the CO2 splitting at oxidation temperatures rangingfrom Tox = 700°C to 1000°C and the reduction during heating were investigated. Pelletsof the compositions CeO2, Ce0.85Zr0.15O2 and Ce0.82Zr0.15Sm0.03O1.99, exhibiting either denseor porous microstructures, were employed.The dense Ce0.82Zr0.15Sm0.03O1.99 material exhibited enhanced oxidation kinetics comparedto dense Ce0.85Zr0.15O2 for temperatures Tox < 900°C. This enhancement was attributed tothe beneficial effect of Sm-doping on the oxygen diffusion, agreeing to results of the long-term cycling presented in section 4.2. For porous structures, the oxidation rate drasticallyincreased due to higher gas exchange rates provided by open porosity. Therefore, theporous materials are the first choice in real application to assure sufficient kinetics.For the reduction, the doped materials showed improved reduction kinetics compared topure ceria. In particular, the Ce0.85Zr0.15O2 pellets featured higher reduction extents atmuch lower temperatures. Concerning the microstructure, porous materials reduced muchfaster at even lower temperatures, which was ascribed to faster diffusivity due to smallercharacteristic diffusion lengths as in dense materials.Doping significantly enhanced the reduction kinetics concerning both, the begin of thereduction as well as the rate. For the dense pellets, detectable reduction began at temper-atures of 1000°C; for porous pellets in case of Ce0.85Zr0.15O2, the reduction began alreadyat temperatures as small as 900°C. Pure ceria started to reduce only above 1200°C. A shiftfrom a solely diffusion-controlled regime to an either surface-reaction or mass-transportcontrolled regime was identified at a temperature of 1100°C for Ce0.85Zr0.15O2 and 1250°Cfor Ce0.82Zr0.15Sm0.03O1.99. Ceria seemed not to be diffusion controlled under the employedconditions. Apart from that, the Sm-doping enhanced the oxygen diffusion within the bulkmaterial. Doping with 2.5% Sm was found to be essential for a faster diffusion.To further evaluate the kinetic relations obtained, a parametric study needs to be car-ried out that varies the process conditions of the oxidation (Tox and CO2 concentration)and reduction (p(O2) and heating rate) as well as considers other microstructures. Toovercome the deficits of the thermobalance concerning the operation under vacuum andthe relatively low heating rates, a device involving a vacuum chamber heated by an in-frared furnace should be considered for this parametric study. In combination to this,experimental techniques should be employed that directly measure the material-specific
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limitations of the kinetics, such as oxygen diffusivity and surface reaction. Among others,these techniques include secondary ion mass spectrometry [Lane 00] and electrochemi-cal impedance spectroscopy [Lai 05]. Therewith, the determination of maximum reactionkinetics is enabled.In short, the quintessence of this chapter is as follows:Concerning oxidation and reduction, trivalent doping enhances the reactionkinetics in particular, for low temperatures, due to enhancing the oxygendiffusivity. Trivalent doping is in particular suggested to enhance the bulkdiffusion.To assure sufficiently high oxidation kinetics, the introduction of open porosityis essential. This is attributed to the improved gas-exchange.



6 Equilibrium-Reduction of
Ceria-based Materials

To develop enhanced redox materials, the improvement of the reduction step is pivotal, asthis step consumes most of the energy. This energy consumption is, inter alia, due to sig-nificant heat losses and relative high input of auxiliary energy. Improvements concerningthe enhancement of the absolute reduction extent as well as the facilitation of the reac-tion in terms of its conditions are highly demanded. The facilitation particularly indicatesa decrease of the necessary reduction temperature and/or an increase of the allowedpartial pressure of oxygen. Assessing the relation between the reduction extent and thereaction conditions is crucial for the fundamental efficiency analysis of a material.This chapter evaluates the reduction thermodynamics of pure ceria as well as the op-timal doped compositions identified in the previous chapters. The first section presentsexperiments employing dense pellets to determine the equilibrium reducibility at varyingreduction temperatures and partial pressures of oxygen. By applying a thermodynamicalreaction model, the dependence of the reduction extent on both, temperature and partialpressure of oxygen is calculated, yielding a function to determine the reducibility for ar-bitrary reaction conditions. In the second section, the experimentally obtained functionsare applied to assess the Gibbs energy and to construct Ellingham diagrams. These di-agrams serve as a tool to display the fundamental relations of the reaction conditionsof the reduction as well as the ability of a material to split water and carbon dioxide.Furthermore, the diagrams convey the enthalpy and entropy changes of the reduction.Concluding remarks complete this chapter.
Contents

6.1 δ as a function of T red and p(O2) . . . . . . . . . . . . . . . . . . . . . . 846.1.1 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 846.1.2 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
6.2 Gibbs Energy of the Redox Reaction . . . . . . . . . . . . . . . . . . . . 956.2.1 Ellingham Diagrams . . . . . . . . . . . . . . . . . . . . . . . . . . . . 956.2.2 Enthalpy and Entropy . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
6.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104



84 6 Equilibrium-Reduction of Ceria-based Materials
6.1 δ as a function of T red and p(O2)

As aforementioned, the reduction extent δ is the most important performance number of amaterial employed in TCCs. It quantifies the amount of released oxygen during reductionand therewith, the amount of produced fuel during oxidation, provided that the materialreoxidizes completely (see equations 2.3 and 2.4 on page 7). As recently reported, theefficiency of innovative reactor concepts that employ ceria-based materials are analyzedon the basis of a function δ(Tred, p(O2)) calculating the equilibrium δ depending on thereduction temperature Tred and the partial pressure of oxygen p(O2) [Erma 13]. Similarrelations for the most-promising doped compositions identified in the previous chapterare required to evaluate the theoretical potential of these materials.Experiments with the aid of a thermobalance were performed comprising long isothermalsteps at various Tred and p(O2). Tred ranged between 1107°C and 1457°C in steps ofapproximately 50°C and four different p(O2) were applied ranging from 27 to 1270 Pa.Pellet materials were investigated that are calcined at a temperature of 1650°C, which ismuch higher than the highest investigated Tred = 1457°C. Therewith, no further sinteringoccurred during TGA experiments, as it was observed in the long-term cycling of thepowder materials (section 4.2). Compared to the powder experiments, the reproducibilityis significantly enhanced and the uncertainties of the results are reduced, because ofsample masses twentyfold higher. The oxidation of pellets with CO2 leads to impracticallylong durations of the oxidation step as seen in section 5.1. Therefore and since this chapterfocuses on the reducibility and not on the CO2 splitting ability, oxygen in form of syntheticair was employed to reoxidize the pellets.
6.1.1 Results

Due to practical reasons, the experiments were carried out in two individual programs,a low temperature program (1000 °C to 1250°C) and a high temperature program (1250°C to 1450°C). Exemplary, the data of both runs is depicted in figure 6.1. Overall, elevencycles with varying reduction Tred temperature were performed consisting of• a heating step with 20 K·min−1 to Tred.• an isothermal step long enough to obtain equilibrium state of the reduction reaction,confirmed by a stable mass signal exhibiting no further mass loss. Due to pretest,the durations of the isothermal steps varied from 60 minutes to 210 minutes.• a cooling step to 800°C with 50 K·min−1.• an isothermal step of 60 minutes. In the first 30 minutes, synthetic air was introducedyielding a gas atmosphere with 8.3 vol.% O2. Complete reoxidation was achieved inthis step, confirmed by relative mass changes of 0% with respect to the initial mass.
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t in minFigure 6.1: TGA program (temperature and atmosphere) and corresponding mass change vs. time oflow (top) and high (bottom) temperature program applied in pellet experiments to eval-uate the equilibrium state of the reduction. Exemplary data of Ce0.82Zr0.15La0.03O1.99.
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Except the first 30 minutes of the isothermal step at 800°C, the thermobalance was sweptwith 85 ml·min−1 of a predefined mixture of Ar and O2. An oxygen sensor measuredthe partial pressure of oxygen. For the high temperature program, four different partialpressures were achieved p(O2) = 27, 49, 125, 1270 Pa, respectively, with a relative un-certainty of u(p(O2)) = 10%. Further details are displayed in table 3.4. Due to calibrationsand statements of the manufacturer of the thermobalance, uncertainties of u(Tred) = 3°Cwere assumed for the reduction temperature Tred. Four dense pellets with similar weightsof almost 600 mg were subjected to TGA cycling with the compositions:

Note that the denoted colors are used in the entire chapter to identify the four differentmaterials. For detailed information of the pellets see table 3.3 in section 3.2.3.To analyze the reducibility, the mass loss during reduction ∆mred is calculated as depictedin figure 6.1. The first two reductions of both, low and high temperature programs arenot considered in the following, because of difficulties to identify their exact begin. Also,the second reduction of the low temperature program is not considered, due to calculated∆mred that are too small regarding the error margins. Figure 6.2 shows the specificyield nm(O2) of the high temperature step. The yields increase with increasing reductiontemperature Tred and decreasing partial pressure of oxygen p(O2). Doping significantlyenhances the specific yields. The Ce0.85Zr0.15O2 pellet releases the most oxygen with up
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Figure 6.2: Specific yield nm(O2) calculated from TGA experiments (high temperature program)of pellet materials at several reduction temperatures T red and several oxygen partialpressures p(O2).
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to nm(O2) = 0.124±0.02 mmolO2 ·g−1mat. As observed for powder materials, trivalent dopingleads to slightly lower yields. At almost all reduction conditions, the La-doped materialperforms slightly better compared to the Sm-doped material. Compared to ceria, whichreleases nm(O2) = 0.063 ± 0.02 mmolO2 · g−1mat, all doped compositions show significanthigher yields. Figure 6.3 illustrates of changing of either the reduction temperatures Tredor the oxygen partial pressures p(O2).
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The relative improvements by means of increasing the reduction temperatures Tred byapproximately 100 K are presented in figure 6.3 (top). The improvements of pure CeO2 issignificantly more pronounced. At temperatures between 1300°C and 1500°C, increasing
Tred by approximately 100 K leads to 140 - 200% more released oxygen per gram CeO2. Thedoped materials display smaller relative improvements compared to pure ceria rangingfrom 120% at the lower temperature step and the highest p(O2) to 70% at the highertemperature step and the lowest p(O2), respectively. For almost all materials, the relativeimprovement slightly decreases with decreasing p(O2) for both denoted temperature steps.Only for pure ceria, a different behavior is observed for the higher temperature step.Figure 6.3 (bottom) shows the impact of reducing the partial pressure of oxygen p(O2) onthe specific oxygen yield nm(O2). In contrast to the temperature impact on the oxygen yieldimprovement observed between pure ceria and doped-ceria, there are not such significantdifferences notable while reducing the partial pressure. Reducing the partial pressure byapproximately one order of magnitude from 1270 Pa to 125 Pa improves the yields by 40to 65%. Further reducing p(O2) by a factor of five leads to slightly smaller improvements ofall materials except Ce0.85Zr0.15O2. The relative improvements of the specific oxygen yield
nm(O2) trend to decrease with increasing Tred as exposed by the dashed lines.Figure 6.4 compares the relative improvements of the specific oxygen yield nm(O2) of thethree doped compositions with respect to pure ceria. With increasing Tred and decreasing
p(O2), the relative improvement decreases from values of approximately 200% to valuesof 70% to 100%. At low temperatures, the differences between the various dopings arenot explicit, whereas for high Tred and low p(O2), Ce0.85Zr0.15O2 exhibits higher relativeimprovements. Compared to the powder material test campaigns presented in chapter 4,the relative improvements caused by doping found here are significantly higher. This isexplained by the lower partial pressure of oxygen of p(O2) = 0.5 Pa applied in the powderexperiments. For instance, at such low p(O2), Ce0.85Zr0.15O2 showed only an improvementof 50% compared to pure ceria. This finding in consistent with the overall trend in figure6.4. Hence, under worse conditions (lower Tred and higher p(O2)), the enhancement dueto doping is even more pronounced.The results of the low temperature program is depicted in figure 6.5. Since pure CeO2features reducibilities in the low temperature program that are too low to be reasonablyanalyzed, the CeO2 pellet was not subjected to this program. As observed in the hightemperature campaign, the yields increase with increasing temperature Tred and decreas-ing partial pressure of oxygen p(O2). Ce0.85Zr0.15O2 shows slightly higher yields followedby Ce0.825Zr0.15La0.025O1.99. However, these findings are not as significant, because thevariations in the absolute numbers are within the error margins.The observations gained within this experimental campaign concerning the dependenciesof the reduction extents on changing the temperature Tred or the partial pressure of oxygen
p(O2), are picked up again during the process analysis presented in chapter 7.
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Figure 6.4: Relative improvement of the specific oxygen yields nm(O2) with respect to pure ceriaversus the reduction temperature T red (four columns) and the oxygen partial pressures
p(O2) (four bundles in each column). An improvement of 0% denotes no change of theyield.
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6.1.2 Discussion

In the following, an Arrhenius-based model is introduced similar to the one recently pub-lished by Bulfin et al. that describes the redox reaction [Bulf 13]. Figure 6.6 schematicallydepicts the model approach. Since equilibrium is achieved in the experiments, kinetical

-2O 2
O

ceria gas atmosphere 

O
V 

/43Ce

oxidation 

reduction 

  









RT

E
Apn ox

ox2

-
 expO

  









RT

E
A red

redmax

-
 exp

Figure 6.6: Schematic of the reduction and oxidation reactions of pure ceria in a gas atmospherecontaining oxygen.
limitations such as oxygen diffusion or surface exchange are not considered in this model.The fundamental reaction is given by:

1/δCeO2 
 1/δCeO2−δ + 1/2O2 (6.1)
As aforementioned, the absolute redox extent δ is limited by δmax stoic = 0.5, representingthe full reduction of all cerium ions from Ce4+ to Ce3+, which corresponds to a phasechange from CeO2 to Ce2O3. This transition modifies the fundamental properties of thematerial. A model describing the redox reaction of CeO2 may not be valid for the redoxreaction of Ce2O3. Therefore, it is reasonable to limit the reduction reaction to a certainmaximum value of δ , say δmax. The reduction depends on the concentration of reduciblecerium c

(Ce4+). The oxidation depends on the oxygen concentration in the gas atmo-sphere c (O2) and the concentration of the oxygen vacancies c (VÖ) within the crystalstructure. The rate of the change in the concentration of oxygen vacancies d
dtc
(VÖ) is the
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difference of the rate of oxygen that is released (reduction) and the rate of oxygen that isincorporated in the structure (oxidation):

d
dt c

(VÖ) = c
(Ce4+) kred − c (VÖ) cn (O2) kox (6.2)

kred and kox are the rate constants of reduction and oxidation, respectively, and n theoxygen partial pressure dependence. Dividing equation 6.2 by the concentration of cerium
c (Ce), which is constant during the experiment, makes the concentration terms of equation6.2 unitless. 1

c (Ce) · ddt c (VÖ) = c
(Ce4+)
c (Ce) kred − c

(VÖ)
c (Ce) cn (O2) kox (6.3)

With the parameters δ and δmax, the concentration terms can be defined as c(Ce4+)
c(Ce) =

δmax − δ and c(VÖ)
c(Ce) = δ . The oxygen concentration in the gas atmosphere c (O2) is di-rectly proportional to the partial pressure of oxygen p(O2). Applying these substitution inequilibrium, where reaction rate equals zero, an equilibrium condition is given by:

(δmax − δ) kred = δp−n(O2)kox (6.4)
The rate constants of reduction and oxidation kred and kox take the Arrhenius form:

kred; ox = Ared; oxexp(−Ered; ox
RT

) (6.5)
where Ared; ox is the prefactor or frequency factor and Ered; ox the activation energy of thereduction or oxidation, respectively. R denotes the universal gas constant.This model approach leads to an equation that calculates the absolute redox extent δdepending on the temperature T and partial pressure of oxygen p(O2):

δ (T , p(O2)) = δmax · AredAox · p
−n(O2) · exp (−∆E

RT
)

