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Electrospun ceria-based fibers are explored for two energy conversion 

applications. An electrospinning facility was developed and the electrospinning 

process and subsequent fibrous material processing was optimized to enable rapid, 

scalable, and inexpensive production of ceramic fibers with diameters ranging from 

50 nm to 5 µm. In this work, electrospinning of ceria-based fibers with various 

dopants were produced by spinning a sol with polyvinylypyrolidone (PVP), polar 

solvents, Ce(NO3)3�6H2O, and additional metal salts as desired. PVP removal by 

oxidation, followed by calcination in air, produced CeO2-based fibers. 

Non-woven ceramic textile mats were electrospun for integration into a compact 

water-gas-shift membrane reactor with a metallic Pd-based membrane for pure H2 

production. The fibrous mats (CeO2 doped with 2 wt% Pd and/or 10 wt% Cu), were 

characterized for water-gas-shift (WGS) catalysis. High initial activity was followed 

by slow deactivation over 60 hours during time-on-stream testing at 400°C. Ex-situ 



  

characterization of the catalyst indicated that reduction and surface segregation of the 

Cu caused the deactivation which could be reversed by a brief oxidation treatment 

above 400°C. To test the Pd/Cu-doped ceria mats in the membrane reactor 

application, a H2-selective membrane system was constructed from a 5 µm-thick 

Pd/Cu (60/40 wt%) alloy foil supported on porous stainless steel. The electrospun 

fibers, mechanically pressed against the membrane foil, provided stable pure H2 

production for over 300 hours at 400°C. The integration of the catalyst and H2 

membrane achieved super-equilibrium conversion to H2 for some feed conditions. 

Though the membrane system showed stable performance, the oxidative treatments 

induced rapid membrane degradation, and are not a viable route for catalyst re-

activation in such systems.  

A second application was investigated for the electrospun ceria-based fibers 

involving their use as a structured working material for solar-driven thermochemical 

redox cycles. These cycles use concentrated sunlight to drive endothermic oxide 

(CeO2) reduction at high temperatures (up to 1700 K) and lower temperature re-

oxidation with CO2 and/or H2O to produce CO and/or H2 for subsequent fuel 

production. The electrospun fibers offer a cost-effective, flexible, and scalable path to 

the production of such working materials because the nature of the synthesis offers 

extensive composition control and the fiber structure reduces surface area loss at high 

temperatures. Un-doped CeO2 as well as Zr and Pr doped CeO2 fibers were studied to 

understand the affect of high temperature exposure on the overall structure of powder 

and fiber materials, and the affect of dopant concentration and structure on reduction 

and fuel production kinetics. Under the conditions studied, Pr doping (5/10 mol %) 



  

promoted grain growth, and did not improve reduction yields over un-doped CeO2. 

Doping with Zr (2.5, 5, 10, 20 mol %) inhibited sintering, increased reduction yields, 

and slowed oxidation kinetics. The fiber structures showed faster oxidation kinetics 

than the parallel powders likely due to shorter diffusion lengths, higher surface areas, 

and improved mass transfer. Long term thermal cycling of Zr doped fibers between 

1673 K and 1023 K indicated rapid fuel production and a gradual loss of surface area, 

but a highly porous structure remained after 100 cycles over 30 hours. A final surface 

area of 0.3 m2 g-1 was measured via Kr adsorption.  
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1 Chapter 1: Introduction - CeO2 for energy 
conversion applications 

1.1 Background: CeO2 as an oxygen storage material  

Ceria-based (CeO2) materials have been implemented in a broad array of 

catalytic processes for energy conversion applications because of its ability to 

undergo rapid and reversible oxygen uptake and release under a wide range of 

conditions. CeO2 is a relatively abundant oxide material, which exists in a cubic 

fluorite phase and can maintain this phase even with significant degrees of reduction 

(large δ), as indicated by CeO2-δ. Ceria is used in a variety of applications including 

automotive catalysts (catalytic converters, diesel exhaust clean-up), photocatalysts, 

petrochemical refining, semi-conductor manufacturing, optical lens polishing, self-

cleaning ovens, sunscreens, free radical scavengers, and anti-bacterial/burn ointments. 

This introduction will focus on the use of ceria in applications related to energy 

conversion as well as the techniques for synthesis and characterization of the 

materials.  

 Perhaps the most widely recognizable application of ceria (CeO2) is the 

automotive catalytic converter, which is fitted to nearly every automobile with an 

internal combustion engine to minimize emissions of unburned fuel, carbon 

monoxide, and oxides of nitrogen (NOx). Development of automotive catalyst and 

pollution control systems has resulted in a vast and rich body of scientific literature 

that is relevant to many other areas of study. CeO2 displays a remarkable synergy 

when combined with various precious metals in that it can provide and take up 

oxygen for oxidation and reduction reactions respectively.1, 2 Reactions over the 
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ceria-containing catalysts are also relevant to reforming and combustion of 

hydrocarbons outside of automotive pollution control. 

Though the reaction mechanisms over CeO2-based catalysts still remain a 

matter of debate, it is clear that the ability to release and take-up O atoms rapidly and 

without phase change is important. The metal(s) present are typically understood to 

offer surface adsorption sites for the gas-phase reactants.3-6 And, metal atoms that 

form solid solutions with the CeO2 can readily promote vacancy formation, 

particularly for divalent transition metal species such as Cu, Ni, Pd, Pt, etc.7, 8  

Ceria will fully oxidize to CeO2 when ambient conditions have an effective 

oxygen partial pressure (PO2) above 10-6 atm.5 At high temperatures and much lower 

PO2’s, characteristic of fuel-rich environments, δ will rise in CeO2-δ as the Ce4+ cation 

reduces to Ce3+ and O2- is eliminated from the crystal lattice. Under oxidizing 

conditions, O2- is re-incorporated into the crystal lattice, and Ce3+ is returned to Ce4+. 

Thus, in order to ensure sufficient oxygen capacity in automotive catalyst beds, the 

engine control algorithms cycle the air:fuel ratio between rich and lean conditions at a 

frequency of ~1Hz.3 The role of CeO2 as an oxygen transfer medium is clearly shown 

when examining reactions typically encountered in such catalyst systems (taking 

CO/CO2 and H2/H2O for simplicity):  

 

𝐶𝑒𝑂! + 𝛿𝐶𝑂   ↔   𝐶𝑒𝑂!!! + 𝛿𝐶𝑂!     R.  1.1 

𝐶𝑒𝑂! + 𝛿𝐻! ↔ 𝐶𝑒𝑂!!! +   𝛿𝐻!𝑂      R.  1.2 

 

Reactions R. 1.1 and R. 1.2 are equilibrium reactions, and strongly favor 

products under most conditions, though, in certain cases the reverse reaction is 
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favorable as discussed in later work. The facile transfer of O atoms between chemical 

species arises in part from the ability of CeO2-δ to retain the same face-centered cubic 

crystal structure even for large δ. Panlener et al. noted that CeO2-δ could achieve δ 

values in excess of 0.25 before any phase transitions in the crystal lattice were 

observed.9 Later work by Sorensen presented evidence of secondary-phase formation 

at δ > ~ 0.2.10 A subsequent comprehensive review by Mogensen et al. discussed 

some inconsistencies between non-stoichiometry and phase in the literature, but 

suggested for most conditions, a single phase is maintained for δ <0.2.5 In practice, 

though such high degrees of reduction require extremely low effective PO2 (<< 10-20) 

and high temperatures (> 1000 K).  δ values often encountered in catalytic reactors 

are less than 0.10. Nonetheless, the small changes in δ for CeO2-δ with changes in 

effective PO2 and/or temperature serves as an excellent mechanism for releasing and 

recovering O atoms to facilitate/accelerate reactions related to reforming, oxidation, 

or other key reactions for energy and chemical conversion processes.   

1.1.1 Bulk properties and structure of CeO2 

Ceria, when fully oxidized, appears white or light-yellow in color, taking on 

darker shades at higher non-stoichiometries.5 The oxide has a melting point of ca. 

2750K, a specific gravity of 7.22, and molecular weight of 172.211. Stoichiometric 

CeO2 maintains a face-centered cubic (fcc) unit cell with the lattice parameter of 

5.4111 Angstroms, and is depicted as a ball and stick structure in Figure 1.1. The 

formal charge is 2- for each O atom and 4+ for each Ce atom for stoichiometric CeO2.  