1 + Ared
Aox · p

−n(O2) · exp (−∆E
RT
) (6.6)

with ∆E = Ered−Eox. In literature no reliable values for δmax can be found that exactly markthe phase change of ceria. This is in particular true for the doped materials. Therefore,the maximum values according to stoichiometrics of material are assumed for δmax. Thoseare for pure ceria δmax stoic = 0.5, for the Zr-doped material δmax stoic = 0.425 and for therare-earth doped material δmax stoic = 0.4125.Figure 6.7 compares the fitting results with the experimental data as well as with corre-sponding fits calculated with parameters reported by Bulfin et al., who fitted the data ofPanlener et al. [Panl 75, Bulf 13]. The fittings based on the experimental data of this thesismatch the data quite well. In contrast, the graphs based on the parameters reported in theliterature describe the experimental data sufficiently only between 1400°C and 1500°C.
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Figure 6.7: Absolute redox extents δ versus the reduction temperatures T red at several partialpressures of oxygen p(O2). Data points represent the experimental results; their sizescorrespond to the uncertainties of T red and δ . Red lines correspond to least squarefittings of the obtained experimental data with equation 6.6. Blue lines were calculatedfor the denoted p(O2) according to [Bulf 13].
At lower temperatures, the graphs predict a higher reducibility. The rationale behind thisdeviation is the different data employed to calculate the parameters. At δ > 0.05, there isa drastic change in shape of δ (T , p(O2)) as reported from [Panl 75]. By the calculations ofBulfin et al., this change in shape is considered. In contrast, in this thesis only δ < 0.05were obtained. Hence, the fitting presented here does not consider the change in shapeof δ (T , p(O2)) at δ = 0.05.With ceria, sixteen data points were obtained. In particular, the limited Tred range of150 K and a p(O2) range of approximately two orders of magnitudes is problematic for anextensive application of the calculated δ (T , p(O2)) function. It remains unclear to whichextent the calculated function can describe the shape of δ (T , p(O2)) for temperatures
Tred ≥ 1500°C and/or p(O2) ≤ 10 Pa =̂ 10−4 bar. From a technical point of view, however,
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such conditions are not of major interest. They may result in penalties on the overallprocess efficiency ηsolar to fuel that may impede the commercialization of the process, asdiscussed in section 2.1. The investigated conditions supposedly correspond to the optimalmatch between fuel productivity of ceria and technical feasibility.The fittings of the doped materials are presented in figure 6.8. For the doped materials,28 data points are available covering a much bigger temperature range. For the highestpartial pressure of oxygen p(O2), the doping enhances the performance by at least 100%as already discussed in figure 6.4 The best results were obtained for Ce0.85Zr0.15O2. Therare-earth doped materials show a similar performance. However, the La-doped materialexhibits slightly higher reducibility for the entire experimental campaign, which is inconcert with findings presented in the previous chapter (section 4.1.2).The obtained fitting parameters are presented in table 6.1. The parameters of ceria exhibitrelatively high uncertainties due to the smaller number of data points. Especially, the ratioof the frequency factors Ared/Aox suffer from a high relative uncertainty of approximately40%. Here, Bulfin et al. reported a significant lower value of Ared/AoxBulfin= 8700±800 barn.Also for the activation energy difference of reduction and oxidation ∆E , Bulfin et al.reports a lower value of ∆EBulfin = 195.6± 1.2 kJ·mol−1, whereas the calculated pressuredependence n agrees within the error margins with nBulfin = 0.218 ± 0.0013. In otherpublications, also values of n = 1/5 were reported [Panl 75, Dawi 86].
Table 6.1: Fitting parameters of δ (T red, p(O2)). Parameter δmax is defined prior fitting as explainedin the text. Parameters Ared/Aox, n and ∆E of equation 6.6 calculated by least squaresfitting of the experimental data presented in figures 6.2 and 6.5. The uncertainties denotethe standard deviation and R2 the coefficient of determination. The parameters werederived using the units K for Tred and bar for p(O2).
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The results for the doped materials are more definite. The fittings of the data of Ce0.85Zr0.15O2and Ce0.825Zr0.15Sm0.025O1.99 exhibit a similar coefficient of determination R2 as found forpure ceria, but the standard deviations of the parameters are considerably lower, es-pecially for Ared/Aox . By far, the best fitting parameters were obtained for the La-dopedmaterial with R2 = 0.9993. Compared to pure ceria, values for Ared/Aox were calculated thatare smaller by a factor of 30 to 40. The obtained differences in the activation energies



94 6 Equilibrium-Reduction of Ceria-based Materials

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.10

0.11

0.12

0.13

0.14

0.15

1100 1200 1300 1400 1500

d

27 Pa 49 Pa 125 Pa 1270 Pa

27 Pa 49 Pa 125 Pa 1270 Pa

27 Pa 49 Pa 125 Pa 1270 Pa

12 12 12 1270 Pa

p(O2)
in Pa

(1 Pa ≙
10-5 bar)CeO2

Ce0.82Zr0.15La0.03O2

Ce0.82Zr0.15Sm0.03O2

Ce0.85Zr0.15O2

0.05

0.04

0.03

0.02

0.01

0.00

0.04

0.03

0.02

0.01

0.00

0.04

0.03

0.02

0.01

0.00
1100 1200 1300 1400 1500

T in°C

ab
so

u
lt

e
re

d
ox

ex
te

n
t
d

Figure 6.8: Absolute redox extents δ versus the reduction temperatures T red at several partialpressures of oxygen p(O2). Data points represent the experimental results; their sizescorrespond to the uncertainties of T red and δ . Lines correspond to least square fittingsof the data with equation 6.6 at the corresponding p(O2). Plotting the results of CeO2at p(O2) = 1270 Pa shall illustrate the impact of doping.
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∆E are smaller by 65 to 70 kJ·mol−1. Since each of both values contain two further pa-rameters, one for describing the reduction and one the oxidation reaction, it is impossibleto quantitatively state the consequences for the two reactions.The pressure dependence n describes the impact of oxygen around the material on δwith δ ∝ p(O2)−n. Hence, δ increases with decreasing p(O2) and increasing n. Doping,however reduces the impact of p(O2). Compared to CeO2, Ce0.85Zr0.15O2 features a valuefor n that is smaller by approximately 0.02. The rare-earth doped material exhibit evensmaller n with a difference of approximately 0.04. The origin of the varying n calculated forthe materials is not yet completely understood. As mentioned, n is supposed to describethe dependency of the δ on p(O2). However, as observed in the experimental campaign,the materials display relative changes in δ that are similar, when varying the partialpressure of oxygen, as presented in figure 6.3.

6.2 Gibbs Energy of the Redox Reaction

6.2.1 Ellingham Diagrams

Ellingham diagrams describe the change in the standard Gibbs energy ∆G of a certainreaction with respect to the temperature [Monk 44]. The following gives a short introduc-tion of the most important fundamentals to Ellingham diagrams. For more details, pleasesee section 2.2.2. In the case of ceria-based materials, they predict the couples of reduc-tion temperature Tred and partial pressure of oxygen p(O2) at which the redox reaction ofa certain δ is in its equilibrium or, in other words, is thermodynamically favorable. Notethat one Ellingham line corresponds to exactly one δ . Plotting the equilibria lines of thewater and CO2 redox reaction in such diagrams determines, whether the oxidation of acertain δ via the splitting reaction is thermodynamically favorable.The idea of the following section is to derive Ellingham diagrams for the investigatedmaterials by employing the δ (T , p(O2)) equation 6.6. The parameters of which werecalculated in the previous section as presented in table 6.1. In the first step, p(O2) weredetermined with the Software Engineering Equation Solver EES (F-Chart Software) bysolving δ (T , p(O2)) for a fixed δ and varying Tred. Via the relation
∆G = −1/2RT · lnp(O2) (6.7)

the values of ∆G were determined. The factor 1/2 is due to the mass action law of thebasic redox reaction of metal: M + 1/2O2 
 MO. Plotting ∆G versus the temperature givea Ellingham diagram. Generally, the change in the standard Gibbs energy ∆G duringreduction corresponds to the changes of the enthalpy ∆Hred and the entropy ∆Sred at Tred
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[Atki 06]: ∆G = ∆Hred − T · ∆Sred (6.8)Accordingly, the slope of the Ellingham diagrams correlates to ∆Sred and the interceptto ∆Hred, respectively. Keep in mind that Ellingham illustrate the oxidation reaction (ox-idation with O2). Hence, this enthalpy is negative. According to amount, this oxidationenthalpy equals the reduction enthalpy. To preserve clarity and not to introduce quan-tities that are only valid in this section, there will be no distinction between the twoenthalpies.Figure 6.9 presents the Ellingham diagram of pure ceria derived from several approaches:• Equation 6.6 with parameters determined in this thesis• Equation 6.6 with parameters reported by Bulfin et al. who fitted data of Panleneret al. [Panl 75, Bulf 13]• FactSage calculations using the databases Fact53 and SGPSBase [Bale 02, Bale 09]
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Figure 6.9: Ellingham diagram of pure ceria calculated with FactSage, derived from Bulfin andPanlener [Panl 75, Bulf 13] and from experiments performed in this thesis. Note that inFactSage only the ∆G of δ = 0.5; 0.29; 0.17 are available, which differ from composi-tions of evaluated based on the experiments as well as based on Bulfin/Panlener.For instance, the CeO2−0.17 line corresponds to the ∆G of the reaction CeO2 
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The red lines based on the experimental results of this thesis and the blue lines that basedon the parameters of Bulfin et al. exhibit differences especially for low temperatures. Thisbehavior corresponds to the fitting results plotted in figure 6.7. On the one hand, the redlines feature a higher slope and on the other hand a reduction enthalpy ∆Hred, whichis larger. For conditions supposed to be feasible (Tred ≤ 1600°C and p(O2) ≥ 10−5 bar),however, the deviation of the two approaches are sufficiently small. In contrast, the Fact-Sage calculations deviates more significantly. The compositions available describe thethermodynamics of so-called long-range-order crystal structures such as Ce6O11 andCe7O12. These phases are referred to as β and δτ , respectively [Trov 13]. The calculated∆G solely base on theoretical considerations. Therefore, the involved data sets may notaccount for the non-stoichiometry of the crystal structure. This leads to slopes calculatedby FactSage that are lower compared to the lines derived from the model approach. Nev-ertheless, for the reaction corresponding to an reduction extent of δ = 0.17, the FactSagecalculates similar ∆G for high partial pressures of oxygen p(O2) ≥ 10−3 bar and/or hightemperatures of Tred ≥ 1800°C.Figure 6.10 shows the Ellingham diagrams obtained for the investigated materials apply-ing equation 6.6 with the parameters depicted in table 6.1.
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Figure 6.10: Ellingham diagram of pure ceria and doped ceria for several absolute reduction ex-tents δ based on the experimental data of this thesis.
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Two trends are observed:• The intercept – ∆Hred – rather depends on the doping. Three different ranges of∆Hred are identified: (1) CeO2, (2) Ce0.85Zr0.15O2 and (3) Ce0.82Zr0.15RE0.03O1.99. (RE= Sm, La)• The slope – ∆Sred – rather depends on the reduction extent; the higher δ , the smallerthe slope. As expected from figure 6.3, pure ceria features the highest increase withincreasing temperature compared to the doped-materials.For simplicity, in figure 6.11 only the ∆G lines of δ = 0.04 are depicted. The reactionconditions necessary to obtain this reduction extent δ are still feasible. For instance, ata reasonable partial pressure of oxygen p(O2) = 10−3 bar, the reduction temperaturesrange between 1490°C and 1580°C. Such high temperatures are employed in recentlypublished reactor concepts [Erma 13]. The major benefit from Ellingham diagrams is, onthe one hand, to amplify the scope of the analysis concerning the impact of the dopingon the reaction conditions Tred and p(O2) to obtain the same reduction extent. Throughdoping with 15% Zr, almost 100 K are so-called saved at p(O2) = 10−3 bar – at lower p(O2)even more. On the other hand, Ellingham diagrams may state, whether a material is ableto split CO2 or H2O and the temperatures necessary, although the Ellingham diagrams
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solely base on experimental data of the reduction. This in particular is interesting in thecase of water splitting, since its experimental realization is challenging. For instance, theemployed thermobalance is not able to conduct both, reduction at these temperaturesand subsequent water splitting. Keep in mind that the splitting reaction is by far morelimited by kinetics, so that Ellingham diagrams may only provide an informative basis andshould not be analyzed quantitatively regarding the splitting reactions. For instance, at atemperature of 300°C, CeO2−0.04 is not capable to split water, although the line is below theH2O-equilibria lines. Nevertheless, the Ellingham diagram show the qualitative impactof doping on the splitting reaction. The impact of doping on the splitting was alreadydiscussed in section 5.1.
6.2.2 Enthalpy and Entropy

According to equation 6.8, linear extrapolations of the Ellingham lines result in an in-tercept and a slope corresponding to the reduction enthalpy and entropy changes ∆Hredand ∆Sred, respectively. As recently discussed in literature, the dependence of reductionenthalpy ∆Hred on the reduction extent δ is crucial for the design of a reactor [Erma 13].In figure 6.12, the ∆Hred for various δ in the range of 0.00002 ≤ δ ≤ 0.2 are depicted. The∆Hred equals the ∆Hmat introduced in section 2.2.1, since the reduction involves no otherenthalpy change than the one of the material.
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Generally, ∆Hred decreases with increasing δ . The constant slope in the logarithmicalscale slightly changes for δ ≥ 0.08. Nevertheless, a simple two-parameter logarithmicalapproach to fit ∆Hred is reasonable:

∆Hred = aH ln δ + AH (6.9)
The fitting parameters aH and AH calculated for δ ≤ 0.1 are presented in table 6.2.
Table 6.2: Parameters aH and AH of equation 6.6 calculated by least squares fitting of the ∆Hreddata for δ ≤ 0.1 as presented in figures 6.12. The uncertainties denote the standarddeviation and R2 the coefficient of determination.
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Both, the slope aH as well as intercept AH significantly differ for all compositions. The fit-ting results will especially be beneficial for the first evaluation of the enhanced materialspresented in section 7.1.As mentioned in section 2.2.1, the thermochemical framework introduced by Meredig andWolverton divide the entropy changes during reduction ∆Sred generally into two terms[Mere 09]: ∆Sred = ∆Smat + 0.5SO2

Tred (6.10)here, ∆Smat denotes the solid-state entropy difference between reduced and oxidized formof the material and SO2
Tred the entropy of oxygen at the reduction temperature Tred. Due tothe scale used in the Ellingham diagrams (kJ per 0.5 mol O2), solely 0.5 of SO2

Tred adds to∆Sred.In the following, ∆Smat is assumed to be temperature independent, which is a reasonableassumption for ceria-based materials [Panl 75, Moge 00]. By contrast, for SO2
Tred , the tem-perature dependence must be considered due to its large influence. The molar entropy of0.5 mol of O2 ranges approximately from 110 to 130 JK−1 for temperatures between 900 to1700°C. For a certain δ , SO2

Tred is calculated at the temperature at which ∆G correspondingto this δ equals zero. The solid-state entropy difference ∆Smat is now assessable. In figure6.13, ∆Smat versus the redox extent δ of the investigated materials is depicted.Similar to the finding for the enthalpy change ∆Hred, the shape of ∆Smat changes at
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δ ≈ 0.08 and a simple two-parameter logarithmical approach was applied :