 4 

 

 

Figure 1.1. Ball and stick depiction of CeO2 unit cell. Two-dimensional rendering (a), and 3-
D rendering (b). Images were produced using CrystalMaker v8.7 software. 

 

 The non-stoichiometry of the CeO2-δ system is presented in Figure 1.2, where 

the equilibrium value for δ is given as a function of temperature and oxygen partial 

pressure. 

 

Figure 1.2 Adapted from the comprehensive literature review of non-stoichiometric CeO2 by 
Mogensen et al.5 showing the non-stoichiometric behavior of CeO2 at varied temperature and 
oxygen partial pressures. This figure combines data from authors including Tuller and 
Nowick,11 Panlener et al.,9 Sorensen,10 and Reiss.12  

 

a) b) 
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As the concentration of vacancies increases, Ce4+ is reduced to Ce3+ to maintain 

change neutrality. The vacancy formation process can be described in Krgöer-Vink 

notation as demonstrated in R. 1.3: 

2Ce!"! +   𝑂!!   ↔   V!⋅⋅ + 2Ce!"! + !
!
𝑂!(𝑔)     R.  1.3 

Where:  

Ce𝐶𝑒𝑥  indicates Ce at a Ce lattice site, with an effective charge of 0 (Ce oxidation state: 4+) 

𝑂𝑂𝑥  indicates O at an O lattice site, with an effective charge of 0 (O oxidation state:  2-) 

 

And,  

V𝑂⋅⋅  indicates a vacant oxygen site in the lattice, with an effective charge of 2+ 

Ce𝐶𝑒′  indicates Ce at a Ce lattice site, with an effective charge of 1- (Ce oxidation state: 3+) 

 

The gas phase O2 species is neutrally charged, and thus, R. 1.3 is charge balanced, with the 

Ce atoms carrying increased electron density as R. 1.3 proceeds to the right. This increased 

electron density associated with the Ce atoms causes a slight increase in the ionic 

radius, which produces a lattice expansion, often termed chemical expansion. 

Interestingly, the magnitude of chemical expansion may be the same order as thermal 

expansion for CeO2-based materials, depending on temperature and PO2 conditions.13 

By incorporating various dopants into the CeO2 lattice, impressive property changes 

with respect to vacancy formation, chemical expansion, and ionic and electronic 

conductivity can be achieved. These properties are discussed in brief in the following 

section.  
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1.1.2 Doping CeO2 

The CeO2 lattice is capable of accepting a wide variety of cation dopants, which 

can be harnessed to produce material properties, including catalytic activity and/or 

ionic conductivity suited for a particular application. Substitution occurs at the Ce 

position in the crystal lattice, and when the dopant is aliovalent (of different valence 

than the atom it is replacing), O2- vacancies are produced to maintain change 

neutrality within the lattice. These oxygen vacancies are denoted CCVs, or charge 

compensating vacancies. Doping with atoms of different ionic radii induce strain in 

the crystal lattice, which often changes the thermodynamics of oxygen release and 

thus the oxygen storage capacity for a given set of conditons.14-17 Dopant 

concentration must not exceed the solubility limit in the CeO2 lattice to avoid phase 

changes and/or segregation, which can result in the loss of desirable material 

properties. Despite extensive scientific literature on doped CeO2, relatively little 

information is available regarding the impact of vacancy concentration on dopant 

solubility/stability. A comprehensive review of doped CeO2 materials is not presented 

in this work. Rather, a brief review is presented, which focuses on the mechanics of 

vacancy formation for different dopants. In this study, Zr and Pr doped CeO2 as well 

as Cu and Pd doped CeO2 are of interest for different applications, which are 

presented in greater detail in the following chapters.  

Doping with Zr has received significant interest within the automotive catalyst 

field due to the improved thermal stability and enhanced oxygen storage capacity that 

may be achieved.14 Inclusion of Zr4+ does not create additional O2- vacancies due to 

charge compensation, but does induce strain as a result of the difference in ionic radii 
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between Ce and Zr ions. The ionic radii for Zr4+ and other dopants of interest for this 

study are given in Table 1.1. 

 

Table 1.1. Effective ionic radii for species of potential interest in this study, all values are for 
6 fold coordination and are calculated from X-ray diffraction data by Shannon.18 

Species Ionic Radius (pm) Ionic Radius (Å) 

Ce4+ 101 1.01 
Ce3+ 115 1.15 
Zr4+ 86 0.86 
Pr4+ 99 0.99 
Pr3+ 113 1.13 
Cu2+ 87 0.87 
Cu1+ 91 0.91 
Pd2+ 100 0.10 
Pd3+ 90 0.90 
Pd4+ 75.5 0.755 

 

Yang et al. explain from a first principles study that the presence of Zr4+ 

increases O2- mobility, creates centers for vacancy clustering, and changes the 

electron density of the electrons remaining after reduction – all of which facilitate 

reduction.19 Bishop and coworkers studied the impact of Zr doping to reduce lattice 

expansion during reduction of CeO2-based solid oxide fuel cell components under 

reducing conditons at elevated temperatures (up to ca. 873K). After first quantifying 

the total expansion, the authors separated the total expansion into the contributions 

due to thermal expansion (the result of temperature changes) as well as ‘chemical 

expansion’ (due changes in O2- vacancy concentration) and found that thermal and 

chemical expansion are on the same order for common CeO2-based SOFC 

materials.13 These authors have since produced an experimentally validated model, 

which determines the total lattice expansion by summing the contributions of the Ce 
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ionic radius increase upon reduction and the lattice contraction due to vacancy 

formation. This understanding was recently successfully applied to minimizing lattice 

expansion upon reduction of a Zr doped CeO2 system.20, 21 Zirconium doping has also 

attracted interest as a method for increasing the reduction yield for high temperature 

(> 1673K), CeO2-based two-step solar thermal fuel production cycles.16, 22-25 Zr 

doping increases reduction yield, while simultaneously decreasing the 

thermodynamic driving force for re-oxidation as a result of the improved stability of 

the Zr-doped CeO2 lattice. In short, selecting the optimum Zr content requires an 

intimate understanding of the application conditions to avoid undesired materials 

behavior.  

Doping CeO2 with metals commonly used in heterogeneous catalysis (e.g. Cu, 

Ni, Fe, Pt, Pd, Rh, etc.) is an ever-growing area of interest. Early automotive catalysts 

incorporated CeO2 as well as a reduced metal (often Pt or Pt), such that the reduced 

metal surface provided adsorption sites for reactants (e.g. CO) to react with O2- from 

the CeO2 lattice, thereby reducing the CeO2 to CeO2-δ as shown in R. 1.1. The O2- 

vacancy is then typically replenished by O2 as conditions shift from fuel-rich to lean, 

thus restoring the supply of O2- ions available for reaction. In general, this is a 

simplified, but widely accepted view of the roles of the metal and of the CeO2 when 

applied to reactions in which the transfer of oxygen from one species to another is 

catalyzed. An overly simplistic view of metal-CeO2 catalyst systems is that the metal 

provides adsorption sites while the CeO2 provides a ready supply of O2- with which 

oxidation reactions may be carried out. Metal-CeO2 catalyst systems have a long 

demonstrated a powerful synergy, often showing dramatically higher reaction rates 
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than similarly loaded metal-Al2O3/TiO2/SiO2 catalysts. As a result, most automotive 

catalysts include metal - CeO2 formulations.2, 3, 26 And, these catalyst systems have 

garnered extensive academic and industrial study in an attempt to elucidate the source 

of the synergistic effect. As the knowledge obtained during the automotive catalyst 

development was extended to fuel processing applications, this synergy was explored 

further.3, 6, 26-29 And, over the past three decades, ceria-metal systems have become the 

subject of many fundamental characterization studies to better understand the CeO2-

metal synergy, often discussed in the context of strong metal-support interaction 

(SMSI). The role of the metal and its interaction with the support has been the topic 

of contentious debate at times. However, there appears to be a growing consensus that 

under conditions of simultaneous calcination of ceria and metals or metals precursors, 

some metal ions will be present in the CeO2 lattice. The metal incorporation is 

enhanced, particularly if the CeO2 and metals precursors are intimately mixed during 

synthesis.  