∆Smat = aS ln(δ) + AS (6.11)
The fitting parameters aS , and AS are presented in table 6.3. Due to limitations of theexperimental data that are employed to derive the Ellingham diagrams and therewith∆Smat, the fitting is only performed for δ ≤ 0.1. Therewith, sufficiently high coefficients ofdetermination R2 were obtained. The solid lines in figure 6.13 illustrate the fittings.
Table 6.3: Parameters aS and AS of equation 6.11 calculated by least squares fitting of the dif-ference in entropy ∆Smat for δ ≤ 0.1 as presented in figures 6.13. The uncertaintiesdenote the standard deviation and R2 the coefficient of determination.
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Figure 6.13: Solid-state entropy difference between reduced and oxidized form of the material
∆Smat versus the absolute redox extent δ . Colored lines correspond to fittings ofequation 6.11 for δ ≤ 0.1. The black line denotes the configuration entropy that isintroduced in the following (equation 6.12).
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For all materials, ∆Smat decreases with increasing δ from values in the range of 225 -280 JK−1 per 0.5 mol O2 for δ = 0.00002 to values close to 0 for δ = 0.2. Pure ceriafeatures the highest ∆Smat for δ ≥ 0.0001 and the smallest decrease with increasing δ.Zirconia doping results in significant lower ∆Smat of approximately 50 − 60 JK−1 per 0.5mol O2. In between, trivalent-doped materials exhibit values of ∆Smat similar to pure ceriafor low δ and values similar to Ce0.85Zr0.15O2 for large δ. Hence, the ∆Smat decrease withincreasing δ is more pronounced for trivalent-doped materials.A reasonable explanation for the significant dependence of ∆Smat on δ is found in thechange of configuration entropy ∆Sconf during reduction due to the creation of vacancies.The molar configuration entropy is approximated by:

∆Sconf = n · R · (δ ln δ + (1− δ) ln (1− δ)) (6.12)
R denotes the universal gas constant, n the number of possible arrangements in molequaling the mewls of oxygen in the crystal structure (e.g. 2 for CeO2) and δ the numberof vacancies in mol, which is equal to the absolute reduction extent. A detailed derivationcan be found elsewhere [Gott 98]. To compare the configuration entropy ∆Sconf with the∆Smat that is denoted for 0.5 mol of released O2, ∆Sconf has to be scaled. A scaling factorof 1/δ can be derived from equation 6.1. The configuration entropy ∆Sconf is illustrated infigure 6.13 (black line).The amount of configuration entropy 1/δ · ∆Sconf that comes along with the release of 0.5mol O2 differs from the entire solid-state entropy change ∆Smat. This deviation is givenby ∆Sdev = ∆Smat − 1/δ · ∆Sconf. (6.13)and depicted versus δ in figure 6.14.The deviation ∆Sdev is positive for small δ and decreases with increasing δ . It variesin number and shape for the materials. For almost all δ and compositions, pure ceriafeatures the highest positive deviation. Positive ∆Sdev values imply that the configurationentropy ∆Sconf is not able to describe the entire entropy gain within the crystal structureduring reduction. Vice versa, negative ∆Sdev values show an overestimation of the ∆Sconf.The origin of the deviation may lie in the uncertainties of the employed numbers ∆Smatand ∆Sconf. The uncertainty of ∆Smat strictly depends on the validity of the Ellinghamdiagrams, which is discussed in the appendix A.4. Accordingly, a relative uncertaintyof 5% is assumed for the slope ∆Smat. Hence, it is definitely too small to explain thesignificant differences between the four materials. Since the calculation of ∆Sconf baseson an ideal model approach and a mathematical approximation, the uncertainty cannotbe quantitatively defined. However, it should be rather a systematical uncertainty thatequally applies to all compositions and cannot explain the varying deviations of thematerials.
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Figure 6.14: Difference in entropy ∆Sdev derived from equation 6.13 versus the absolute redoxextent δ .
Assumed that the ∆Sdev of CeO2 presents a systematical deviation, it could be applied asa correction of ∆Sdev of the other compositions. Simple subtraction yields ∆Sdev for thedoped materials that are negative for almost all δ . Thus, the configuration entropy ∆Sconfis too large to correctly describe ∆Smat (equation 6.12). This could be explained with thetheory of solute vacancy pairs. In literature, some authors discuss a different distributionof vacancies in doped materials [Nowi 12]. Descriptively spoken, vacancy pairs or evenclusters are created due to influences of the dopant on the crystal structure or evensmaller scale relations. Thereby, the configuration entropy ∆Sconf may decrease due tothe smaller number of possible arrangements n. In theory, this explains the smaller valuesof ∆Smat for the doped compositions compared to pure ceria.
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6.3 Conclusions

This chapter investigated the reduction extent δ in equilibrium depending on the tempera-tures Tred and partial pressures of oxygen p(O2). Four dense pellets with the compositionsCeO2, Ce0.85Zr0.15O2, Ce0.825Zr0.15Sm0.025O1.99 and Ce0.825Zr0.15La0.025O1.99 were subjectedto TGA experiments. The employed reduction temperatures Tred ranged from 1300°C to1450°C in the case of CeO2 and 1100°C to 1450°C in the case of the other materials; thepartial pressures of oxygen p(O2) ranged from 27 Pa to 1270 Pa.As expected, the equilibrium reducibility increased with increasing reduction temperature
Tred and decreasing partial pressure of oxygen p(O2). At the best reduction conditions,Ce0.85Zr0.15O2 released 0.124±0.003 mmolO2 ·g−1mat, closely followed by the rare-earth dopedmaterials. At the same conditions, CeO2 featured yields of 0.063 ± 0.003 mmolO2 · g−1mat.Comparing the specific oxygen yields nm(O2) for two temperatures that are different byapproximately 100 K, pure ceria featured relative improvements of up to 200%, whereasthe doped materials released 70 to 120% more oxygen per gram. Decreasing the partialpressures of oxygen p(O2) from 1270 to 125 Pa led to relative improvements of nm(O2)of 40 to 60%, trending to decrease with increasing temperature. Comparing the result
p(O2)=27 Pa and p(O2)=125 Pa, improvements of 20% to 50% were observed exhibitingthe same temperature dependence. The enhancement of the specific yield due to dopingsignificantly increased with decreasing Tred and increasing p(O2) ranging from 60 to 250%.Taking into account this trend, these improvements are in concert with the improvementsof 30 to 50% observed in powder experiments at a lower p(O2).To evaluate a function δ (T , p(O2)) that describes the reducibility depending on the reac-tion conditions, an Arrhenius-type model was applied similar to one recently published[Bulf 13]. Besides prefactor A, activation energy E , and temperature T , the reduction de-pends on the amount of reducible cerium (δ − δmax); the oxidation on the partial pressureof oxygen p(O2) and the reduction extent δ . In the equilibrium, in which the reductionequals the oxidation reaction, this approach yielded a function δ (T , p(O2)). Least squarefitting resulted in parameters matching the data sufficiently. The equilibrium data solelyallowed the calculation of the difference in the activation energy ∆E = Ered − Eox andthe relation of frequency factors Ared

Aox of the reduction and oxidation reaction. Hence, thefitting did not provide absolute changes in the activation energy of reduction or oxidationas a result of the doping. Nevertheless, the function δ (T , p(O2)) is crucial for the firstevaluation of the incorporation of the new material in a reactor design.With the aid of the function δ (T , p(O2)), the Gibbs energy ∆G was assessable. Therewith,Ellingham diagrams were constructed, which comprehensively illustrate the relation ofreduction temperature Tred and partial pressure of oxygen p(O2). Moreover, Ellinghamdiagrams state, whether a material is able to split water and/or CO2 and provide basicinformation concerning the splitting conditions. Due to thermodynamical relations, Elling-
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ham diagrams also provide the enthalpy and entropy changes ∆Hred and ∆Sred duringreduction. Fitting functions were established that describe the dependence of ∆Hred and∆Sred on the reduction extent δ . The reduction enthalpy ∆Hred is of major interest forthe design of reactors. The dependence of the reduction entropy ∆Sred on δ could beexplained with the configuration entropy ∆Sconf generated due to the creation of vacan-cies. The deviation of ∆Sconf and ∆Sred depends on the doping, which can be attributedto solute vacancy pairs that reduce the share of ∆Sconf.In short, the quintessence of this chapter is as follows:Under worse reaction conditions (lower Tred and higher p(O2)), the enhance-ment due to doping is more pronounced. The specific oxygen yields fea-tured improvements of up to 200% compared to pure ceria.A reaction model was employed that sufficiently fits the experimental data.The obtained function is able to describe the dependence of the reducibilityon the reduction conditions.Ellingham diagrams of the investigated materials were constructed illustrat-ing fundamental relations of the reducibility and splitting ability of thematerials.Enthalpy and entropy of the reduction that are crucial to further evaluate thematerial were determined and fitted with respect to the reduction extent.Starting from experiments in the thermobalance under varying reduction con-ditions, the fundamental thermodynamics of the materials were obtained.This “tool” developed in this chapter is of major interest for the evaluationof redox materials for the thermochemical fuel production.





7 Potential of Ceria-based Materials
for Solar Fuel Production

The previous chapters revealed the applicability of ceria-based materials in thermochem-ical cycles producing solar fuels. Doping enhances the reducibility regarding both, thereaction conditions as well as the oxygen yields. Nevertheless, it remains unclear to whichextent the doping of ceria may effect the overall efficiency of the process.This chapter evaluates the potential of the doped materials to overcome the barriersto commercial success of TCCs. In the first section, a recently published reactor modelis adapted to determine the solar-to-fuel efficiencies. As material-specific input data,the relations of the redox extent and the reduction enthalpy derived in the previouschapter are employed. As an expansion to the model, realistic efficiencies of the auxiliaryunit are implemented and the application on a solar tower considered. In the secondsection, a parametric study is carried out that varies the partial pressure of oxygen,the reduction temperature and the heat recuperator effectiveness. Therewith, the dopedmaterials are ranked with regard to pure ceria as well as to the process conditions. Withinthe discussion, potential process limitations are discovered. This chapter concludes withsummarizing the main findings as well as discussing the discovered process limitationsin the light of their technical implications.
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7.1 The solar-to-fuel Efficiency

To reasonably assess the potential of the materials investigated in this thesis, model cal-culations that encompass the energetics of the entire process are ineluctable. Therewith,material-specific properties such as reaction temperatures and partial pressures of oxy-gen are analyzed regarding their effect on the overall process efficiency. A first idea of theprocess and its main components is given in section 2.1. Every model contains boundaryconditions that depend on the employed concentrating system, reactor design and aux-iliary unit, resulting in manifold ways to estimate the solar-to-fuel efficiency ηsolar to fuel[Mill 07, Furl 12b, Bade 13, Lapp 13]. Also, the depth of the analysis varies in a wide rangefrom basic thermodynamical calculations to complex, dynamic simulations that considerreal solar data to obtain realistic efficiencies on an annual basis [Lang 14].Since it is beyond the means of this thesis to tackle the numerous options involved in thedesign of a process model and/or reactor design, a model is adapted that was recentlypublished by Ermanoski et al. [Erma 13]. This model evaluates energetically the annualefficiency of a solar reactor operated in a dish concept with a secondary mirror. It employsonly thermodynamical data and neglects kinetic limitations. This model is selected dueto the following reasons. (1) The model applies ceria as the redox material. The publishedresults base on functions to calculate the reduction extent δ (Tred, p(O2)) and the reductionenthalpy ∆Hred(δ), enabling the straightforward implementation of the functions obtainedin chapter 6. (2) The design bases on continuously moving particles; a technology thatrecently drew great attention in the field of high-temperature reactors for concentratedsolar power [Tesc 13, Wu 13]. (3) As mentioned in section 2.1, fundamental analysis em-phasized the significance to include an efficient heat recuperation. In this regard, theuse of a heat exchanger based on particles, which was recently published, represents apromising approach to instantiate efficient heat recuperation [Bren 14, Feli 14]. (4) Theprocess applies vacuum pumping during reduction instead of gas sweeping, which maylead to significantly higher efficiencies [Erma 13].The fundamental relations of this model are applicable to evaluate other continuouslyoperating process designs featuring separate chambers for reduction and oxidation witha heat recuperation in between and vacuum pumping during reduction. Subsequent to theevaluation of the results for pure ceria obtained in chapter 6, the model is expanded withan approach to consider the pump efficiency more realistically. Besides the boundaryconditions of the dish concept, which was suggested by Ermanoski et al., the boundaryconditions of the solar-tower concept are also included. Basing on this expanded model, aparametric study employing δ (Tred, p(O2)) and ∆Hred(δ) relations obtained for CeO2 andthe doped materials is carried out to determine the solar-to-fuel efficiencies ηsolar to fuelat varying partial pressure of p(O2), reduction temperatures Tred and heat recuperationeffectiveness εHR. Therewith, the enhancement of the efficiency of the materials with re-
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spect to ceria, as well as the efficiencies concerning the two concepts, dish and tower,are discussed.
7.1.1 Model Description

In the following, the essential equations are introduced to assess the solar-to-fuel effi-ciency adapted from the model of Ermanoski et al. [Erma 13]. The term “fuel” refers toeither pure hydrogen featuring the energy content of its higher heating value EH2 orcarbon monoxide with an energy content of its higher heating value ECO. The oxidationis carried out at the temperature Tox and is assumed to be complete. Hence, per 0.5 molof O2 released, exactly one mol of fuel is produced, neglecting incomplete reoxidationdue to poor kinetics of the oxidation. Problems resulting from this assumption might betechnically solved, because the reactions are realized in two chambers. The reduction iscarried out at the temperature Tred and the partial pressure of oxygen p(O2). The param-eters used for the calculations that are subjected to the parametric study are referred toas input parameters. The other, so-called fixed parameters are summarized in table 7.1.They are derived from [Erma 13]. The calculations were carried out using the softwareEngineering Equation Solver EES (F-Chart Software).
Table 7.1: Fixed parameters used for the calculations described in the following.

fixed parameter label value

direct normal irradiance DNI 1 kW·m−2annual optical efficiency dish ηdishopt 83.75%annual optical efficiency tower ηtoweropt 60%concentration ratio dish Cdish 5000concentration ratio tower C tower 2000heat-to-electricity efficiency ηheat to elec 40%higher heating value hydrogen EH2 286 kJ·mol−1oxidation temperature Tox 1100°C

Essential Equations

The solar-to-fuel efficiency to produce fuel with the solar power Psol is given by
ηsolar to fuel = ṅfuelEfuel

Psol (7.1)
with ṅfuel as the molar fuel production rate of the process. ṅfuel is related to the oxygenrelease rate during reduction by ṅfuel = 0.5ṅO2 . Psol is the solar direct normal irradianceDNI times the area Asol of the concentrating system times the concentration ratio C :
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Psol = DNI ·Asol ·C . Due to the selection of the dish concept, ratios as high as C dish = 5000are assumed. With an optical efficiency ηopt, the thermal power Pth, which accounts forheat flux usable for the reaction, is given by

Pth = ηopt · Psol − Pcond − Prera − Pconv (7.2)
The optical efficiency ηopt combines on an annual basis all important factors involvedalong the way from solar irradiation to the power that enters the reactor, such as mir-ror reflectivity, window transmission and solar intercept. Ermanoski supposed an opticalefficiency for the dish-concept of ηdishopt = 83.75%. Pcond denotes the thermal losses due toconduction, which are neglected, since perfect insulation of the reactor is assumed. Preraquantifies the power that is lost due to radiation losses and is calculated according tothe Stefan-Boltzmann law

Prera = εσArecT 4 (7.3)where ε denotes the emissivity of the cavity, σ denotes the Stefan–Boltzmann constant,
Arec the aperture of the receiver and T the temperature of the reactor. T equals thereduction temperature Tred. Pconv denotes the thermal losses due to convection, implyingmainly the loss through the window of the reactor. However, compared to the radiationlosses this is a minor contribution and can be neglected [Lang 14].The molar fuel production rate is

ṅfuel = Pth
Q (7.4)

here, Q accounts for the heat required for the production of one mol of fuel. According tothis relation, the reactor efficiency is given by ηthermal to fuel = ṅfuel Efuel
P th . The heat Q is givenby

Q = ∆Hred + Qmat + Eaux (7.5)where ∆Hred denotes the reduction enthalpy, Qmat the sensible heat required for heatingthe redox material from Tox to Tred, and Eaux the energy required for all other reactorneeds. ∆Hred is calculated depending on δ with the relation established in chapter 6:
∆Hred(δ) = aH ln δ + AH (7.6)

The fitting parameters aH and AH for each of the four investigated materials are providedin table 6.2 on page 100. Assuming heat recuperation with an effectiveness εHR, Qmat iscalculated with
Qmat = cmat

δ (Tred − Tox) · (1− εhr) (7.7)
where cmat denotes the molar heat capacity of the redox material, which is assumed onthe basis of values for pure ceria. The same cmat is assumed for pure ceria as well as forthe doped materials independent of the temperature. The auxiliary energy Eaux is given
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by

Eaux = QH2O,CO2 + Qpump + Qmech − QO2 − Qmat − Qox. (7.8)It encompasses, on the one hand, QH2O; CO2 corresponding to the needs for heating thereactants CO2 or H2O, the heat equivalent for pumping the products from both chambers
Qpump and the heat equivalent for the mechanical work to move the redox material Qmech.On the other hand, the negative terms of Eaux include the heat of the oxygen output stream
QO2 , the sensible heat of the material Qmat that has to be removed before oxidation andthe heat released in the exothermic oxidation Qox = ∆Hred − Efuel. Note that negativeresults of Eaux, corresponding to unneeded waste heat, are excluded from calculations.
Qmat and Qox are available from the product gas stream leaving the oxidation chamber(either mixes of H2O-H2 or CO2-CO). Considering a gas-gas heat recovery effectivenessof 95%, the heat QH2O,CO2 required for heating the reactants is negligible small. Qmechand QO2 are minor contributions compared to the other quantities and are neglected. Thefraction of Qpump consumed to pump the reacting gases through the oxidation chambercan also be neglected, when operated at pressures slightly higher than 1 bar. The majorfraction of Qpump is ascribed to the isothermal pumping work W O2pump for the oxygen stream,that is

Wpump = nO2RTpump · ln p0
p (O2) (7.9)

where nO2 = 0.5nfuel = 0.5 mol, R denotes the universal gas constant, Tpump the pumpingtemperature, which is assumed to be T0 = 25°C, and p0 the standard atmospheric pressureof p0 = 101325 Pa. The heat equivalent Qpump of the pumping work Wpump is given by
Qpump = Wpump

ηheat to elec · ηelec to pump (7.10)
where ηheat to elec denotes the efficiency to convert heat into electricity and ηelec to pump theefficiency to convert electricity into pumping work. Ermanoski et al. assumed the pumpingefficiency constant with ηErmanoskielec to pump = 40% and hence, to be independent of the obtainedpressure. In other words, the pumping efficiency to pull a vacuum up to 0.1 bar equalsthe efficiency to pull a vacuum to, for instance, up to 10−6 bar. This assumption is morethan doubtful, as discussed in the following subsection.The last equation needed for this model is the reduction extent δ with respect to thereduction temperature Tred and the partial pressure of oxygen p(O2) derived in chapter6:

δ (Tred, p(O2)) = δmax · AredAox · p
−n(O2) · exp (−∆E

RT
)

1 + Ared
Aox · p

−n(O2) · exp (−∆E
RT
) . (7.11)

The fitting parameters Ared
Aox , ∆E, and n obtained for the investigated materials are pro-vided in table 6.1 on page 93.
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Results

In a first attempt, the model employs the same input parameters as it was published byErmanoski et al.. Hence, a concentration ratio of C dish = 5000, an annual optical efficiencyof ηdishopt = 83.75%, and a reduction temperature of Tred = 1500°C are assumed for the pro-duction of hydrogen with Efuel = EH2 . Figure 7.1 displays the results for heat recuperationeffectiveness εHR of 50 and 75% of pure ceria with regard to the relations for δ and ∆Hredobtained in this thesis with the ones published by Ermanoski et al. The results basedon the relations of this thesis yield slightly higher solar-to-fuel efficiencies ηsolar to fuel forhigher p(O2), whereas for low p(O2), Ermanoski et al. determines slightly higher ηsolar to fuel.The deviations in ηsolar to fuel correlate with deviations in the redox extent δ . The rationalebehind is found in the different experimental data that Ermanoski employed to derive therelations for δ . Apart from that, the results show sufficient agreement.
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Figure 7.1: Results for pure ceria based on the reactor model described in the text. Solid linesdisplay calculations employing the relations for δ and ∆Hred derived in chapter 6.Dashed lines are calculated with relations presented by Ermanoski et al. [Erma 13].

7.1.2 Expansion of the Model

7.1.2.1 Realistic Vacuum Pump Efficiency

As aforementioned, Ermanoski et al. suggest a constant electricity-to-pumping efficiency
ηErmanoskielec to pump independent on the pressure reached within the reduction chamber. In themodel, the reached pressure corresponds to the partial pressure of oxygen p(O2). Thisapproach seems incorrect, since it neglects the impact of random leakage on a pumping
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system, which increases inevitably, when the vacuum pressure decreases. Recently, Bulfinet al. reported a relation that accounts for this effect [Bulf 15]. They studied the efficiencycharacteristics of various commercially available vacuum pumps and derived

ηFelinkselec to pump = 0.0104 · p(O2)0.3848 (7.12)
Note that the ηFelinkselec to pump is limited to a maximum value of 80%. Figure 7.2 presents
ηsolar to fuel for pure ceria employing the electricity-to-pumping efficiency ηFelinkselec to pump com-pared to results employing the constant efficiency of 40%. ηFelinkselec to pump displays a doublelogarithmical shape and increases with increasing p(O2). For high p(O2), this dependencyon p(O2) leads to ηsolar to fuel for the various εhr that are similar to the ones calculatedby Ermanoski et al. At a certain partial pressure, however, the declining pump efficiencybegins to dominate the process efficiency ηsolar to fuel and the shape changes. This partialpressure corresponds to the maximum efficiency ηmaxsolar to fuel of the studied parametric set.Analogously, an optimal partial pressure of oxygen popt(O2) is defined that correlates with
ηmaxsolar to fuel. popt(O2) decreases with decreasing εhr. Both, the maximum efficiency ηmaxsolar to fueland the optimal partial pressure of oxygen popt(O2) serve as characteristic numbers tocompare variations of the model input parameters εhr and Tred.
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7.1.2.2 Solar Tower System

Concerning the technical realization, it seems more than challenging to implement a reac-tor containing as many various parts into a solar dish as the reactor that was suggestedby Ermanoski et al. Dish concepts limit the space as well as the weight of the reactors.Furthermore, the reactors need to accommodate variable orientations relative to gravity.Taking these limitations into account as well as the importance of a potential scalabilityof the process, central receiver systems are the alternative to be considered [Kolb 08].They offer much lower limitations of space compared to dishes and do not change theorientation of the receiver during operation. In addition, they allow for potential scala-bility. Basically, such systems, in the following referred to as tower, consist of a field oftwo-axis tracking heliostats that focus the sunlight onto a receiver mounted on the topof a tower [Rome 07]. Compared to the dish, the tower exhibits lower concentration ra-tios C as well as, in general, lower optical efficiencies ηopt [Kolb 08]. Nevertheless, sincethe technical advantages are as convincing, the tower system might be considered asthe more realistic approach to implement TCCs. Therefore, the expanded process modelconsiders both, the dish and the tower system. Typically, the concentration ratios of asolar tower range from 200 to 1000, which can be further enhanced by the incorpora-tion of non-imaging secondary concentrators [Rome 12]. For the following calculations, anannual optical efficiency ηtoweropt = 60% and a solar concentration ratio C tower = 2000 aresupposed for the tower.Figure 7.3 illustrates the impact of the two systems on ηsolar to fuel for pure ceria at areduction temperature of Tred = 1500°C. At this temperature, the tower system featuresefficiencies that are approximately only half as high due to the lower ηopt = 60% andlower C tower. The relative impact of εhr on ηsolar to fuel is similar. For each εhr, the optimalpartial pressure of oxygen p(O2) is independent of the two systems, because the changesin ηopt and C do not effect the reactor efficiency ηthermal to fuel. Also, the reduction extent δis the same for both systems, since it only depends on Tred and p(O2).
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Figure 7.3: Solar-to-fuel efficiency ηsolar to fuel (colored lines) and reduction extent δ (gray dottedline) of CeO2 at T red= 1500°C and varying εhr versus the partial pressure of oxygen
p(O2). Solid lines represent the dis, dashed lines the tower system.

7.2 Influence of Doping on the Efficiency

7.2.1 Results

The following section aims to evaluate the solar-to-fuel efficiencies ηsolar to fuel of the twosystems, dish and tower, to produce hydrogen (Efuel = EH2) with respect to• the input parameters: the reduction temperature Tred, heat recuperator efficiency
εhr and the partial pressure of oxygen p(O2). Tred is varied between 1200°C and1500°C, since this range is covered from experimental data obtained in chapter 6.
εhr is studied in the range of 0% to 90% and p(O2) between 1 and 100.000 Pa whichis equivalent to 10−5 and 1 bar.• the various compositions investigated: CeO2, Ce0.85Zr0.15O2, Ce0.825Zr0.15Sm0.025O1.99and Ce0.825Zr0.15La0.025O1.99.Exemplarily, in figures 7.4 and 7.5, the results of the parametric study for Ce0.85Zr0.15O2applying a dish are depicted. Figure 7.4 shows the efficiencies ηsolar to fuel of Ce0.85Zr0.15O2for varying εhr at Tred = 1500°C. For εhr = 90% in the dish, ηmaxsolar to fuel = 46 % is reached,which corresponds to an increase of 12 percentage points, compared to pure ceria. Thismaximum efficiency is achieved at an even higher popt(O2) = 500 Pa instead of popt(O2) =160 Pa observed for pure ceria.
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Figure 7.4: Solar-to-fuel efficiency ηsolar to fuel (solid lines) and reduction extent δ (dashed lines)of Ce0.85Zr0.15O2. Derived from the expanded reactor model for the dish concept at
T red= 1500°C and varying εhr.
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Figure 7.5: Solar-to-fuel efficiency ηsolar to fuel (solid lines) and reduction extent δ (dashed lines) ofCe0.85Zr0.15O2. Derived from the expanded reactor model applying a dish at εhr = 90%and varying T red.
Figure 7.5 indicates the dependency of ηsolar to fuel and δ on the reduction temperature
Tred. Varying Tred leads to a deviation of ηsolar to fuel not only for p(O2) > popt(O2), as it isobserved for variation in εhr, but also for smaller p(O2). The maximum efficiency ηmaxsolar to fuel,however, only slightly varies as well as popt(O2). The positive finding that the efficiency
ηmaxsolar to fuel is somehow independent of the reduction temperature Tred is further discussedin the following.
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7.2.2 Discussion

Figure 7.6 illustrates the impact of doping, the reduction temperature Tred and the heatrecuperator effectiveness εhr on ηmaxsolar to fuel in both systems, dish and tower. Concerningthe impact of doping, the enhancement of the efficiency is significant. As expected from
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Figure 7.6: Maximum solar-to-fuel efficiency ηmax
solar to fuel (bars, left axis) of the materials (colorcode) investigated in chapter 6 at heat recuperator effectiveness εhr of 75% and 90%(bottom axis) and reduction temperatures T red between 1200°C and 1500°C (top axis)applying a dish (top diagram, orange background) and a tower (bottom diagram, bluebackground). The lines (right axis) only depend on T red and εhr, being independentof the two concepts. Considering the color code of the materials, they represent therelative enhanced efficiency of the doped materials with respect to pure ceria (top)and the optimal partial pressure popt(O2) for all four materials (bottom).
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the experimental results, this improvement is found in particular for low temperatures.At a reduction temperature Tred as low as 1200°C and a heat recuperator effectiveness
εhr of 75%, Zr-doping roughly doubles the maximum solar-to-fuel efficiency ηmaxsolar to fuel.On a tower, this corresponds to an increase of approximately ten percentage points.Furthermore, the optimal partial pressure of oxygen popt(O2) for this parameter set is oneorder of magnitude higher with respect to ceria. The higher popt(O2) might facilitate thetechnical realization of the process considerably. The increase in popt(O2) due to dopingdeclines with increasing Tred.For the following discussion, it is convenient to introduce a quantity f ipη that accounts forthe relative improvement in ηmaxsolar to fuel due to the change of one input parameter ip. Theinfluences on ηmaxsolar to fuel for each material are summarized in table 7.2 .
Table 7.2: Relative change f ipη in ηmax

solar to fuel due to the variation of one input parameter ip. C: CeO2,CZ: Ce0.85Zr0.15O2, CZS: Ce0.82Zr0.15Sm0.03O1.99 and CZL: Ce0.82Zr0.15La0.03O1.99change in T red in °C εhrfrom 1200 1400 1200 1400 50% 75% 50% 75%to 1300 1500 1300 1500 75% 90% 75% 90%at εhr = 75% εhr = 90% T red = 1200°C T red = 1400°C
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The largest impact on ηmaxsolar to fuel is found for εhr. At a certain Tred, increasing from εhr = 75%to εhr = 90% leads to a relative improvement in ηmaxsolar to fuel in the range of f εhr

η = 35% to
f εhr
η = 55% for pure ceria and between f εhr

η = 30% and f εhr
η = 40% in the case of the dopedmaterials. The higher influence of εhr on pure ceria is ascribed to the lower reductionextent δ , leading to smaller ratios of active to passive material. Accordingly, more heatcan be recuperated. The importance of this ratio was already discussed in section 2.1.The f εhr

η found here emphasize the need for an effective heat recuperation even for theimproved materials. Increasing εhr from 50% to 75% (not shown in figure 7.6) results insimilar f εhr
η .The enhancement due to increasing Tred is not as distinct. For the dish systesm, increasingthe temperature by 100 K yields f Tred

η of 10 to 25% for pure ceria, whereas the dopedmaterials exhibit f Tred
η only in the range of 2 to 7%. For both, pure and doped ceria,the highest f Tred

η is found for an increase of 1300°C to 1400°C. For lower and higher
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temperatures, f Tred

η decreases. Regarding the tower system, for both, pure and doped ceria,the relative radiation losses increase more significant with temperature, due to the lowerconcentration ratio. In the case of pure ceria, this effect is dominated by the enhancedreducibility when increasing the temperature, yielding f Tred
η in the range of 0 to 10%. Incontrast, for doped materials, the enhancement of the reduction extent δ with temperatureis not as high. Therefore, raising Tred by 100 K, the surplus in δ does not compensatefor the higher radiation losses resulting in f Tred

η − 5 to -10%. In other words, ηmaxsolar to fuelincreases with decreasing temperature.At this point, the question might arise, as to why no further parametric study was carriedat even lower reduction temperatures, although the ηmaxsolar to fuel increases with decreasingtemperatures, concerning the solar tower system. This is mainly due to the δ of lessthan 0.01 obtained already at Tred = 1200°C for the doped material, even at low p(O2)(see figure 7.5). The smaller the fraction of reduced cerium, the less oxygen is releasedspecifically. In order to meet the high efficiency and therewith, the high oxygen releaserates, the mass flow ṁmat of the redox material needs to increase. This might lead to massflows ṁmat through the reduction chamber that are not feasible. Note that this mass flowrequired to reach a certain efficiency might be adapted to other reactor designs such asmonolithic structures. It just needs to be assured that the same amount of material reactsper second.Exemplarily, figure 7.7 presents ηmaxsolar to fuel and corresponding mass flows ṁmat of theredox material Ce0.85Zr0.15O2 assuming a solar power incident on the first concentrator of
Psol = 1 MW. Psol corresponds to a thermal power Pth within the reactor of 300 to 400 kWfor the tower and 600 to 700 kW for the dish depending on the receiver temperature. Notethat ṁmat ∝ Psol, enabling the simple assessment of ṁmat for only one dish.As observed in the top diagram of figure 7.7 , the required mass flow ṁmat increases withdecreasing Tred and increasing p(O2). Starting from low partial pressures of oxygen, themass flow ṁmat features a behavior similar to the one of the efficiency ηsolar to fuel. At themaximum efficiency ηmaxsolar to fuel, the behavior changes to a logarithmical slope inverse tothe efficiency ηsolar to fuel. The bottom diagram reveals that ṁmat increases with increasing
εhr. At high temperatures and high εhr, ṁmat < 5 kg·s−1 for the tower and ṁmat < 10 kg·s−1for the dish, whereas at low temperatures, ṁmat drastically raises. At a temperature of1200°C, ṁmat = 35 kg·s−1 for the tower and ṁmat = 55 kg·s−1 for the dish. To compare suchnumbers, imagine a full-scale cement plant. This plant produces 2900 tons clinker per daycorresponding to a mass flow of approximately 33.5 kg·s−1 [Kaan 04]. The production iscarried out in a 60 meter long rotary kiln furnace at a temperature of about 1450°C withan energy input of roughly 100 MW. There is no doubt that there are major differencesin the two processes. Nevertheless, the dimensions of an cement plant shall give an idea,that it is more than challenging to handle the required mass flow within a receiver witha thermal power of 300 to 700 kW.
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Figure 7.7: Efficiencies and corresponding mass flows for Ce0.85Zr0.15O2 assuming a solar powerinput of Psol = 1 MW. Top: ηsolar to fuel (left axis) and ṁmat (right axis) at εhr = 90% andvarying T red on a tower . Bottom: Maximum solar-to-fuel efficiencies ηmax
solar to fuel (bars,left axis) Ce0.85Zr0.15O2 at varying εhr and T red for both, tower (left) and dish (right).The lines (right axis) correspond to the mass flow ṁmat.