Within the CeO2 lattice, highly active metals often preferentially adopt a 2+ 

oxidation state. A recent DFT study by Kehoe and coworkers indicated that most 

transition metals (such as Cu, Pd, Pt, Zn, Ni) preferentially adopt the form of their 

own binary oxide within the CeO2 lattice. And, for many divalent metal oxides, a 

square planar configuration is the lowest energy configuration.30 For every 2+ metal 

ion in the CeO2 lattice, an O2- vacancy must be formed to maintain charge balance 

(electroneutrality). The vacancies formed to balance charge are known as charge 

compensating vacancies (CCVs). Formation of a CCV within a metal-doped CeO2 is 

described in Krgöer-Vink notation in R. 1.4: 
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2Ce!"! +   𝑂!! +MO   ↔   V!⋅⋅ +M!"
!! + 𝐶𝑒𝑂!   R.  1.4 

Where:  

MO denotes the metal oxide with the metal possessing a 2+ oxidation state (e.g. PdO, 

CuO, etc.), and M!"
!!  indicates the metal ion at a Ce site with an effective charge of 2-. 

The 2- effective charge is the result of the 2+ metal ion occupying what is typically a 

Ce4+ location. To maintain electroneutrality, an O2- vacancy forms as demonstrated in 

Table 1.2. 

 

Table 1.2. Doping CeO2 (Ce4+) with metals in a 2+ oxidation state requires the formation of 
one charge compensating vacancy for every 2+ metal ion. In this example, Cu2+ is the dopant, 
and the total number Ce+Cu atoms is set to a basis of 10 total atoms for simplicity. 

Cu fraction  
mol Cu/(Ce+Cu)  

Ce Cu Ce+Cu O 
 # atoms 

(4+) 
Total 

charge  
# atoms 

(2+) 
Total 

charge  
Total 

charge 
# atoms 

(2-) 
CCVs 

0.0 10 40 0 0 40 20 0 
0.1 9 36 1 2 38 19 1 
0.2 8 32 2 4 36 18 2 

 

In the CeO2 lattice, the divalent metal ion is then surrounded by four tightly-

held nearest-neighbor O atoms and three nearest neighbor O atoms with relatively 

weaker interactions. Because the CCV content is fixed for a given dopant 

concentration, the CCVs are generally not commonly considered active catalyst sites. 

However, the more weakly held O2- ions are more readily removed from the lattice to 

form ‘active’ vacancies, which are suitable for catalysis. Nolan studied vacancy 

formation energies for different orientations of Pd and Ni doped CeO2 using varied 

DFT methods (DFT+U and hybrid DFT), and found that the CCV formation was 

either spontaneous or very nearly so, often demonstrating a small, positive, ΔG 
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depending on metal ion configuration and CeO2 surface orientation. Because the CCV 

concentration remains constant for a given dopant concentration, active vacancies are 

produced only upon further reduction of the metal-doped CeO2. Thus, Nolan 

encourages caution when interpreting vacancy formation energies calculated via DFT 

approaches because the first reported vacancy formation energy is occasionally the 

energy of CCV formation, rather than the energy of formation of an active vacancy. 

However, in the case of Pd and Ni doping, the value of the metal dopants is clear 

because the calculated energy of the second vacancy formation (considered the active 

vacancy) is substantially less than the vacancy formation energy for un-doped CeO2.30  

The metal-oxygen bond strength(s) largely depend on the ionic radius of the 

metal ion because size differences between Ce and metal ions induce lattice strain, 

which is relieved in part by liberation of O2- ions from the lattice and subsequent 

redistribution of electron density. Thus, with respect to tuning vacancy formation 

energy, the size of the metal dopant may be more important than the dopant itself. As 

such, there is no need to use high-cost metal dopants if the objective is to alter 

vacancy formation energies. Indeed, extensive experimentation confirms that CeO2 

doped with base metals like Cu, Ni, and Zn, can achieve similar activities to precious 

metals (e.g. Au, Pd, and Pt).8, 31, 32 Thus, an opportunity exists to achieve precious 

metal magnitude reaction rates at low cost by using carefully constructed base metal-

CeO2 catalyst systems.  

1.1.3 CeO2 and metals: Strong Interactions 

As mentioned previously, early work on CeO2-metal systems clearly showed 

that a strong interaction between the metal and the support exists, but despite decades 
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of work on such systems, the subtleties of this synergy remain unclear. Interest in 

CeO2-metal catalyst systems remains due to the highly active nature of the catalysts, 

and extensive research is currently underway towards a more complete understanding 

of the metal/support interaction. In situations where CeO2-metal systems show high 

activity a bi-functional ‘redox’ mechanism is thought to dominate.6, 33-36 The general 

role of the metal is to provide adsorption sites for reactants and to facilitate the 

transfer of oxygen from the CeO2 lattice to the reactant, thereby producing an oxygen 

vacancy. This O2- vacancy is then re-generated by another reactant. Take for example, 

the water-gas-shift reaction (R. 1.3), which is of importance in this work:  

H!O + CO ↔ CO! + H!    R.  1.5 

 

The WGS reaction is proposed to proceed over CeO2-based catalysts through the 

following simplified mechanism: 

 

𝐶𝑂 + (𝑠) ↔ 𝐶𝑂(𝑠)  

(CO  adsorption)                                                                                                                                                R.  1.6  

  

𝐶𝑂 𝑠 + 𝑂!! 𝐶𝑒 ↔ 𝑉𝑎𝑐 𝐶𝑒 + 𝐶𝑂!(𝑔)+ (𝑠)  

    (CeO2  reduction  by  CO,  CO2  production,  O2-‐  vacancy  formation;  Ce4+  to  Ce3+)                    R.  1.7  

  

𝐻!𝑂 𝑔 +   𝑉𝑎𝑐(𝐶𝑒) ↔   𝐻!(𝑔)+ 𝑂!! 𝐶𝑒   

  (CeO2  re-‐oxidation  by  H2O,  H2  formation,  O2-‐  vacancy  elimination;  Ce3+  to  Ce4+)                  R.  1.8  

  

This simplified mechanism does not consist of elementary steps, and is provided for 

the purposes of discussing the two-part redox mechanism. Debate over the specifics 
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of the mechanism for the WGS reaction over ceria-based catalysts continues, though 

recent evidence supporting closely coupled reduction/oxidation reactions (R. 1.4 and 

R. 1.5) is considerable.22, 37-43 As the body of CeO2 catalyst literature and 

understanding grows, it has become clear that intimate contact between the CeO2 and 

the metal is necessary for high activity.  

In traditional catalyst systems, precious metals often exhibit higher stability and 

activity than base metals. As an example, it is rare for Cu on Al2O3 to exhibit similar 

activity to that of Pt or Pd on Al2O3 for a given reaction, but in the case of CeO2, Cu-

CeO2 catalyst activities are often on the same order as precious metals.6, 40 

Furthermore, several authors have shown that metal species can be almost entirely 

removed from the CeO2 surface via acid leaching. This leaching process leaves 

behind the only the strongly bound metal species in the CeO2 lattice, and does not 

affect the CeO2. The activity of the leached samples (low metals loading) is nearly 

identical to that of the initial un-leached catalyst (high metals loading), suggesting 

that the catalyst activity is not the result of surface metal species, but rather the metal 

ions incorporated into the CeO2 lattice.35, 36, 38, 40, 44-46 This behavior is often 

demonstrated for reactions in which a bi-functional mechanism is thought to prevail. 

The term ‘bi-functional mechanism’ implies the presence of two distinct types of 

catalyst sites. Take for example, CO oxidation by steam (the WGS reaction), 

mentioned above.  