Concerning the energetics, the impact of ṁmat on ηsolar to fuel via the heat equivalent Qmechto move the particles was neglected for the calculations agreeing to assumptions of Er-manoski et al.. This was done, because Qmech was presumed to be a rather small contri-bution considering high temperatures. Now looking at lower temperatures and significanthigher ṁmat, this assumptions might need to be reconsidered. However, without knowl-edge of the receiver/reactor design, the evaluation of reliable values for Qmech depending
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on ṁmat is hardly possible.High mass flows ṁmat lead to implications regarding the feasibility of the process thatare even more crucial. The higher ṁmat, the smaller is the potential residence time inthe reduction chamber, leading to requirements on the reduction kinetics as well as onthe duration to incorporate the required heat into the material. These requirements, inturn, depend on the reactor geometry via the volume of the reaction chamber as well asthe concentration factor. An in-depth analysis of these relations cannot be carried outwithin the scope of this thesis and is left to subsequent research. Further considerationsconcerning the impact of the mass flow on reactor design, heat incorporation and reductionkinetics are provided in the conclusions of this chapter.Apart from that, potential uncertainties of the model can be ascribed to the assumptionof a constant heat capacity cmat for all materials. Deviations concerning cmat effect the
ηmaxsolar to fuel, in particular, for low reduction extents corresponding to low ratios of active topassive material and assuming low heat recuperator effectiveness. Both conditions leadto a higher input heat Pth required for the process. cmat of the doped materials needs tobe evaluated experimentally for future studies.
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7.3 Conclusions

In this chapter, the potential of ceria-based materials towards their application in TCCswas evaluated. The solar-to-fuel efficiencies of ceria-based materials were analyzed onthe basis of the thermodynamical data derived in chapter 6 within a process modeladapted from literature [Erma 13]. Expansion of the model considered the auxiliary processneeds more realistically and included the solar tower system.A parametric study concerning reduction temperature, partial pressure of oxygen and heatrecuperation effectiveness was conducted regarding the application in a dish and a towersystem. Especially, at low temperatures, doping significantly enhances the efficiency bymore than 100% with respect to pure ceria. The results stress the significance of anefficient heat recuperation system to reach high solar-to-fuel efficiencies. Between thetwo systems, the dish features much higher efficiencies, due to the higher concentrationratios as well as better optical properties. Nevertheless, solar towers are more likely tobe applied for the commercialization of the process, since they offer much less technicallimitations.Concerning the temperature dependency of the solar-to-fuel efficiency, on the one hand,high temperatures are not essentially needed to reach high efficiencies, in particular ap-plying a solar tower. On the other hand, at temperatures of <1300°C, high mass flows ṁmatof the redox material are required, since only small redox extents δ are achieved. Thesehigh mass flows lead to various implications for a future reactor design. The followingdiscussion identifies the major challenges according to these findings that subsequentresearch needs to address to assess ceria-based material considering potential technicallimitations. Therewith, solar-to-fuel efficiencies can be evaluated beyond sole energeticsof the process.Exemplarily, this discussion is carried out within a simplified reactor concept inspired bythe particle reactor introduced by Ermanoski et al. [Erma 13]. In particular, the followingrelations might be adapted to the part, where the particles are irradiated and simul-taneously reduced. Figure 7.8 presents such a simplified design. The irradiation entersthe reactor from the top and is distributed onto the surface of the material. From theleft, the material enters in its oxidized form and at a cold temperature level. The volumewithin the reactor dedicated to the material is calculated via the surface of the materialtimes the height (gray area). The height corresponds to the thickness that needs to bepermeated by heat. Exemplarily, this volume is divided into two tiers of particles. Whilepassing the chamber, the top tier of the material is heated and simultaneously reducedto release oxygen. The heat is transferred into the volume of the material mainly via heatconduction assuming the operation under vacuum. Hence, the reduction of the second tierof the material is delayed. The material that leaves the reactor on the right features both,a temperature gradient and a reduction gradient within the material.
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Figure 7.8: Schematic of a particle reactor.
According to the mass flow necessary to reach a certain efficiency, the required volumeflow is derived via the density of the material. The ratio of this required volume flow tothe volume dedicated to the material, yields the residence time of the material in thereactor. On the one hand, the size of the dedicated volume (gray area) should result ina residence time that corresponds to the reduction kinetics of the material. Hence, thevolume should be rather big. On the other hand, height and surface of the volume haveto be chosen, considering the heat incorporation into the material. The height of thematerial is limited due to the heat transfer into the bulk; the irradiated surface area islimited, because a certain heat flux is required. The reduction rate, in turn, depends onthe actual temperature of the material and hence, is correlated with the heat incorpora-tion and transfer that further complicates the analysis. In this regard, the structure of thematerial will play an important role. Porous materials feature much faster reduction ratesthan dense materials, but concerning the heat transfer, porous structures are disadvanta-geous, in particular, when operated under vacuum, where convection might be neglected.Furthermore, a porous material yields higher volume flows required within the reactorcompared to dense materials.All of the discussed relations come down to the correlation between reduction rate andheat incorporation and transfer. Knowledge of this correlation is essential for reactordesign and technical realization of the process.
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In short, the quintessence of this chapter is as follows:Suitable doping roughly doubles the solar-to-fuel efficiency at reduction tem-peratures of 1200°C with regard to the adapted process model. At temper-atures of 1500°C, doping relatively increases the solar-to-fuel efficiencyby 20 to 40%.Sufficient heat recuperation of the redox material is pivotal to assure efficientsolar fuel production.Taking realistic pumping efficiencies into account and assuming heat recuper-ation of 75%, the adapted model evaluates solar-to-fuel efficiencies withdoped material in the range of 30 to 35% on a dish and 15 to 20% on atower.The high mass flows of the redox material required for such high efficien-cies especially at low temperatures (< 1300°C) result in major challengesregarding the reactor design.Knowledge of the correlation of reduction rate and heat incorporation is pivotalfor the assessment of ceria-based materials applied in TCCs beyond soleenergetic considerations.



8 Overall Conclusions

The overarching goal of this thesis was to pave the way towards the commercialization ofthermochemical cycles harnessing the redox reaction of ceria with water/CO2 to producesolar fuels. Because process analysis identified ceria as the major bottleneck, this thesisfocused on the improvement and evaluation of ceria. Doping with zirconia and rare-earthmetals served as the approach to improve its properties, thermogravimetry analysis as themethod to evaluate its performance. Screening campaigns of various powder compositionsidentified the most promising doped compositions. The beneficial effect of doping wasascribed to modifications of the crystal structure that, in the case of zirconia, facilitate thereduction and, in the case of rare-earth metals, enhance the bulk diffusion. For followingexperimental campaigns, porous and dense pellets made of pure ceria and the mostpromising doped materials were manufactured. Investigations on the reaction kineticsof these pellets carried out in the thermobalance qualitatively assessed the impact ofdoping and microstructure. Since a quantitative interpretation of the experimental dataseemed unreasonable, the determination of reliable reaction rates was left to subsequentresearch. The reduction extent δ in equilibrium-state at varying conditions was studiedin a second campaign using pellets. Within a physical reaction model, the dependencyof δ on temperature and partial pressure of oxygen was described. Based on the derivedrelations, Ellingham diagrams were established that convey the reduction enthalpy andentropy as a function of δ . Employing both, the δ-relation and the function of the reductionenthalpy in a process model estimated the maximum solar-to-fuel efficiencies of pureceria as well as of the doped materials. A parametric study, including partial pressure ofoxygen, temperature, heat recuperation and concentrating system, revealed efficienciesof the doped materials to be twice as high compared to pure ceria. Suitable dopingimproves the efficiency, in particular, at a temperature as low as 1200°C, which shouldfacilitate the technical realization of the process considerably. However, because suchlow temperatures correspond to low specific yields, the mass flow of the material throughthe receiver drastically increases. The implications of high mass flows on the feasibilityof the process are manifold and initiate various objectives of future research.The first of the following sections summarizes the most important findings obtained inthis thesis. Note that the conclusions sections of each chapter might provide furtherinformation. The objectives to be addressed in future research, according to these findings,are described in the second section.
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8.1 Quintessence of this Thesis

On the level of thermodynamics, essential requirements on the redox materials weredetermined [Mere 09]. To establish a fuel production cycle that is thermodynamically fa-vored, the enthalpy and entropy differences between the reduced and the oxidized phaseof the material must feature certain values. Regarding conditions that are presumablytechnically feasible (partial pressure of oxygen > 10−4 bar and reduction temperature
≤ 1500°C), the material has to feature reduction enthalpy changes of ≈ 350 kJ andentropy changes of > 0 J·K−1 per 0.5 mol of O2. Large positive reduction entropies are es-pecially featured by ceria due to the nonstoichiometric reaction, making ceria a promisingcandidate. To screen materials thermodynamically, the Ellingham diagram is the tool ofchoice [Jeff 08]. At a glance, such diagrams rank metal oxide systems concerning their CO2-and H2O-splitting abilities and state, whether the materials are thermally reducible. Be-yond that, they identify the partial pressure of oxygen required for a certain temperatureto reach the thermodynamical equilibrium of a redox reaction.To evaluate promising dopants such as zirconium and rare-earth ions and estimatetheir optimal content in ceria, screening experiments were carried out employing pow-der samples in the thermobalance. Concerning the Zr content in Ce1−xZrxO2, the range0.15 ≤ x ≤ 0.225 was found to significantly enhance the fuel productivity. Ce0.85Zr0.15O2was identified as the optimal composition, displaying an increase of up to 50% with respectto pure ceria at the applied conditions. The beneficial effect of Zr-doping was attributedto lattice modification due to the incorporation of Zr4+, which features smaller dimensionsthan Ce4+. Zr4+ ions compensate for the expansion introduced by the transition from Ce4+to Ce3+ that would suppress further reduction. Rare-earth metal doping in CeO2-ZrO2solid solutions provided no improvements in terms of a higher fuel productivity. Possibly,the bigger trivalent ions compared to the tetravalent Ce4+ cause additional strain withinthe crystal structure. This strain adds to the strain introduced by oxygen vacancies cre-ated during reduction. Since Zr4+ cannot completely compensate for this cumulative strain,less vacancies are created and thus, less oxygen is released. Nevertheless, concerninglong-term cycling, rare-earth metal doping was found to improve the oxidation kinetics.Constant fuel production for at least 80 cycles was achieved for Ce0.82Zr0.15Sm0.03O1.99,whereas the Ce0.85Zr0.15O2 exhibited declining kinetics, although both materials sufferedfrom decreasing specific surface. The increased kinetics of Sm-doping were ascribed tothe structural vacancies present in the crystal structure due to the trivalent dopant. Tofurther describe this mechanism, a reaction path was introduced.Based on the findings of the powder test series, pellets were manufactured made of thethree doped compositions (Ce0.85Zr0.15O2, Ce0.82Zr0.15Sm0.03O1.99 and Ce0.82Zr0.15La0.03O1.99)and pure ceria. Two types of microstructures were applied: Dense and porous. The porouspellets exhibited pore channels, beneficial for the gas exchange during oxidation, whereas
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the dense pellets presumably featured no pore channels, but more or less single, closedpores.Qualitative analyses of the experiments carried out in the thermobalance confirmed theenhancement of Sm-doping for the oxidation at temperatures < 900°C with respect toCe0.85Zr0.15O2. This result was in agreement with the results from long-term cycling. Forthe reduction, both doped materials showed improved reduction kinetics compared to pureceria. In particular, the Ce0.85Zr0.15O2 pellets featured higher reduction extents at muchlower temperatures. A shift from a solely diffusion-controlled regime to an either surface-reaction or mass-transport controlled regime was identified at a temperature of 1100°Cfor Ce0.85Zr0.15O2. Furthermore, the Sm-doping enhances the oxygen diffusion within thebulk material. Concerning the microstructure, porous structures drastically increased theoxidation rate due to higher gas exchange rates provided by open porosity. Also, porousmaterials reduced faster especially at lower temperatures, which was ascribed to fasterdiffusivity due to smaller characteristic diffusion lengths. Therefore, the porous materialsare the first choice in real application to assure sufficient kinetics. In combination withslightly trivalent doped materials, the kinetics are considerably enhanced.The equilibrium reducibility was analyzed on the basis of an experimental campaign sub-jecting dense pellets to thermogravimetric experiments at varying reduction temperaturesfrom 1100°C to 1450°C and partial pressure of oxygen from 27 Pa to 1270 Pa. The exper-imental results indicated a higher impact of the reduction temperature on the reductionextent of pure ceria with respect to the doped-materials. On changes in partial pressureof oxygen, the reduction extents of both, pure ceria and the doped materials were foundto respond similarly. An Arrhenius-based model was adapted that sufficiently fitted theexperimental data [Bulf 13]. Therewith, the dependency of reduction extent δ on the reduc-tion temperature and the partial pressure of oxygen was described with three parametersper material. With this δ−function, Ellingham diagrams of the investigated materials wereconstructed, illustrating fundamental relations of the reducibility and splitting ability ofthe materials. From Ellingham diagrams, reduction enthalpy and entropy were derivedand fitted with respect to the reduction extend. The underlying mechanisms that led to thedependency of the reduction enthalpy on δ remain to be elucidated, whereas the reductionentropy dependency on δ could be ascribed to the change in configuration entropy dueto the creation of vacancies. Deviation between the theoretically calculated configurationentropy and experimentally derived reduction entropy were attributed to solute vacancypairs occurring due to doping. Taking the entire campaign into account, starting fromexperiments in the thermobalance under varying reduction conditions, the fundamentalthermodynamics of the materials were obtained. This “tool” is of major interest for theevaluation of redox materials for the thermochemical fuel production.On the basis of the derived δ− and enthalpy functions, the solar-to-fuel efficiencies ofthe investigated materials were analyzed within a process model adapted from litera-
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ture [Erma 13]. The fundamental relations of this model are applicable to evaluate othercontinuously operating process designs, featuring separate chambers for reduction andoxidation, with a heat recuperation in between, and vacuum pumping during reduction. Toconsider the auxiliary needs of the process more realistically, the model was expandedby a function describing the dependency of the pump efficiency on the obtained vacuum[Bulf 15]. Besides a plant setup employing a dish, also a solar-tower setup was included.A parametric study was carried out to determine the solar-to-fuel efficiencies at varyingpartial pressures of oxygen, reduction temperatures and heat recuperator effectiveness.Concerning the impact of doping, the results indicated that doping significantly enhancedthe efficiency, especially at low temperatures. For instance at 1200°C, doping more thandoubles the solar-to-fuel efficiency. Comparing the dependencies of the solar-to-fuel effi-ciency on the temperature of the various materials, pure ceria displayed the most distinctdependency. The results of the parametric study also stressed the significance of anefficient heat recuperation system to reach high solar-to-fuel efficiency. Assuming heatrecuperation of 75%, doped materials may reach solar-to-fuel efficiencies in the range of30 to 35% on a dish and 15 to 20% on a tower. Although the tower concept yielded lowerefficiencies, this concept is more likely to be applied for the commercialization of theprocess, since it offers much less technical limitations and better scalability. Employingthe doped materials on a tower, on the one hand, led to solar-to-fuel efficiencies thatdecreased with increasing temperature for temperatures > 1200°C. This correlation wasattributed to high radiation losses of the tower concept at these temperatures. On theother hand, since at such low temperature only small redox extents δ were reached, highmass flows of the redox material of up to 35 kg·s−1 were required at 1200°C, assuminga solar power input of 1 MW of a tower. Such high mass flows might result in significantproblems regarding the feasibility of the process. In particular, the correlation betweenreduction rate and heat incorporation was identified as the major bottle neck.
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8.2 Recommendation for Subsequent Research