Over metal-doped CeO2 catalysts, the most broadly proposed WGS reaction 

pathway involves two separate, but partly coupled reaction sites.22, 37, 38, 40, 47 These 

sites consist of metal sites upon which CO(g) adsorption occurs, and O2- vacancies 
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capable of H2O adsorption and activation. Oxidation of adsorbed CO proceeds via 

reaction with a proximate and energetically accessible O2- ion to form CO2 and create 

an O2- vacancy. This vacancy is then restored by H2O, which reacts to form H2(g), 

and leaves an O2- ion behind in the lattice. Diffusion of O2- (accompanied by counter 

diffusion of vacancies) is well known in non-stoichiometric CeO2,5 and thus, the two 

separate reaction sites need not be adjacent. Rather, the sites may be coupled through 

O2- ion and vacancy diffusion. In such a bi-functional mechanism, the rate of one 

reaction is influenced by the complimentary reaction, because O2- must be 

simultaneously produced and consumed. This becomes clear by examining R. 1.5 and 

R. 1.6 to see that the O2- species is both a product and a reactant, and thus R. 1.5 and 

R. 1.6 are coupled. As a result, careful control over the concentration of both types of 

reaction sites is required to maximize overall activity. In the case of a catalyst 

possessing sufficient CO adsorption sites such that the catalyst surface is heavily 

loaded with adsorbed CO, the overall rate limiting process is the supply of O2- ions to 

the adsorbed CO species. Leaching the surface metals reduces the total metals loading 

at the surface without affecting the tightly bound metals species in the lattice, and 

leading to reduced CO surface loading, without changing the active vacancy 

concentration. However, if the rate limiting process remains the supply of active O2- 

species, then the overall reaction rate would not change after leaching. Consequently, 

understanding the impact of metal dopant(s) on the relative concentrations of sites 

active for one or the other pathway in the bi-functional mechanism is necessary for 

the optimization metal-CeO2 catalysts.  
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1.1.4 CeO2 and metals: Importance of synthesis method 

 For a fixed metals loading, the synthesis method strongly impacts the relative 

ratio of metal species on the surface of CeO2 and metal species occupying Ce lattice 

sites. The remainder of this section will be devoted to a review of the variation in 

activity for different CeO2 based catalysts, and will stress the importance of synthesis 

on performance, which arises in large part as the result of varied ratios of surface 

metal species to Ce lattice site species.  

 Bunluesin et al. prepared ceria supports via spray pyrolysis, and calcined the 

supports at low and high temperatures, which gave different microcrystalline 

structures to the CeO2. Then, vapor deposition was used to deposit Pt, Pd, or Rh and 

found that each metal was nearly equally effective at catalyzing the WGS reaction, 

and that the support treated at high temperature showed reduced performance.2 Li et 

al. loaded Cu and Ni onto La-doped CeO2 via incipient wetness, and found that the 

apparent activation energies of the Cu and Ni were similar to those produced by 

Bunluesin. Indicating that Pt/Pd/Rh on CeO2 behaved similarly to their Cu/Ni on La-

doped CeO2 catalysts.29 A following study by Hilaire et al. showed that Pd and Ni 

deposited via incipient wetness impregnation on to CeO2 powder produced nearly 

identical performance.48  

Fu et al., in an interesting series of studies, prepared Au and Cu CeO2 

catalysts for WGS employing varied synthesis methods. Notably, the synthesis 

method had more of an effect on activity than metal loading. In a following study, the 

same authors prepared Au-CeO2 catalysts by depositing Au onto the same CeO2-

based support, and then tested the catalysts for WGS activity. The authors then used a 

cyanide-based leaching process to remove the Au from the surface, and observed 
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almost no change in activity or activation energy, which indicated that surface metals 

were not responsible for the catalyst activity. Interestingly, the Au content could be 

reduced to just 15% of the original content without reducing the reaction rate for a 

sample initially loaded with 4.4 at% Au. To confirm that the leaching process did not 

alter the catalyst, leaching was performed after deposition, but before the annealing 

process at high temperature, and this did not produce an active catalyst. In depth 

characterization showed the presence of tightly bound Au species incorporated into 

the ceria lattice. These species were formed during the annealing step, but the authors 

conclude that synthesis directed at achieving species described as: Ce-O-M-O-Ce 

(where M is a metal), should be explored for the WGS reaction.32, 36, 49 Indeed, later 

studies by this group and others have shown the importance of the strongly bound 

metal species as well as the potential for metal ion movement into and out of the 

CeO2 lattice under oxidizing and reducing conditions. The desired format of the metal 

(strongly bound ionic species vs. distinct particles) depends on the desired reaction. 

For example, distinct particles tend to improve CO oxidation rates, while the strongly 

bound ionic species tend to improve WGS rates.38, 40, 44, 45, 50  

Recent work on WGS catalysts has continued to focus on the strongly bound 

metal species, and lately, the synthesis of solid-solution type systems (e.g. metal-

doped CeO2) has increased dramatically.38-40, 51-54 Work in this area is exploring what 

activity gains and/or cost reductions are possible through careful synthesis. Selecting 

the ideal synthesis method to achieve the desired ratio of surface metal species to Ce 

lattice site species is often more important than total metals loading, particularly for 
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reactions which proceed via a bi-functional or redox mechanism. Therefore, common 

synthesis methods will be briefly reviewed in the upcoming section.  

1.1.5 Synthesis routes to CeO2-based nano-scale materials 

Researchers have quickly learned that the impressive oxygen transfer and 

storage properties of CeO2 can be tailored through controlled synthesis. Many 

synthesis routes exist, each with advantages and disadvantages. Because the material 

structure is often equally (if not more important) than the overall material 

composition, and the two are strongly intertwined, synthesis methods will be briefly 

reviewed within the context of catalysis and energy conversion.  

1.1.5.1 Sol-gel  

In sol-gel synthesis, a solid network of material is slowly built up from 

molecular components. The process is often employed in when synthesizing metal 

oxide materials from organometallic precursors or common precursor salts along with 

organic stabilizers. The process involves the appropriate combination of solvent, 

precursors, and appropriate ligands depending on the starting materials. This mixture 

of distributed metal ions surrounded by ligands (solvated ions) is known as the sol. 

Next, a gelation period produces a network of the solvated ions via hydrolysis or 

condensation of the ligands. The slow gelling kinetics often requires long-aging 

periods to allow reactions to reach completion. Once gelation is complete, the solvent 

is carefully removed, leaving the gel, which is heated to decompose the remaining 

ligands and leave behind a metal oxide. A variety of CeO2-based systems have been 

produced via the sol-gel method including films, powders, and shape-controlled nano-

crystals.55-58  
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Sol-gel routes are highly controllable, producing high-uniformity powders, 

requiring additional post-processing steps prior to system integration. Inclusion of 

metal ions to produce solid solution materials has not been reported for this method, 

instead metals are typically deposited on the support surface after the CeO2 synthesis. 

Furthermore, synthesis method often requires many steps requiring careful 

composition, temperature, and pressure control.  

1.1.5.2 Hydrothermal Synthesis 

Hydrothermal synthesis typically begins with precursor salts soluble in 

aqueous solutions and requires high-pressure vessels to allow for operation at 

temperatures above the normal boiling point of water. In the case of CeO2 synthesis, 

cerium nitrate is typically dissolved in a basic solution of NaOH, transferred to a 

Teflon-lined autoclave and heated to ca ~180°C for hours or days. By controlling the 

pH, temperature, and time at elevated temperature, the nucleation thermodynamics 

are varied. This enables the synthesis of size-controlled particles, rods, cubes, wires, 

etc. Furthermore, the exposed crystal planes can be tailored.59-62 The work of Yan et 

al. provides and interesting and informative example of the simplicity and flexibility 

of hydrothermal synthesis as applied to CeO2. The authors employed a simple system 

of Ce(NO3)3�6H2O, H2O, and Na3PO4�6H2O as the Ce source, solvent, and 

mineralizer respectively. No surfactant or templating agents were used. Reactants 

were loaded into a Teflon-lined autoclave, and by varying the hydrothermal synthesis 

time (12-144h at 170°C), the authors produced polyhedral nanoparticles (short 

synthesis time), nano-rods (long synthesis time), and a mixed system (intermediate 

times).  
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Hydrothermal synthesis is concluded after extended washing followed by a 

calcination step, and careful process control produces uniform nanopowders, 

requiring further processing. Metals addition is typically accomplished via post 

synthesis deposition. The requirement of large volumes of liquids for synthesis and 

washing in addition to the requirement for high-pressure autoclaves and long 

synthesis periods makes process scale-up difficult and costly. 

 

1.1.5.3 Combustion synthesis  

Combustion synthesis is a widely studied and applied technique with many 

variations, and a general overview will be presented here. The basic elements are an 

oxidizer (e.g. a metal nitrate salt), a fuel (urea or glycine are common, and 

carbohydrazine is typically used for Ce-based systems63), and an ignition source. In 

general, the nitrate salts are dissolved in mixture of solvent and fuel. After sufficient 

mixing, the ions are sufficiently distributed, often forming solvated complexes, with 

the solvent and organic components. The solvent is then evaporated, and the dried 

fuel/oxidizer is then ignited either with an external ignition source, or it is heated until 

ignition occurs. The combustion event is often very exothermic, and may occur with 

or without flames. Reported adiabatic temperatures reach ~1800K, depending on 

fuel/oxidizer ratios.63 Extremely high local temperatures produce highly crystalline 

nano-scale particles, and the large volumes of expanding gas released during the 

combustion process produce porous, high surface area structures, often called ‘airy’ 

or ‘fluffy.’ For metal oxide materials surface areas  >150 m2/g are often reported, and 

solid solutions are easy produced.63-68  
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 Shinde and Madras synthesized a solid solution of Pd, Ni and CeO2 of the 

form Ce0.90Ni0.10O2-δ and Ce0.88Pd0.02Ni0.10O2-δ through combustion synthesis by first 

dissolving salts of Ce, Pd, and Ni with water and urea as the fuel. For the bi-metallic 

sample, ammonium, chloride, and nitrate salts were used for Ce, Pd, and Ni 

respectively, and urea was added to give the molar ratio 0.88: 0.02: 0.1: 3.7 

(Ce:Pd:Ni:fuel). After stirring until dissolution was achieved, the solution was loaded 

into a furnace at 400°C causing foaming and frothing as the solvent evaporation 

occurred. Ignition occurred shortly thereafter, and a ‘solid voluminous product’ 

remained. After grinding the oxidized combustion products, the powdered catalyst 

was tested under WGS and H2 combustion conditions.38 Characterization by TEM, 

XRD, and XPS indicated the presence of a solid solution rather than distinct metal 

particles, which was demonstrated by examining the electron diffraction pattern that 

indicated plane spacings related to the cubic fluorite structure characteristic of CeO2. 

Plane spacings characteristic of the metals species were not observed by the authors  

Combustion synthesis is amenable to cost-effective, high volume production 

provided that the process is safely controlled, and that inexpensive 

solvent/fuel/processing agents can be procured. The process is well suited for 

producing solid solution systems in few steps. However, the nature of the combustion 

synthesis requires extensive management and post-processing of nano-powder 

materials.  

1.1.5.4 Deposition (ALD, CVD, sputtering) 

Chemical vapor deposition (CVD), and physical vapor deposition (PVD) are 

processes that deposit controlled layers of metal and/or ceramic on to surfaces. These 
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techniques are useful for producing high-purity, high-value products (e.g. semi-

conductors) because each process requires high-cost equipment, high-purity 

reactants/targets and clean processing conditions (e.g. vacuum systems, clean-room 

conditions, etc.). While there significant value to such techniques, and the cost of 

operating such systems is decreasing, these deposition techniques are typically only 

used to produce model catalyst systems, and high quality solid oxide fuel cells. Such 

deposition techniques are typically not well suited for coating high surface area, 

tortuous materials. At the current point, capital/operating/energy costs are too large 

and the throughput too low for these techniques to economically produce catalysts 

and other materials at the scales required to impact energy consumption.69-72 

Therefore, CVD/PVD will not be considered further. 

  In contrast to the other deposition methods, atomic layer deposition (ALD) 

has proven both useful, and a potentially economically viable route to metals 

deposition, and perhaps catalyst support production, depending on the reactant costs. 

During ALD, single atomic layers are deposited in a controlled layer-by-layer fashion 

in which the surface is first loaded with a precursor, before the reactor is purged, and 

then the precursor material is decomposed or reacted to leave the metal/metal oxide 

on the surface. By using different precursors, one can deposit varying amounts of 

metals and/or ceramics. Coating of tortuous structures is possible because the 

precursor is adsorbed onto the surface, leading to a uniform coverage before 

decomposition. By varying the precursors, number of cycles, ratio of cycles, and 

other processing conditions, highly uniform catalysts can be produced with widely 

varying structures.73-81  
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1.1.5.5 Precipitation 

Precipitation of CeO2-based materials from solution is one of the most 

common approaches to bench-scale synthesis due to the simplicity, versatility, and 

low cost of the process. In general, common nitrate salts are dissolved under pH 

control in aqueous solutions to yield solvated ionic species. By altering the pH, one 

can dictate the precipitation of ceramic species, metal species, or both simultaneously. 

In some cases, CeO2 supports are precipitated from solution first, and then metals 

deposited in a later step through another deposition process. Alternatively, by starting 

with a solution of pre-made and dispersed CeO2 particles, metal(s) can be dissolved in 

the solution and then be deposited on the support surface as small and highly 

dispersed particles. Finally, by dissolving both Ce and metal salts in the same 

solution, and carefully controlling the pH, the Ce and metals can precipitate 

simultaneously, forming a solid solution after heat treatment.29, 44, 50, 82-84  

Nan, Saltsburg, and Flytzani-Stephanopoulos used a hydrothermal process to 

produce CeO2 nano-cubes, and then deposited Au particles on the surface. By 

immersing the pre-synthesized CeO2 in a solution of HAuCl4 and then raising the pH 

using (NH4)2CO3, the authors deposited Au nanoparticles on the CeO2 surface, and 

observed distinct metal particles via TEM.  

The work of Ciston et al.52 provides an excellent example of uniform 

nanoparticle production of a solid-solution Cu/CeO2 system synthesized via 

precipitation. TEM images and electron diffraction do not indicate the presence of 

distinct Cu species. Catalyst synthesis via precipitation is amenable to large-scale 

production of solid solution metal/CeO2 systems, but necessitates large quantities of 
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solvents and careful control over pH to ensure uniform end products. The produced 

catalyst powders require post-processing prior to system integration. 

 

1.1.5.6 Spray pyrolysis 

Spray pyrolysis typically uses a system of solvated nitrate salts, chloride salts, 

or organometallic precursors. The starting point is similar to precipitation, but rather 

than rely on a pH change to force the ions from solution, the solution is atomized by a 

fine nozzle, which is often driven by compressed gas. The fine droplets of solution 

are either sprayed into a heated reactor, or a flame to enable the rapid conversion to 

the solid phase material. By reacting the precursors as fine droplets, there is little 

chance for aggregation, and fine, uniform, nano-powders are produced.85-90 

Pati and co-workers, produced core-shell architecture M@CeO2 particles 

(where M = Cu, Ni, Fe in the range 10-40 mol%) by preparing a dilute aqueous 

solution of acetate salts in the desired molar ratios. The synthesis solution was forced 

through a nebulizer, producing fine droplets (~5µm diameter), which then passed 

through a CH4/O2/N2 flame with a maximum temperature of 1500°C. The resulting 

nanoparticles (3-10 nm diameter) had surface areas of 150 +/- 25 m2 g-1 depending on 

the sample, and were active as WGS catalysts. Examination by TEM and EXAFS did 

not show distinct metal particles, but a metal-rich shell was produced around a CeO2-

rich core. Electron diffraction indicated plane spacings consistent with the cubic 

fluorite lattice of CeO2.89  
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1.1.5.7 Electrospinning 

Electrospinning to produce ceria-based materials incorporates elements of 

several of the synthesis methods discussed above. The particularly relevant methods 

include precipitation, combustion synthesis, and in some cases sol-gel synthesis. 

After spinning, the fibers are subjected to a drying step in which the solvent is 

evaporated, leaving a composite fiber containing the metal salts and polymer. As the 

solvent evaporates, precipitation occurs to some extent. The composite fiber 

containing fuel (the organic polymer) and oxidizer (nitrates are an excellent source of 

oxygen during oxidation reactions91, 92) is then decomposed by heating, which creates 

nanoparticles similar to those produced via the methods discussed above. Fortunately, 

when the polymer decomposition step is done properly, fibers consisting of strongly 

attached nanoparticles are produced as shown in Figure 1.3. 

 

Figure 1.3. CeO2-based fibers produced through electrospinning in this work. These materials 
are discussed in depth in later chapters. SEM imaging shows randomly oriented fibers 
resembling a non-woven ceramic textile-like material (a). Examination via TEM indicates 
that the fibers consist of relatively mono-disperse, highly crystalline nanoparticles (b).     

 

The main advantage of electrospinning when applied to ceria-based systems is 

that a structurally robust network of fibers can be produced at low cost, and in a 

scalable way.93-96 In a sense, electrospinning allows for the production of highly 

20 µm 20 nm 

a)# b)#
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active catalysts, in the form of a ‘ceramic mat’ or textile-like material. This macro-

scale structure provides a tremendous advantage because it tremendously simplifies 

the issues of nanoparticle processing and system integration. This process is discussed 

at length in Chapter 2.   