Within the frame of the objectives tackled in this thesis – identification of optimal dopingof ceria, determination of its kinetics, evaluation of its reducibility and assessment of itspotential – the following introduces my suggestions for subsequent research.
Identification of Optimal Doping

Paths to significantly improve the performance of ceria-based materials regarding theirreducibility are rare. The most obvious doping paths, doping with zirconia and rare-earthelements (RE), have been pursued within this thesis. Nevertheless, numerous compositionvariations still require examination. For instance, Zr-contents in Ce0.85−y−xZrxREyO2−0.5ythat are higher than 15% with varying rare-earth metal contents and elements. Thereare more rare-earth dopants to be studied that were precluded in this thesis, suchas praseodymium, neodymium and erbium. Other rare-earth metals might be too cost-intensive. However, improvements of fuel productivity in the range of orders or even ofone order of magnitude are not expected, according to the extensive research of thesematerials carried out within the solid oxide fuel cell community [Trov 13].Apart from these obvious doping paths, there are various other dopants that recent lit-erature discusses. For instance, alkaline earth metals Mg, Ca, Sr, and Ba [Lee 13]. Sincethe solubility of these dopants is very limited, as discussed in section 2.3.1, the long-termstability of such compositions might be doubted due to segregation during cycling.
Determination of the Kinetics

Knowledge of reliable reaction rates are ineluctable to design reactors as well as theentire process. To determine the kinetics and identify rate limitations, a parametric studyshould be carried out in a testing facility that meets certain requirements. As observedin this thesis, the gas exchange is crucial for the oxidation. For the material design,this suggests the employment of porous structures. Further investigations concern themanufacturing of pellets or particles in a reproducible way and the identification of theoptimal specific surface/porosity. The term “optimal” implies that, on the one hand, goodreactivity is reached, but on the other hand, the stability of the structures is assured, inparticular, concerning the long-term operation in a solar reactor. Here, sintering is notthe major challenge, but rather the abrasion of the porous structures. To determine theoxidation rate of such porous materials, the testing facility needs to assure that the gasstream passes through the sample. Concerning the reduction, the facility should comprisea heating source that is able to provide heating rates as high as necessary to obtain highprocess efficiencies in on-sun operation. Among others, an infrared furnace as well as a
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focused xenon lamp can provide such heating rates. In addition, operation under vacuumshould be considered for this testing facility.In combination to this parametric study, experimental techniques should be employed thatdirectly measure the material-specific limitations of the kinetics, such as oxygen diffusivityand surface reaction. Among others, these techniques include secondary ion mass spec-trometry and electrochemical impedance spectroscopy. The results of these techniquesaid the clarification of kinetical limitations potentially observed in the parametric study.
Evaluation of the Reducibility

The methodology developed in this thesis to derive the essential thermodynamical dataof a redox material, from experiments carried out in the thermobalance is proven tobe sound. For future synthesized materials, this tool can be applied to evaluate theirreduction-extent dependency on temperature and partial pressure of oxygen as well astheir reduction entropy and enthalpy. These quantities are pivotal to the energetic as-sessment. Concerning the deviation found between the experimentally obtained and thetheoretically calculated configuration entropies, a test series should confirm the assump-tion to attribute the deviation to solute vacancy pairs. If the assumption is correct, ceriabased materials with lower dopant contents should feature smaller deviations and viceversa.
Assessment of the Potential

The process model adapted and expanded within this thesis serves as a suitable tool toassess the potential of ceria-based materials considering the major energetics involvedin the process. However, the revealed high mass flows led to various implications, whichcould only be touched on a basic level within this thesis.There is no doubt that the realization of such mass flows will be challenging. For theidentification of the upper limits of the mass flow in a solar reactor, the correlation betweenreduction rate and heat incorporation and transfer was identified to be essential. From mypoint of view, the determination of this correlation needs to be in the major focus of futureresearch, because it is the key to assess ceria-based materials beyond sole energeticconsiderations, yielding the realistic potential of these promising materials.



A Appendix

Contents
A.1 Ellingham diagrams . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

A.2 XRD patterns . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

A.3 Uncertainty in Pellet Cycling . . . . . . . . . . . . . . . . . . . . . . . . . 141

A.4 Validity of Ellingham Diagrams . . . . . . . . . . . . . . . . . . . . . . . 142



132 A Appendix
A.1 Ellingham diagrams
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Figure A.1: Ellingham diagrams of transition metal I derived from FactSage calculations (databasesFact53 and SGPSBase).
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Figure A.2: Ellingham diagrams of transition metal II derived from FactSage calculations(databases Fact53 and SGPSBase).
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Figure A.3: Ellingham diagrams of lanthanides derived from FactSage calculations (databasesFact53 and SGPSBase).
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A.2 XRD patterns
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Figure A.5: XRD pattern of Zr-doped ceria powder materials: Ce1−xZrxO2.
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Figure A.6: XRD pattern of Y-doped Ce-Zr powder materials: Ce0.85−xZr0.15YyO2−0.5y.
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Figure A.7: XRD pattern of La-doped Ce-Zr powder materials: Ce0.85−xZr0.15LayO2−0.5y.
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Figure A.8: XRD pattern of Sm-doped Ce-Zr powder materials: Ce0.85−xZr0.15SmyO2−0.5y.



140 A Appendix

30
40

50
60

 i n t e n s i t y  i n  a . u .
(2 2 2)

(3 1 1)
(2 2 0)

(2 0 0)

y = 0.200

y = 0.076

y = 0.025

y = 0.013

y = 0

Ce0.85-x Zr0.15 Gdy O
2-0.5y

 

2�  in degree

r(Gd 3+) = 1.04
r(Zr 4+) = 0.98

r(Ce 4+) = 1.11(1 1 1)

Figure A.9: XRD pattern of Gd-doped Ce-Zr powder materials: Ce0.85−xZr0.15GdyO2−0.5y.
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A.3 Uncertainty in Pellet Cycling
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Figure A.10: Evaluation of the uncertainty of the equilibrium experiments carried out in chapter6. Three experiments with the CZ:d600 pellet (Ce0.85Zr0.15O2) corrected with threeindependent blank runs yielded nine data sets. Mass change between oxidized state(∆m = 0 mg) and equilibrium state reached in the isothermal step correspond tothe reduction extent δ . Mean deviation of the resulting nine reduction extents δ pertemperature was assumed to be the uncertainty for the other experiments carried outin chapter 6. The first cycle of these experiments was not considered for evaluationof δ (Tred, p(O2)).
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A.4 Validity of Ellingham Diagrams
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Figure A.11: This graph attempts to assess the validity of the Ellingham diagram derived in section6.2. Uncertainties of the Ellingham lines directly effect the uncertainty of the entropyand enthalpy relations obtained. The Ellingham diagrams are evaluated using the

δ (Tred, p(O2)) function derived from fitting experimental data. The major uncertaintiesof the experimental data is found in the measurand partial pressure of oxygen p(O2)with is 10% of the measurand value. Changing this partial pressure by +10%, -10%(green lines) and random changes in between (purple lines) and employ this modifieddata set to derive the δ (Tred, p(O2)), which in turn is used to derive Ellingham lines,yields no significant differences compared to the original evaluated line (petrol line).Therefore, the uncertainty of the relations of enthalpy (axis intercept of the Ellinghamlines) and entropy (slope of the Ellingham lines) is assumed to be as small as 5%.



Bibliography

[Aban 06a] S. Abanades, P. Charvin, G. Flamant, and P. Neveu. “Screening of water-splitting thermochemical cycles potentially attractive for hydrogen productionby concentrated solar energy”. Energy, Vol. 31, No. 14, pp. 2805–2822, Nov.2006.[Aban 06b] S. Abanades and G. Flamant. “Thermochemical hydrogen production from atwo-step solar-driven water-splitting cycle based on cerium oxides”. Solar
Energy, Vol. 80, No. 12, pp. 1611–1623, 2006.[Aban 10] S. Abanades, A. Legal, A. Cordier, G. Peraudeau, G. Flamant, and A. Julbe. “In-vestigation of reactive cerium-based oxides for H2 production by thermochem-ical two-step water-splitting”. Journal of Materials Science, Vol. 45, No. 15,pp. 4163–4173, 2010.[Adac 02] G. Adachi and T. Masui. “Synthesis and Modification of Ceria-Based Materi-als”. In: A. Trovarelli, Ed., Catalysis by Ceria and Related Materials, ImperialCollege Press, 2002.[Adac 04] G. Adachi, N. Imanaka, and Z. C. Kang. Binary rare earth oxides. Vol. 4,Springer, 2004.[Adle 93] S. B. Adler and J. W. Smith. “Effects of long-range forces on oxygen transportin yttria-doped ceria: simulation and theory”. J. Chem. Soc., Faraday Trans.,Vol. 89, No. 16, pp. 3123–3128, 1993.[Agra 12] C. Agrafiotis, A. Zygogianni, C. Pagkoura, M. Kostoglou, and A. G. Konstan-dopoulos. “Hydrogen production via solar-aided water splitting thermochem-ical cycles with nickel ferrite: Experiments and modeling”. AIChE Journal,Vol. 59, pp. 1213–1225, 2012.[Ahre 95] T. J. Ahrens. Global Earth Physics : A Handbook of Physical Constants. Amer-ican Geophysical Union: Washington, D.C., 1995.[Alif 03] M. Alifanti, B. Baps, N. Blangenois, J. Naud, P. Grange, and B. Delmon. “Char-acterization of CeO2-ZrO2 mixed oxides. Comparison of the citrate and sol-gelpreparation methods”. Chemistry of materials, Vol. 15, No. 2, pp. 395–403, 2003.[Anan 12] M. Anan’ev, E. K. Kurumchin, G. Vdovin, and N. Bershitskaya. “Kinetics of in-



144 Bibliography
teraction of gas phase oxygen with cerium-gadolinium oxide”. Russian Journal
of Electrochemistry, Vol. 48, No. 9, pp. 871–878, 2012.[Aneg 06] E. Aneggi, M. Boaro, C. d. Leitenburg, G. Dolcetti, and A. Trovarelli. “Insightsinto the redox properties of ceria-based oxides and their implications in catal-ysis”. Journal of Alloys and Compounds, Vol. 408, pp. 1096–1102, 2006.[Aneg 13] E. Aneggi, C. de Leitenburg, and A. Trovarelli. “Ceria-Based Fomulations forCatalysts for Diesel Soot Combustion”. In: A. Trovarelli and P. Fornasiero,Eds., Catalysis by Ceria & Related Materials (Catalytic Science Series, vol.
2), Imperial College Press, London, 2013.[Atki 06] P. Atkins and J. de Paula. Physical Chemistry, Volume 1: Thermodynamics and
Kinetics. WH Freeman and Company: New York, 2006.[Bade 13] R. Bader, L. J. Venstrom, J. H. Davidson, and W. Lipiński. “Thermodynamicanalysis of isothermal redox cycling of ceria for solar fuel production”. Energy
& Fuels, Vol. 27, pp. 5533–5544, 2013.[Bald 97] G. Balducci, J. Kašpar, P. Fornasiero, M. Graziani, M. S. Islam, and J. D. Gale.“Computer simulation studies of bulk reduction and oxygen migration in CeO2-ZrO2 solid solutions”. The Journal of Physical Chemistry B, Vol. 101, No. 10,pp. 1750–1753, 1997.[Bale 02] C. W. Bale, P. Chartrand, S. A. Degterov, G. Eriksson, K. Hack, R. B. Mahfoud,J. Melancon, A. D. Pelton, and S. Petersen. “FactSage thermochemical softwareand databases”. Calphad, Vol. 26, No. 2, pp. 189–228, 2002.[Bale 09] C. Bale, E. Bélisle, P. Chartrand, S. Decterov, G. Eriksson, K. Hack, I.-H. Jung,Y.-B. Kang, J. Melançon, A. Pelton, et al. “FactSage thermochemical softwareand databases – recent developments”. Calphad, Vol. 33, No. 2, pp. 295–311,2009.[Boar 11] M. Boaro, S. Desinan, C. Abate, M. Ferluga, C. de Leitenburg, and A. Trovarelli.“Study on Redox, Structural and Electrical Properties of CexZr1−xO2 for Ap-plications in SOFC Anodes”. Journal of The Electrochemical Society, Vol. 158,No. 2, pp. P22–P29, 2011.[Bren 14] S. Brendelberger, J. Felinks, M. Roeb, and C. Sattler. “Solid Phase Heat Re-covery and Multi Chamber Reduction for Redox Cycles”. In: ASME 2014 8th
International Conference on Energy Sustainability collocated with the ASME
2014 12th International Conference on Fuel Cell Science, Engineering and
Technology, pp. V001T02A016–V001T02A016, American Society of MechanicalEngineers, 2014.[Bulf 13] B. Bulfin, A. J. Lowe, K. A. Keogh, B. E. Murphy, O. Lübben, S. A. Krasnikov, and



Bibliography 145
I. V. Shvets. “Analytical Model of CeO2 Oxidation and Reduction”. The Journal
of Physical Chemistry C, Vol. 117, No. 46, pp. 24129–24137, 2013.[Bulf 15] B. Bulfin, F. Call, M. Lange, O. Lübben, C. Sattler, R. Pitz-Paal, and I. V. Shvets.“Thermodynamics of CeO 2 thermochemical fuel production”. Energy & Fuels,Vol. 29, pp. 1001–1009, 2015.[Butl 83] V. Butler, C. Catlow, B. Fender, and J. Harding. “Dopant ion radius and ionicconductivity in cerium dioxide”. Solid State Ionics, Vol. 8, No. 2, pp. 109–113,1983.[Call 13] F. Call, M. Roeb, M. Schmücker, H. Bru, D. Curulla-Ferre, C. Sattler, and R. Pitz-Paal. “Thermogravimetric Analysis of Zirconia-Doped Ceria for Thermochemi-cal Production of Solar Fuel”. American Journal of Analytical Chemistry, Vol. 4,p. 37, 2013.[Catl 83] C. Catlow. “Static lattice simulation of structure and transport in superionicconductors”. Solid State Ionics, Vol. 8, No. 2, pp. 89–107, 1983.[Chat 13] C. Chatzichristodoulou, P. T. Blennow, M. Sogaard, P. V. Hendriksen, and M. B.Mogensen. “Ceria and its Use in Solid Oxide Cells and Oxygen Membranes”.In: A. Trovarelli and P. Fornasiero, Eds., Catalysis by Ceria & Related Materials
(Catalytic Science Series, vol. 2), Imperial College Press, London, 2013.[Chen 10] H.-T. Chen and J.-G. Chang. “Oxygen vacancy formation and migration inCexZr1−xO2 catalyst: A DFT+ U calculation”. The Journal of chemical physics,Vol. 132, p. 214702, 2010.[Chio 96] G. Chiodelli, G. Flor, and M. Scagliotti. “Electrical properties of the ZrO2–CeO2system”. Solid State Ionics, Vol. 91, No. 1, pp. 109–121, 1996.[Chue 10a] W. C. Chueh, C. Falter, M. Abbott, D. Scipio, P. Furler, S. M. Haile, and A. Ste-infeld. “High-Flux Solar-Driven Thermochemical Dissociation of CO2 and H2OUsing Nonstoichiometric Ceria”. Science, Vol. 330, pp. 1797–1801, 2010.[Chue 10b] W. C. Chueh and S. M. Haile. “A thermochemical study of ceria: exploitingan old material for new modes of energy conversion and CO2 mitigation”.
Philosophical Transactions of the Royal Society A: Mathematical, Physical
and Engineering Sciences, Vol. 368, No. 1923, pp. 3269–3294, 2010.[Coat 63] A. Coats and J. Redfern. “Thermogravimetric analysis. A review”. Analyst,Vol. 88, pp. 906–924, 1963.[Dawi 86] J. W. Dawicke and R. N. Blumenthal. “Oxygen association pressure measure-ments on nonstoichiometric cerium dioxide”. Journal of The Electrochemical
Society, Vol. 133, No. 5, pp. 904–909, 1986.[Dega 09] F. Deganello, G. Marcì, and G. Deganello. “Citrate–nitrate auto-combustion