1.1.6 Synthesis routes to CeO2-based macro-scale materials 

Heterogeneous reactions proceed at the atomic scale at the solid-gas or solid-

liquid interface between the catalyst and reactant(s), but macro-scale properties are 

required to build a useful reactor system. Thus, to be useful, a catalyst must be 

structured such that incorporation into a reactor system is possible and cost-effective.  

Structuring is often necessary to tailor the strength, density, surface area, 

porosity, and other bulk properties. The scientific literature covering these techniques 

is immense; with thorough reviews to which the reader is referred for additional 

detail.97-100 Broadly, these processes involve producing a sol-gel or a solution of 

stabilized/dispersed particles synthesized via a process similar to those discussed in 

the preceding section. This solution is then deposited on to a structured substrate or 

template, and the solvent/stabilizer removed via decomposition to produce a high 

surface area ceramic and or metal system as desired. Deposition from the vapor phase 

is also achieved via CVD, PVD, ALD, and related techniques.101   

1.1.6.1 Coating 

Coating processes like dip coating or spin coating require a substrate for 

deposition. The solution containing the desired system is first prepared using 

appropriate solvents, dispersants, processing aids, etc. Spin coating is often applied to 

produce layers of uniform thickness to flat substrates before solvent evaporation and 
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calcination. Spin coating is well suited for planar substrates, and is often used deposit 

ceramic membrane or electrolyte layers.102 In the case of dip coating, the substrate is 

submerged in the coating solution for a fixed time before being withdrawn at a 

constant rate. Solvent evaporation is generally followed by a heating or calcination 

step. The withdrawal rate and solution properties determine the thickness of the 

deposited layer. In some cases, multiple coatings are applied, and ceramic and metals 

may be deposited simultaneously or independently.55, 99, 103-107 

Such coating processes are well suited for economic production of 

commercial catalysts, and indeed most automotive catalysts are produced in this 

manner. Novel catalyst structures must provide improvements in terms of 

performance, catalyst mass, metals loading, total bed volume, etc. in order to compete 

against the incumbent technology.  

1.1.6.2 Templating 

In general, if deposition is carried out on a substrate, the substrate remains after 

the calcination step, but if deposition is performed on a template, the template is 

removed during post-processing. Templates are typically produced from organic 

material to enable removal via oxidation, though selective dissolution is also possible 

in carefully selected systems.108-110  

Inverse opal, or 3-D ordered macroporous materials (3DOM) catalysts are 

easily created by infiltrating closely packed arrays of polystyrene spheres with 

solutions containing dissolved nitrate salts of Ce and/or dopants (e.g. La, Gd, Zr, etc.) 

such that the solution occupies the interstitial voids. After solvent evaporation and 

calcination a porous oxide structure remains.16, 111-115 Metal deposition can then be 
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performed via impregnation or deposition techniques as shown by the work of Zhang 

et al.113  

  Another interesting templating process is presented by Furler et al.116 During 

synthesis, a slurry of CeO2 particles is used to coat polyurethane foams before drying, 

and then removing the foam via by heating. The reticulated porous ceramic (RPC) 

structures are then calcined at 1600°C to sinter the CeO2 particles, and leave a highly 

porous ceramic structure useful for high temperature solar thermal cycling. 

Templating processes generally lead to highly porous materials with low mass 

transfer resistance and other desirable properties, such as optical trapping in cases 

where photon absorption is desired. As a result, there is much interest in simple and 

inexpensive templating routes to materials with desirable structures.  

1.2 Background: Fuel processing for hydrocarbon fueled PEM fuel cells  

Fuel cells are devices which directly convert energy stored in chemical bonds to 

electricity. As a result of this direct conversion step, fuel cells offer highly efficient, 

reliable, clean, and quiet electricity generation. These desirable characteristics have 

helped to ensure continued fuel cell research and development, despite significant 

headwinds during the initial commercialization phase of the technology. Fuel cells 

exist in many forms, architectures, and chemistries, and a thorough review will not be 

undertaken here. Rather, this work will focus on proton exchange membrane (PEM) 

fuel cells, which are currently gaining traction and acceptance in applications such as 

materials handling (e.g. continuous forklift operation within enclosed warehouse 

spaces), backup power systems (e.g. data and communications backup power 

systems), and automotive applications.    
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Proton exchange membrane fuel cells are gradually proving to be reliable in each 

application and are becoming increasingly cost-competitive as production volumes 

continually increase. One of the main obstacles to widespread adoption of PEM fuel 

cell systems is the purity requirement for the H2 fuel. Generally, the fuel stream must 

not contain CO concentrations above ~10 ppm to avoid poisoning the anode catalyst 

and reducing overall performance.117, 118 Carbon monoxide does not pose an issue 

when the H2 fuel is produced from water (which is carbon-free) via electrolysis or 

thermolysis,119 but when H2 is produced via hydrocarbon reforming, significant 

cleanup efforts are necessary to reduce CO content.117 However, the use of reformed 

hydrocarbon fuels provides a significant advantage with respect to volumetric energy 

density and fuel storage costs. Notably, liquid hydrocarbon fuels (e.g. gasoline, 

diesel, ethanol, methanol, etc.) contain ca. 1x104 Wh/L and may be stored in 

inexpensive tanks. In contrast, stored H2 (g), contains less than ca. 5x102 Wh/L 

depending on the storage pressure. With storage costs increasing as volumetric energy 

density (and pressure) increase. As a result, storage of liquid hydrocarbon fuels, 

which can be reformed on demand to produce H2 fuel, offers substantial cost and 

energy storage benefits. These benefits and cost savings are further amplified when 

the system is to be operated in a remote location, or a high degree of portability is 

desired.120-122  

In order to bring hydrocarbon-fueled PEM fuel cell systems to market, cost-

effective fuel reforming and subsequent reformate cleanup technologies must be 

developed such that clean H2 may be produced on-site in response to cell demand.55, 

123-125 
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One promising fuel processing approach, which offers the potential to meet 

reformed fuel purity and cost requirements involves steam reforming (SR), water gas 

shift (WGS), and a Pd-based H2-selective membrane. Such systems have been 

developed, these fuel processing system remains relatively large, expensive, and slow 

to respond to start-up, shutdown, and changing operating conditions. One way to 

reduce volume, cost, and start-up times involves combining the WGS reactor with a 

H2 membrane to accelerate the forward WGS reaction and potentially achieve super-

equilibrium H2 recovery. Such a membrane reactor (WGSMR) gives the benefits of 

increased conversion, reduced catalyst bed size, smaller membrane area, and 

improved system response to changing operation parameters.123, 126  

The design and assembly of effective H2-membrane reactor remains a topic of 

research and development. Membranes are typically produced by depositing a thin 

layer of Pd or Pd alloy (via electrodeposition, electroless deposition, or sputtering) 

onto a porous planar or tubular support.55, 127-130 These deposition processes do not 

always produce defect-free layers, which reduces membrane selectivity and overall 

performance. Alternatively, thin, defect-free Pd or Pd-alloy membranes can be 

derived from mechanically rolled foils with thicknesses between 2-10 µm, which is 

sufficiently thin to enable rapid diffusion through the membrane layer, but not so thin 

that defects or pinholes readily develop. Such foils may provide a cost-effective, and 

stable membrane without risk of delamination since thermal/mechanical stresses do 

not play such a significant role in maintaining membrane integrity. However, 

integrating such thin metal films with catalyst deposition processes for a WGS 

membrane reactor in a cost-effective way remains a challenge. Recent developments 
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have enabled a new approach involving simple, inexpensive, production of catalyst 

materials capable of layer-by-layer integration into a WGS membrane reactor. This 

process is known as electrospinning, and is being used with increasing frequency to 

produce sheets of catalytically active ceramic/metal fibers with a high degree of 

control over the ultimate materials composition. These ‘non-woven’ sheets of catalyst 

fibers (typically 100s of nm in diameter131, 132) offer the potential to easily incorporate 

the catalyst into a WGSMR using the layer-by-layer approach. Such an approach 

simplifies system construction, and helps to reduce costs. A WGSMR, based on a 

supported defect-free Pd-based foil membrane, and an electrospun fiber catalyst mat 

is presented in this work for the purpose of demonstrating the reactor construction 

and operation concept.  