146 Bibliography
synthesis of perovskite-type nanopowders: A systematic approach”. Journal of
the European Ceramic Society, Vol. 29, No. 3, pp. 439–450, 2009.[Delg 13] J. J. Delgado, E. del Rio, X. Chen, G. Blanco, J. M. Pintado, S. Bernal, andJ. J. Calvino. “Understanding ceria-based catalytic materials: An overview ofrecent progress”. In: A. Trovarelli and P. Fornasiero, Eds., Catalysis by Ceria
& Related Materials (Catalytic Science Series, vol. 2), Imperial College Press,London, 2013.[Di M 04] R. Di Monte and J. Kašpar. “On the role of oxygen storage in three-waycatalysis”. Topics in catalysis, Vol. 28, No. 1-4, pp. 47–57, 2004.[Di M 05a] R. Di Monte and J. Kašpar. “Heterogeneous environmental catalysis – a gentleart: CeO2-ZrO2 mixed oxides as a case history”. Catalysis today, Vol. 100, No. 1,pp. 27–35, 2005.[Di M 05b] R. Di Monte and J. Kašpar. “Nanostructured CeO2–ZrO2 mixed oxides”. Journal
of Materials Chemistry, Vol. 15, No. 6, pp. 633–648, 2005.[Erma 13] I. Ermanoski, N. P. Siegel, and E. B. Stechel. “A New Reactor Concept forEfficient Solar-Thermochemical Fuel Production”. Journal of Solar Energy
Engineering, Vol. 135, p. 031002, 2013.[Feli 14] J. Felinks, S. Brendelberger, M. Roeb, C. Sattler, and R. Pitz-Paal. “Heatrecovery concept for thermochemical processes using a solid heat transfermedium”. Applied Thermal Engineering, Vol. 73, No. 1, pp. 1006–1013, 2014.[Fu 10] Y.-P. Fu, S.-H. Chen, and J.-J. Huang. “Preparation and characterization ofCe0.8M0.2O2−δ (M= Y, Gd, Sm, Nd, La) solid electrolyte materials for solidoxide fuel cells”. International journal of hydrogen energy, Vol. 35, No. 2,pp. 745–752, 2010.[Furl 12a] P. Furler, J. Scheffe, M. Gorbar, L. Moes, U. Vogt, and A. Steinfeld. “SolarThermochemical CO2 Splitting Utilizing a Reticulated Porous Ceria RedoxSystem”. Energy & Fuels, Vol. 26, No. 11, pp. 7051–7059, 2012.[Furl 12b] P. Furler, J. Scheffe, and A. Steinfeld. “Syngas production by simultaneoussplitting of H2O and CO2 via ceria redox reactions in a high-temperaturesolar reactor”. Energy & Environmental Science, Vol. 5, No. 3, pp. 6098–6103,2012.[Gard 09] D. Gardner. “Hydrogen production from renewables”. Renewable Energy Fo-
cus, Vol. 9, No. 7, pp. 34–37, 2009.[Gask 08] D. Gaskell. “Metal Production: Ellingham Diagrams”. In: K. Buschow, Ed.,
Encyclopedia of Materials: Science and Technology, Elsevier: Oxford, 2008.[Gior 01] F. Giordano, A. Trovarelli, C. de Leitenburg, G. Dolcetti, and M. Giona. “Some



Bibliography 147
insight into the effects of oxygen diffusion in the reduction kinetics of ceria”.
Industrial & engineering chemistry research, Vol. 40, No. 22, pp. 4828–4835,2001.[Goko 11] N. Gokon, T. Kodama, N. Imaizumi, J. Umeda, and T. Seo. “Ferrite/zirconia-coated foam device prepared by spin coating for solar demonstration of ther-mochemical water-splitting”. International Journal of Hydrogen Energy, Vol. 36,No. 3, pp. 2014–2028, 2011.[Goko 13] N. Gokon, S. Sagawa, and T. Kodama. “Comparative study of activity of ceriumoxide at thermal reduction temperatures of 1300-1550° C for solar thermo-chemical two-step water-splitting cycle”. International Journal of Hydrogen
Energy, Vol. 38, No. 34, pp. 14402–14414, 2013.[Gopa 12] C. Gopal and A. van de Walle. “Ab initio thermodynamics of intrinsic oxygenvacancies in ceria”. Physical Review B, Vol. 86, pp. 134117–134125, 2012.[Gopa 14] C. B. Gopal and S. M. Haile. “An electrical conductivity relaxation study ofoxygen transport in samarium doped ceria”. Journal of Materials Chemistry A,2014.[Gott 98] G. Gottstein. Physikalische grundlagen der materialkunde. Springer, 1998.[GUM ] GUM: Evaluation of measurment data – Guide to the expression of uncertainty
in measurement (JCGM Guide 100:2008). Geneva, International Organizationfor Standardization.[Henc 90] L. L. Hench and J. K. West. “The sol-gel process”. Chemical Reviews, Vol. 90,No. 1, pp. 33–72, 1990.[Hern 10] W. Y. Hernandez, F. Romero-Sarria, M. A. Centeno, and J. A. Odriozola. “In SituCharacterization of the Dynamic Gold- Support Interaction over Ceria Modi-fied Eu3+. Influence of the Oxygen Vacancies on the CO Oxidation Reaction”.
The Journal of Physical Chemistry C, Vol. 114, No. 24, pp. 10857–10865, 2010.[Hern 11] W. Hernandez, O. Laguna, M. Centeno, and J. Odriozola. “Structural and cat-alytic properties of lanthanide (La, Eu, Gd) doped ceria”. Journal of Solid State
Chemistry, Vol. 184, No. 11, pp. 3014–3020, 2011.[Hook 13] M. Höök and X. Tang. “Depletion of fossil fuels and anthropogenic climatechange – A review”. Energy Policy, Vol. 52, pp. 797–809, 2013.[Hoss 07] S. Hosseini Vajargah, H. Madaah Hosseini, and Z. Nemati. “Preparation andcharacterization of yttrium iron garnet (YIG) nanocrystalline powders by auto-combustion of nitrate-citrate gel”. Journal of alloys and compounds, Vol. 430,No. 1, pp. 339–343, 2007.[Hwan 06] C.-C. Hwang, T.-H. Huang, J.-S. Tsai, C.-S. Lin, and C.-H. Peng. “Combustion



148 Bibliography
synthesis of nanocrystalline ceria (CeO2) powders by a dry route”. Materials
Science and Engineering: B, Vol. 132, No. 3, pp. 229–238, 2006.[IEA 12] IEA. “Energy Technology Perspectives 2012 - Pathway to a Clean EnergySystem”. Tech. Rep., OECD/IEA, 2012.[IFA 14] IFA. “GESTIS-Stoffdatenbank”. January 2014.[Janv 98] C. Janvier, M. Pijolat, F. Valdivieso, M. Soustelle, and C. Zing. “Thermal sta-bility of Ce1−xZrxO2 solid solution powders”. Journal of the European Ceramic
Society, Vol. 18, No. 9, pp. 1331–1337, 1998.[Jeff 08] J. Jeffes. “Ellingham Diagrams”. In: K. Buschow, Ed., Encyclopedia of Materials:
Science and Technology, Elsevier: Oxford, 2008.[Kaan 04] U. Kääntee, R. Zevenhoven, R. Backman, and M. Hupa. “Cement manufactur-ing using alternative fuels and the advantages of process modelling”. Fuel
Processing Technology, Vol. 85, No. 4, pp. 293–301, 2004.[Kane 07] H. Kaneko, T. Miura, H. Ishihara, S. Taku, T. Yokoyama, H. Nakajima, andY. Tamaura. “Reactive ceramics of CeO2-MOx (M=Mn, Fe, Ni, Cu) for H2 gen-eration by two-step water splitting using concentrated solar thermal energy”.
Energy, Vol. 32, No. 5, pp. 656–663, 2007.[Kane 08] H. Kaneko, H. Ishihara, S. Taku, Y. Naganuma, N. Hasegawa, and Y. Tamaura.“Cerium ion redox system in CeO2−xFe2O3 solid solution at high tempera-tures (1,273 - 1,673 K) in the two-step water-splitting reaction for solar H2generation”. Journal of Materials Science, Vol. 43, No. 9, pp. 3153–3161, Feb.2008.[Kane 09] H. Kaneko and Y. Tamaura. “Reactivity and XAFS study on (1-x)CeO1−xNiO(x=0.025 - 0.3) system in the two-step water-splitting reaction for solar H2production”. Journal of Physics and Chemistry of Solids, Vol. 70, No. 6, pp. 1008–1014, June 2009.[Kane 11] H. Kaneko, S. Taku, and Y. Tamaura. “Reduction reactivity of CeO2-ZrO2 oxideunder high O2 partial pressure in two-step water splitting process”. Solar
Energy, Vol. 85, No. 9, pp. 2321–2330, 2011.[Kane 12] H. Kaneko, Y. Naganuma, and Y. Tamaura. “Intermediate formation in thereduction of Ni-ferrite with irradiation of high-flux infrared beam up to 1823K”. Journal of Physics and Chemistry of Solids, Vol. 73, pp. 63–72, 2012.[Kang 07] K.-S. Kang, C.-H. Kim, C.-S. Park, and J.-W. Kim. “Hydrogen Reduction andSubsequent Water Splitting of Zr-Added CeO2”. J. Ind. Eng. Chem., Vol. 13,pp. 657–663, 2007.[Kasp 00] J. Kašpar, M. Graziani, and P. Fornasiero. “Chapter 184: Ceria-containing



Bibliography 149
three-way catalysts”. In: L. E. Karl A. Gschneidner, jr., Ed., The Role of Rare
Earths in Catalysis, pp. 159 – 267, Elsevier, 2000.[Kasp 99] J. Kašpar, P. Fornasiero, and M. Graziani. “Use of CeO2-based oxides in thethree-way catalysis”. Catalysis Today, Vol. 50, No. 2, pp. 285–298, 1999.[Kim 89] D.-J. Kim. “Lattice Parameters, Ionic Conductivities, and Solubility Limits inFluorite-Structure MO2 Oxide [M= Hf4+, Zr4+, Ce4+, Th4+, U4+] Solid Solu-tions”. Journal of the American Ceramic Society, Vol. 72, No. 8, pp. 1415–1421,1989.[Koda 09] T. Kodama, T. Hasegawa, A. Nagasaki, and N. Gokon. “A Reactive Fe-YSZCoated Foam Device for Solar Two-Step Water Splitting”. Journal of Solar
Energy Engineering, Vol. 131, No. 2, pp. 021008–7, May 2009.[Kolb 08] G. J. Kolb and R. B. Diver. “Screening Analysis of Solar Thermochemical Hy-drogen Concepts”. Tech. Rep. SAND2008-1900, Sandia National Laboratories,2008.[Kroe 56] F. Kroeger and H. Vink. Solid state physics. Vol. 3, New York: Academic Press,1956.[Kuhn 13] M. Kuhn, S. Bishop, J. Rupp, and H. Tuller. “Structural characterization andoxygen nonstoichiometry of ceria-zirconia (Ce1−xZrxO2−δ ) solid solutions”. Acta
Materialia, Vol. 61, pp. 4277–4288, 2013.[Lai 05] W. Lai and S. M. Haile. “Impedance spectroscopy as a tool for chemical andelectrochemical analysis of mixed conductors: a case study of ceria”. Journal
of the American Ceramic Society, Vol. 88, No. 11, pp. 2979–2997, 2005.[Lane 00] J. Lane and J. Kilner. “Oxygen surface exchange on gadolinia doped ceria”.
Solid State Ionics, Vol. 136, pp. 927–932, 2000.[Lang 14] M. Lange. Efficiency Analysis of Solar-Driven Two-Step Thermochemical
Water-Splitting Processes Based on Metal Oxide Redox Pairs. PhD thesis,RWTH Aachen, 2014.[Lapp 13] J. Lapp, J. Davidson, and W. Lipinski. “Heat transfer analysis of a solid-solidheat recuperation system for solar-driven nonstoichiometric redox cycles”.
Journal of Solar Energy Engineering, Transactions of the ASME, Vol. 135,No. 3, p. 031004, 2013. cited By (since 1996)0.[Le G 11a] A. Le Gal and S. Abanades. “Catalytic investigation of ceria-zirconia solidsolutions for solar hydrogen production”. International Journal of Hydrogen
Energy, Vol. 36, No. 8, pp. 4739–4748, 2011.[Le G 11b] A. Le Gal, S. Abanades, and G. Flamant. “CO2 and H2O splitting for ther-mochemical production of solar fuels using nonstoichiometric ceria and ce-



150 Bibliography
ria/zirconia solid solutions”. Energy & Fuels, Vol. 25, No. 10, pp. 4836–4845,2011.[Le G 12] A. Le Gal and S. Abanades. “Dopant Incorporation in Ceria for EnhancedWater-Splitting Activity during Solar Thermochemical Hydrogen Generation”.
The Journal of Physical Chemistry C, Vol. 116, No. 25, pp. 13516–13523, 2012.[Le G 13] A. Le Gal, S. Abanades, N. Bion, T. Le Mercier, and V. Harlé. “Reactivity of dopedceria-based mixed oxides for solar thermochemical hydrogen generation viatwo-step water-splitting cycles”. Energy & Fuels, 2013.[Lee 13] C.-i. Lee, Q.-l. Meng, H. Kaneko, and Y. Tamaura. “Dopant effect on hydrogengeneration in two-step water splitting with CeO2–ZrO2–MOx reactive ceram-ics”. International Journal of Hydrogen Energy, Vol. 38, No. 36, pp. 15934–15939, 2013.[Lema 01] S. Lemaux, A. Bensaddik, A. Van der Eerden, J. Bitter, and D. Koningsberger.“Understanding of Enhanced Oxygen Storage Capacity in Ce0.5Zr0.5O2: ThePresence of an Anharmonic Pair Distribution Function in the Zr-O2 Subshellas Analyzed by XAFS Spectroscopy”. The Journal of Physical Chemistry B,Vol. 105, No. 21, pp. 4810–4815, 2001.[Liu 12] G. Liu, J. Li, and K. Chen. “Combustion synthesis of refractory and hard materi-als: A review”. International Journal of Refractory Metals and Hard Materials,Vol. 39, pp. 90–102, 2012.[Llus 10] M. Llusar, L. Vitásková, P. Šulcová, M. Tena, J. Badenes, and G. Monrós. “Redceramic pigments of terbium-doped ceria prepared through classical and non-conventional coprecipitation routes”. Journal of the European Ceramic Society,Vol. 30, No. 1, pp. 37–52, 2010.[Lore 08] S. Lorentzou, C. Agrafiotis, and A. Konstandopoulos. “Aerosol spray pyrolysissynthesis of water-splitting ferrites for solar hydrogen production”. Granular
Matter, Vol. 10, No. 2, pp. 113–122, 2008.[Lout 10] P. G. Loutzenhiser, A. Meier, and A. Steinfeld. “Review of the Two-StepH2O/CO2-Splitting Solar Thermochemical Cycle Based on Zn/ZnO Redox Re-actions”. Materials, Vol. 3, No. 11, pp. 4922–4938, 2010.[Maes 00] P. Maestro. “Foreword”. In: L. E. Karl A. Gschneidner, jr., Ed., The Role of Rare
Earths in Catalysis, pp. 159 – 267, Elsevier, 2000.[Maha 05] T. Mahata, G. Das, R. Mishra, and B. Sharma. “Combustion synthesis ofgadolinia doped ceria powder”. Journal of alloys and compounds, Vol. 391,No. 1, pp. 129–135, 2005.[Maha 11] N. Mahato, A. Gupta, and K. Balani. “Doped zirconia and ceria-based elec-