 

1.3 Background: Storage of solar energy as liquid fuels 

Sunlight is an abundant and carbon-free source of energy that can be 

harnessed to produce useful energy (e.g. electricity produced by photovoltaic cells, 

growing biomass to produce fuel, etc.). A diverse and intense effort to capture, 

convert, and/or store solar energy in a useful form is justified due to the impressive 

scale of the solar energy resource when compared to global annual energy 

consumption. Estimates of the quantity of solar energy incident on the Earth’s surface 

indicate that within the span of a single hour, more energy strikes the surface of the 

Earth than is consumed in a year.133 The large difference between potential resource 

availability and consumption, provides a strong incentive to develop technologies 

capable of converting and storing solar energy. Conventional photovoltaic (PV) 
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technology is widely available, for converting incident sunlight to electricity. 

Photovoltaic-generated electricity may be cost-competitive with fossil-derived 

electricity depending on geographical location, and local utility rates. Unfortunately, 

storage of PV-generated electricity is cost-prohibitive in many applications. And, 

because sunlight is an intermittent resource while energy is nearly always in demand, 

solar energy storage is required before consumption of traditional fossil fuels is 

possible. One attractive method for solar energy storage relies on the use of 

concentrated sunlight to drive endothermic reactions, such as the splitting of H2O or 

CO2 to form H2 and CO. The H2 could then be supplied to PEM fuel cells to produce 

electricity on demand, or H2 and CO could serve as feedstocks to a synthetic fuel 

production process in order to produce synthetic hydrocarbon fuels. The overall 

concept is illustrated using a ceria-based redox cycle in Figure 1.4  

These solar-thermochemical processes provide the important ability to store 

solar energy in chemical form for later use and are capable of highly efficient solar 

energy use if heat recovery methods are employed, with reported solar to fuel 

theoretical process efficiencies near 30%.119 Practical constraints suggest solar to fuel 

efficiencies of ca. 10%,134 and substantial debate over the subtleties of the process 

efficiency  and intricacies of heat recovery is ongoing. However, the potential for 

renewable fuel production with solar to fuel efficiencies greater than ~6%, which is 

the generally accepted upper limit of natural solar energy capture and storage via 

photosynthesis,135 drives continued research interest.  
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Figure 1.4. Renewable fuel from solar energy via ceria redox cycling concept. The solar 
thermal input is used to drive the endothermic ceria reduction step. Fuel is produced during 
an exothermic ceria oxidation step. Cycle temperatures are based on the analysis of CeO2 as a 
cycle working material by Chueh, Steinfeld, et. al. 136. 

 

Despite the promise of storing sunlight as fuels, solar-derived fuels have not 

displaced fossil fuel consumption in large part because the practical cycle efficiencies 

are low, the temperatures required to drive the processes are high, materials handling 

is difficult, and the overall capital costs are prohibitive at the current time.137-140  

Improvements in the efficiency of solar thermal fuel production cycles are 

necessary to promote adoption of such technology. Specifically, it is necessary to 

reduce the operating temperatures (and thus reduce capital costs) and improve cycle 

time (and thus promote fuel production) by developing cost-effective, active, and 

stable redox materials and structures. To date, the ideal working material for such 

cycles has not been identified, though many have been considered. Solar-
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thermochemical redox cycles use concentrated solar energy to heat a material 

(typically a reducible metal oxide) to a temperature where some or all of the oxygen 

is released. With some metal oxides such as zinc, iron, and manganese oxides, all or 

most of the oxygen is released, which is usually accompanied by a phase change as 

the material is fully reduced. Recent studies have focused on identifying materials 

and materials structures capable of withstanding the high temperatures and heating 

rates encountered in the proposed solar thermochemical cycles for synthetic fuel 

production. Various oxide materials have been studied including iron oxide, zinc 

oxide, manganese oxide, nickel and cobalt ferrites, and hyrcenite.77, 141-146 These 

cycles typically operate with the reduction step above 1573 K and an oxidation step 

below 1273K, but the materials under consideration typically suffer from metals 

volatilization, phase changes, and sintering. While some progress towards more stable 

materials structures is being made by careful deposition of active materials on high 

surface area supports,147, 148 CeO2 has come under strong consideration as a working 

material because phase change and volatilization issues are less problematic, it is less 

prone to activity loss during sintering, and it is often easier to handle than metals or 

supported structures. 17, 24, 136, 149  

Ceria maintains its fluorite structure because only small extents of reduction are 

achieved under solar thermal cycle conditions. The resulting oxygen deficient 

material is very reactive, and when exposed to a mixture of H2O and/or CO2, the 

reduced oxide drives an exothermic reaction to oxidize the working material and 

produce H2, CO, or a syngas mixture (CO and H2). From the CO and/or H2, 

conventional synthetic fuel production processes (i.e. Fischer Tropsch synthesis) can 
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be employed to produce a variety of renewable fuels (e.g. gasoline, diesel, methanol, 

ethanol) that are directly compatible with existing fueling infrastructure, or the H2 can 

be used in a potential future H2-based transportation infrastructure.  

Researchers have taken several approaches to structured materials synthesis 

including atomic layer deposition of active materials onto inert supports, 77 

production of macroporous structured reactive materials, 16 reactive monoliths and 

also layers of ceramic felt. 139 The approaches to structured materials can be costly, 

time consuming, and are often well intentioned, but of limited use due to poor overall 

structure stability. The rapid heating rates, high temperatures, and repetitive 

oxidation/reduction cycling, can promote sintering, phase segregation, and ultimately 

breakdown in multicomponent materials. Interestingly, spun fibers offer several 

advantages as a materials production technique for solar thermal working materials 

because, when inter-fiber contact is minimized, the fibers sinter along the fiber axis, 

which constrains sintering to a single dimension (rather than three dimensions) and 

serves to maintain material surface area despite harsh temperature and cycling 

conditions. Retaining surface area is necessary to retain highly active materials for re-

oxidation during the fuel production step. To this end, ceria-based fibers have been 

electrospun and tested under simulated solar thermal conditions in this work to assess 

the feasibility of their use for renewable fuel production via solar thermal cycles. 

1.4 Present Study: Electrospun Ceria based fibers for energy conversion 

This present study examined electrospun CeO2-based fiber materials for two 

widely different energy conversion applications: 
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Application 1 - Hydrocarbon fuel processing:  

Metal-CeO2 electrospun fiber catalysts were developed with the intention to promote 

the use of energy-dense, conventional transportation fuels in conjunction with PEM 

fuel cell systems by simplifying fuel processing.  

 

Application 2 - Renewable fuel production from concentrated sunlight:  

Un-doped and doped CeO2 fibers were developed as useful materials structures 

intended to reduce the cost and increase the performance of solar driven fuel 

production cycles.   

 

The overarching goal of this study was to present electrospinning as a cost-

effective, flexible, and useful technique for producing tailored energy conversion 

materials. To this end, the electrospinning process itself was specifically refined and 

modified to produce desirable CeO2-based materials in useful quantities. After the 

materials production, testing of the electrospun fibers under realistic operating 

conditions and time-scales for both applications was necessary. And, as a final step, 

extensive characterization of both the as-produced fibers, and the tested fibers was 

carried out.  

 Ceria-based materials synthesis methods and resulting properties are given in 

Chapter 1. The electrospinning materials production technique tailored to CeO2-based 

materials is presented, developed, analyzed, refined, and scaled in Chapter 2. 

Performance and structure of Pd and/or Cu containing CeO2 catalyst fibers for 

promotion of the WGS reaction is discussed in Chapter 3. By combining a supported 
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PdCu alloy foil membrane and the Pd/Cu-CeO2 catalyst fiber materials developed 

previously, a WGS membrane reactor (WGSMR) was developed, and the WGSMR 

performance is presented in Chapter 4. High temperature material stability and redox 

characteristics of un-doped and Zr or Pr doped CeO2 fibers exposed to simulated solar 

thermal fuel production cycles (CO2 splitting) is presented in Chapter 5. Overall 

conclusions and suggestions for future work are discussed in Chapter 6. 
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2 Chapter 2: Process development and 
characterization of CeO2-based electrospun fibers 

 

2.1 Background: Electrospinning history and applications 

Electrospinning has gained substantial recent interest as a result of the flexible, 

inexpensive, and scalable nature of the process. Through electrospinning, it is 

possible to produce polymer, ceramic, metal, or composite fiber materials with fiber 

diameters in the range of ~10 nm to ~10 um.131 The process is a top-down approach 

that allows for the high-throughput production of nano-scale materials under standard 

conditions (e.g. at room temperature/pressure in air) without the complicated and 

expensive equipment often used to produce materials from the bottom up (e.g. clean 

room type environments, high vacuum equipment, deposition/sputtering systems, 

costly high-purity reactants, etc.). Perhaps even more importantly, the process can be 

used to produce materials with nano-scale features yet macro-scale handling 

properties, thus enabling the incorporation of nanomaterials into various systems 

without complicated nanoparticle synthesis and handling procedures.  