Bibliography 151
trolytes for solid oxide fuel cells: a review”. Nanomaterials and Energy, Vol. 1,No. 1, pp. 27–45, 2011.[Mere 09] B. Meredig and C. Wolverton. “First-principles thermodynamic framework forthe evaluation of thermochemical H2O - or CO2 -splitting materials”. Physical
Review B, Vol. 80, No. 24, p. 245119, Dec. 2009.[Mill 07] J. E. Miller. “Sandia Report: Initial Case for Splitting Carbon Dioxide to CarbonMonoxide and Oxygen”. Tech. Rep. December, Sandia National Laboratories,2007.[Mill 08] J. E. Miller, M. D. Allendorf, R. B. Diver, L. R. Evans, N. P. Siegel, and J. N.Stuecker. “Metal oxide composites and structures for ultra-high temperaturesolar thermochemical cycles”. Journal of Materials Science, Vol. 43, No. 14,pp. 4714–4728, Apr. 2008.[Mill 09] J. E. Miller, L. R. Evans, N. P. Siegel, R. B. Diver, F. Gelbard, A. Ambrosini, andM. D. Allendorf. “Summary Report: Direct Approaches for Recycling CarbonDioxide into Synthetic Fuel”. Tech. Rep., Sandia National Laboratories, 2009.[Moge 00] M. Mogensen, N. M. Sammes, and G. A. Tompsett. “Physical, chemical and elec-trochemical properties of pure and doped ceria”. Solid State Ionics, Vol. 129,No. 1-4, pp. 63–94, Apr. 2000.[Monk 44] R. G. Monk and H. J. T. Ellingham. “Transactions and Communications”. Journal
of the Society of Chemical Industry, Vol. 63, No. 5, pp. 125–160, 1944.[Murr 12] J. Murray and D. King. “Climate policy: Oil’s tipping point has passed”. Nature,Vol. 481, No. 7382, pp. 433–435, 2012.[Naka 10] A. Nakamura. “New defect-crystal-chemical approach to non-Vegardianity andcomplex defect structure of fluorite-based MO2–LnO1.5 solid solutions (M4+ =Ce, Th; Ln3+ = lanthanide): Part II: Model description and lattice-parameterdata analysis”. Solid state ionics, Vol. 181, No. 37, pp. 1543–1564, 2010.[Naka 77] T. Nakamura. “Hydrogen production from water utilizing solar heat at hightemperatures”. Solar Energy, Vol. 19, No. 5, pp. 467–475, 1977.[Newm 12] J. Newman, P. G. Hoertz, C. A. Bonino, and J. A. Trainham. “Review: an economicperspective on liquid solar fuels”. Journal of The Electrochemical Society,Vol. 159, No. 10, pp. A1722–A1729, 2012.[Ni 08] M. Ni, M. K. Leung, and D. Y. Leung. “Technological development of hydrogenproduction by solid oxide electrolyzer cell (SOEC)”. International Journal of
Hydrogen Energy, Vol. 33, No. 9, pp. 2337–2354, 2008.[Niel 10] R. Nielsen and G. Wilfing. “Zirconium and zirconium compounds”. Ullmann’s
Encyclopedia of Industrial Chemistry, 2010.



152 Bibliography
[Nowi 12] A. S. Nowick. Diffusion in solids: recent developments. Elsevier, 2012.[Otsu 85] K. Otsuka, M. Hatano, and A. Morikawa. “Decomposition of water by ceriumoxide of δ-phase”. Inorganica chimica acta, Vol. 109, No. 3, pp. 193–197, 1985.[Panl 75] R. Panlener, R. Blumenthal, and J. Garnier. “A thermodynamic study of non-stoichiometric Cerium dioxide”. Journal of Physics and Chemistry of Solids,Vol. 36, No. 11, pp. 1213–1222, 1975.[Para 13] T. Paraknewitz. Herstellung von dichten und porösen CeZrO2-Pellets zur ther-

mochemischen Brennstoffherstellung. Master’s thesis, Fachhoschule Koblenz- WesterWaldCampus, 2013.[Peng 02] C. Peng, Y. Zhang, Z. Cheng, X. Cheng, and J. Meng. “Nitrate–citrate combus-tion synthesis and properties of Ce1−xSmxO2−x/2 solid solutions”. Journal of
Materials Science: Materials in Electronics, Vol. 13, No. 12, pp. 757–762, 2002.[Perk 04] C. Perkins and A. W. Weimer. “Likely near-term solar-thermal water split-ting technologies”. International Journal of Hydrogen Energy, Vol. 29, No. 15,pp. 1587–1599, 2004.[Pijo 95] M. Pijolat, M. Prin, M. Soustelle, O. Touret, and P. Nortier. “Thermal stabilityof doped ceria: experiment and modelling”. Journal of the Chemical Society,
Faraday Transactions, Vol. 91, No. 21, pp. 3941–3948, 1995.[Pric 04] R. J. Price, D. A. Morse, S. L. Hardy, T. H. Fletcher, S. C. Hill, and R. J. Jensen.“Modeling the Direct Solar Conversion of CO2 to CO and O2”. Industrial &
engineering chemistry research, Vol. 43, No. 10, pp. 2446–2453, 2004.[Roeb 11] M. Roeb, J.-P. Säck, P. Rietbrock, C. Prahl, H. Schreiber, M. Neises,L. De Oliveira, D. Graf, M. Ebert, W. Reinalter, et al. “Test operation of a100kW pilot plant for solar hydrogen production from water on a solar tower”.
Solar Energy, Vol. 85, No. 4, pp. 634–644, 2011.[Roeb 12] M. Roeb, M. Neises, N. Monnerie, F. Call, H. Simon, C. Sattler, M. Schmücker,and R. Pitz-Paal. “Materials-Related Aspects of Thermochemical Water andCarbon Dioxide Splitting: A Review”. Materials, Vol. 5, No. 11, pp. 2015–2054,2012.[Rome 07] M. Romero-Alvarez and E. Zarza. “Concentrating solar thermal power”. Hand-
book of energy efficiency and renewable energy, 2007.[Rome 12] M. Romero and A. Steinfeld. “Concentrating Solar Thermal Power and Ther-mochemical Fuels”. Energy & Environmental Science, Vol. 5, pp. 9234–9245,2012.[Sche 02] K. Schermanz. “Mining, production, application and safety issues of cerium-based materials”. In: A. Trovarelli, Ed., Catalysis by Ceria and Related Mate-



Bibliography 153
rials, Imperial College Press, 2002.[Sche 10] J. R. Scheffe, J. Li, and A. W. Weimer. “A spinel ferrite/hercynite water-splittingredox cycle”. International Journal of Hydrogen Energy, Vol. 35, No. 8, pp. 3333–3340, Apr. 2010.[Sche 13a] J. R. Scheffe, A. H. McDaniel, M. D. Allendorf, and A. W. Weimer. “Kinetics andmechanism of solar-thermochemical H2 production by oxidation of a cobaltferrite–zirconia composite”. Energy & Environmental Science, Vol. 6, pp. 963–973, 2013.[Sche 13b] J. R. Scheffe, R. Jacot, G. R. Patzke, and A. Steinfeld. “Synthesis, characteriza-tion and thermochemical redox performance of Hf, Zr and Sc doped ceria forsplitting CO2”. The Journal of Physical Chemistry C, Vol. 117, pp. 24104–24114,2013.[Sck 12] J. Säck, M. Roeb, C. Sattler, R. Pitz-Paal, and A. Heinzel. “Development ofa system model for a hydrogen production process on a solar tower”. Solar
Energy, Vol. 86, pp. 99–111, 2012.[Shan 69] R. D. Shannon and C. T. Prewitt. “Effective ionic radii in oxides and flu-orides”. Acta Crystallographica Section B Structural Crystallography and
Crystal Chemistry, Vol. 25, No. 5, pp. 925–946, 1969.[Shan 76] R. D. Shannon. “Revised effective ionic radii and systematic studies of in-teratomic distances in halides and chalcogenides”. Acta Crystallographica
Section A, Vol. 32, No. 5, pp. 751–767, 1976.[Sieg 13] N. P. Siegel, J. E. Miller, I. Ermanoski, R. B. Diver, and E. B. Stechel. “FactorsAffecting the Efficiency of Solar Driven Metal Oxide Thermochemical Cycles”.
Industrial & Engineering Chemistry Research, Vol. 52, No. 9, pp. 3276–3286,2013.[Stam 12] A. Stamatiou, P. Loutzenhiser, and A. Steinfeld. “Syngas production from H2Oand CO2 over Zn particles in a packed-bed reactor”. AIChE Journal, Vol. 58,No. 2, pp. 625–631, 2012.[Stap 99] G. Stapper, M. Bernasconi, N. Nicoloso, and M. Parrinello. “Ab initio study ofstructural and electronic properties of yttria-stabilized cubic zirconia”. Phys-
ical Review B, Vol. 59, No. 2, p. 797, 1999.[Stei 02] A. Steinfeld. “Solar hydrogen production via a two-step water-splitting ther-mochemical cycle based on Zn/ZnO redox reactions”. International Journal of
Hydrogen Energy, Vol. 27, No. 6, pp. 611–619, June 2002.[Tama 12] Y. Tamaura. “Conversion of Concentrated Solar Thermal Energy into ChemicalEnergy”. AMBIO: A Journal of the Human Environment, Vol. 41, pp. 108–111,



154 Bibliography
2012.[Tesc 13] S. Tescari, C. Agrafiotis, S. Breuer, L. de Oliveira, M. Neises-von Puttkamer,M. Roeb, and C. Sattler. “Thermochemical solar energy storage via redoxoxides: materials and reactor/heat exchanger concepts”. In: SolarPACES,September 2013.[Trai 12] J. Trainham, J. Newman, C. Bonino, P. Hoertz, and N. Akunuri. “Whither solarfuels?”. Current Opinion in Chemical Engineering, Vol. 1, pp. 204–210, 2012.[Trov 02] A. Trovarelli, Ed. Catalysis by Ceria and Related Materials. Imperial CollegePress, 2002.[Trov 13] A. Trovarelli and P. Fornasiero. Catalysis by Ceria & Related Materials (Cat-
alytic Science Series, vol. 2). Imperial College Press, London, 2013.[Trov 96] A. Trovarelli. “Catalytic properties of ceria and CeO2-containing materials”.
Catalysis Reviews, Vol. 38, No. 4, pp. 439–520, 1996.[Trov 97] A. Trovarelli, F. Zamar, J. Llorca, C. de Leitenburg, G. Dolcetti, and J. T. Kiss.“Nanophase Fluorite-Structured CeO2-ZrO2 Catalysts Prepared by High-Energy Mechanical Milling”. Journal of Catalysis, Vol. 169, pp. 490–502, 1997.[Vanp 14] D. E. P. Vanpoucke, S. Cottenier, V. Van Speybroeck, I. Van Driessche, andP. Bultinck. “Tetravalent Doping of CeO2: The Impact of Valence ElectronCharacter on Group IV Dopant Influence”. Journal of the American Ceramic
Society, Vol. 97, pp. 258–566, 2014.[Vega 21] L. Vegard. “Die Konstitution der Mischkristalle und die Raumfüllung derAtome”. Zeitschrift für Physik, Vol. 5, pp. 17–26, 1921.[Vida 01] H. Vidal, J. Kašpar, M. Pijolat, G. Colon, S. Bernal, A. Cordón, V. Perrichon, andF. Fally. “Redox behavior of CeO2–ZrO2 mixed oxides: II. Influence of redoxtreatments on low surface area catalysts”. Applied Catalysis B: Environmental,Vol. 30, No. 1, pp. 75–85, 2001.[Vish 11] I. Vishnevetsky, A. Berman, and M. Epstein. “Features of solar thermochemicalredox cycles for hydrogen production from water as a function of reactantsmain characteristics”. International Journal of Hydrogen Energy, Vol. 36, No. 4,pp. 2817–2830, 2011.[Wu 13] W. Wu, L. Amsbeck, R. Buck, R. Uhlig, and R. P-Paal. “Proof of concept test ofa Centrifugal Particle Receiver”. In: SolarPACES - Energy Procedia, 2013.[Xin 10] Y. Xin, Y. Qi, X. Ma, Z. Wang, Z. Zhang, and S. Zhang. “Rare-earth (Nd,Sm, Eu, Gd and Y) enhanced CeO2 solid solution nanorods prepared by co-precipitation without surfactants”. Materials Letters, Vol. 64, No. 23, pp. 2659–2662, 2010.



Bibliography 155
[Yang 06] Z. Yang, T. K. Woo, and K. Hermansson. “Effects of Zr doping on stoichiometricand reduced ceria: A first-principles study”. The Journal of chemical physics,Vol. 124, p. 224704, 2006.[Yash 13] M. Yashima. “Crystal and Electronic Structures, Structural Disorder, PhaseTransformation and Phase Diagram of Ceria-Based Materials”. In: A. Trovarelliand P. Fornasiero, Eds., Catalysis by Ceria & Related Materials (Catalytic

Science Series, vol. 2), Imperial College Press, London, 2013.[Yoko 04] H. Yokokawa, T. Horita, N. Sakai, K. Yamaji, M. Brito, Y.-P. Xiong, and H. Kishi-moto. “Protons in ceria and their roles in SOFC electrode reactions from ther-modynamic and SIMS analyses”. Solid State Ionics, Vol. 174, No. 1, pp. 205–221, 2004.[Zeli 66] A. N. Zelikman, O. E. Krein, and G. V. Samsonov. Metallurgy of rare metals.Jerusalem-Izrael Prog. F. Sci. Transl., 1966.[Zhou 07] G. Zhou, P. R. Shah, T. Kim, P. Fornasiero, and R. J. Gorte. “Oxidation entropiesand enthalpies of ceria–zirconia solid solutions”. Catalysis today, Vol. 123,No. 1, pp. 86–93, 2007.[Zhu 03] W. Zhu and S. Deevi. “A review on the status of anode materials for solid oxidefuel cells”. Materials Science and Engineering: A, Vol. 362, No. 1, pp. 228–239,2003.


	Contents
	Nomenclature
	Nomenclature

	Introduction
	Motivation and Background
	From Sun to Fuel with Redox Materials
	The Bottleneck: The Redox Material
	Thermodynamical Requirements
	Material Assessment: Ellingham Diagrams

	Ceria
	Doping Ceria
	Chronology: Solar Fuels with Ceria

	Outlining the Research

	Materials and Methods
	Uncertainty in Measurement
	Synthesis
	Powder Route
	Quantification of the Synthesis
	Pellet Manufacturing

	Performance Testing via Thermogravimetric Analysis
	Experimental Proceeding
	Analyzing the Results
	Methodical Improvements

	Characterization Methods

	Optimizing the Doping of Ceria
	Fuel productivity
	Zirconia Doping
	Rare-Earth Doping

	Long-term Stability
	Results
	Discussion

	Conclusions

	Reaction Kinetics
	Oxidation
	Results
	Discussion

	Reduction
	Results
	Discussion

	Conclusions

	Equilibrium-Reduction of Ceria-based Materials
	bold0mu mumu head as a function of bold0mu mumu TTheadTTTTred and bold0mu mumu p(p(headp(p(p(p(Obold0mu mumu 22head2222bold0mu mumu ))head))))
	Results
	Discussion

	Gibbs Energy of the Redox Reaction
	Ellingham Diagrams
	Enthalpy and Entropy

	Conclusions

	Potential of Ceria-based Materials for Solar Fuel Production
	The solar-to-fuel Efficiency
	Model Description
	Expansion of the Model

	Influence of Doping on the Efficiency
	Results
	Discussion

	Conclusions

	Overall Conclusions
	Quintessence of this Thesis
	Recommendation for Subsequent Research

	Appendix
	Ellingham diagrams
	XRD patterns
	Uncertainty in Pellet Cycling
	Validity of Ellingham Diagrams

	Bibliography