In the most basic case, electrospinning requires several elements. The first 

requirement is a spinning solution with sufficient intermolecular attraction to be 

drawn into fibers when exposed to a drawing force. This is typically accomplished by 

dissolving long-chain polymers with a compatible solvent, but can also be 

accomplished via appropriate gel formulations.150 The next requirement is the 

production of a drop of the spinning solution on the surface of a spinneret, which can 
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take many forms. Third, the droplet on the spinneret must then be subjected to a high 

strength electric field (ca. 1-2 kV/cm between the spinneret and collector) such that 

the droplet of solution experiences a high surface charge concentration. Once the 

surface charge concentration is of such magnitude that the intermolecular repulsion 

exceeds the intermolecular attraction, a fiber is produced from the droplet. The fibers 

are typically emitted from a Taylor Cone, named after Sir Geoffrey Ingram Taylor, 

who demonstrated that a charged droplet with surface tension forces and charge 

repulsion in balance would produce a symmetrical cone with angle of 49.3 degrees, 

and beginning to lay the foundation of understanding the complexities of fluids under 

applied electric fields. Once the change repulsion exceeds the surface tension at the 

spinneret, a fiber is produced, first emitting in a straight jet from the spinneret, before 

inherent instabilities produce a ‘whipping’ or spiraling character to the jet. During 

this process, the jet undergoes stretching/thinning and solvent evaporation as it travels 

from the spinneret to the collector. The end result is the production of largely solvent-

free fiber materials at the collector. Several comprehensive reviews discuss the 

process at length.132, 150-153 A conceptualized electrospinning set-up is presented in 

Figure 2.1.  
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Figure 2.1. Diagram of a basic electrospinning set-up. The spinning solution is loaded into the 
syringe and extruded via a syringe pump (not shown) into an electric field of ca. 1 kV/cm. 
Fibers emitted from the spinneret are collected on a rotating drum collector.  

 

By tailoring the composition and properties of the spinning solution, electric 

field strength, number and orientation of spinnerets, spinneret to collector distance, 

collector construction and/or orientation, as well as other parameters, a wide variety 

of interesting materials may be electrospun. The electrospinning process as presented 

in Figure 2.1 has been understood for well over a century, with similar variations 

patented in 1902 by Cooley154 and by Morton155 (Figure 2.2). However, the process 

did not receive broad interest until the early 1990s as interest in nanotechnology and 

the ability to characterize nano-scale materials grew rapidly, and electrospinning 

offered a unique and inexpensive route to useful micro and nano-scale materials.  
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Figure 2.2. Separate electrospinning patents granted in 1902 to Cooley (a) and Morton (b).154, 

155 The basic fiber production and collection processes remain unchanged since, but did not 
receive widespread research interest until the 1990s. 

 

Most of the recent electrospinning work has focused on the production of 

polymer fibers for applications like tissue scaffolds, filtration layers, materials for 

structural composites, etc. as demonstrated by the publication report given in Figure 

2.3. Over the last decade, research into the production of inorganic fibers, particularly 

ceramic fibers, has shown exciting growth. Despite the recent exploration, research 

into the production of ceramic fibers is largely unexplored. In 2012, of the ca. ~1500 

manuscripts published containing the search term ‘electrospinning’ only 60 contained 

the term ‘ceramic,’ which accounts for just 4% of the total, but is expected to 

continue to grow in absolute and relative terms in the coming years as the subtleties 

of ceramic fiber production are more fully understood. 

a) b) 
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Figure 2.3. Publication report generated via Web of Knowledge (09/2013). Search is limited 
to science and technology journal articles written in English. Search first performed for 
‘electrospinning’ and then refined to show the relative growth of each topic area. Early 
electrospinning work is dominated by tissue scaffolding and composite material applications. 

The interest in electrospinning to produce ceramic fibers grew out of the 

knowledge gained as researchers learned how to spin polymer fibers. In 2002 and 

2003, several groups published accounts of electrospun ceramic fibers after 

incorporating ceramic precursors into the polymer/solvent spinning solution and/or 

producing a ‘spinable’ gel via sol-gel techniques. In either case, ceramic precursors 

are then carried along with the polymer chains during the spinning process. Through a 

variety of post-processing techniques, it is possible to then decompose the polymer 

and other organic components to leave ceramic fibers. It is also possible to produce 

metal fibers in a similar manner, though a reduction treatment is usually required 

following the polymer removal step if reduce metal fibers are desired. These ceramic 

and/or metal fibers are typically proposed for a number of applications including 
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catalysts, thermal barriers, electrodes, etc.95, 96, 150, 156-158 Examination of the literature 

base for ceramic fibers indicates that the production of such fibers is strongly related 

to catalysis applications, and that interest in mats of catalyst material and one-pot 

synthesis methods is increasing (Figure 2.4).  

 

Figure 2.4. Publication report generated via Web of Knowledge (09/2013). Search is limited 
to science and technology journal articles written in English. Search first performed for 
‘electrospinning’ and then refined to show the relative growth of each topic area. The search 
terms ‘ceramic’ and ‘catalyst’ are found in relatively small but equal numbers, and the term 
‘catalyst mat’ is growing in frequency, but present in under 15 manuscripts/year in the Web 
of Knowledge database as described.   

 The use of electrospinning as a route to ceramic catalyst systems is increasing, 

and it is also likely that the use of the process to synthesize catalyst materials in a 

single-pot will grow as well due to the simplicity and cost-effective nature of the 

synthesis.159 An overview of the fiber production process is demonstrated in Figure 

2.5. Subsequent discussion will refer to the various general steps in the process for 

ceramic fiber production.  
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Figure 2.5. A general overview of the CeO2-based fiber production process employed 
throughout this work. The process begins with a droplet of spinning solution containing Ce 
precursors, entangled polymer chains, and solvent in contact with a charged spinneret (a). 
The high surface change concentration forms a Taylor Cone and then a fiber once 
electrostatic repulsive forces exceed inter-molecular attractive forces (b). The fiber whips and 
stretches while traveling from the spinneret to the collector, carrying the ceramic precursors 
along with the entangled polymer chains, and creating a non-woven mat of fibers which is 
removed from the collector (c). The polymer/precursor fiber mat shows non-woven textile-
like morphology (d), and can be cut to shape (e). Heating the mat to decompose the polymer 
produces a single piece of shaped ceramic cloth (f), SEM shows the formation of uniform 
ceramic fibers (g) that are in turn composed of polycrystalline CeO2 nanoparticles (as 
indicated by TEM) (h). 

 

The process depicted in Figure 2.5 demonstrates the multi-scale characteristics 

inherent to the synthesis of ceramic fibers via electrospinning. In most cases, nano-

crystalline powders similar to those in Figure 2.5(h) require additional processing 

steps to produce a supported structure. The supporting structure is often a robust but 
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inert material like cordierite, silica, or alumina,98 which often adds unnecessary mass 

and volume to the catalyst system, thus requiring larger and more costly reactors. The 

additional processing steps and inert mass may be eliminated when electrospinning is 

used to produce self-supporting catalysts, thus lowering the size and cost of reactor 

systems and providing the driving force for additional research. Insight into the 

development and scale-up of the lab-scale electrospinning apparatus used to produce 

CeO2-based fibers is presented in the following section.  

2.1.1 Electrospinning parameters and governing equations  
 

Rutledge and co-workers have gained extensive understanding and experience 

pertaining to electrospinning, and offer a thorough diagram of parameters which 

affect fiber formation and final diameter.160 These parameters are compiled, 

organized by type, summarized, and outlined below:  

 

Spinning solution properties (e.g. conductivity, dielectric constant, relaxation time, 

deformation rate, viscosity, surface tension, etc.) are dependent on: 

a. Polymer composition, molecular weight, and concentration 
b. Solvent(s) 
c. Additives (e.g. surfactants, particles, salts, etc.) 

 
The combination of spinning solution properties, ambient conditions (temperature 

and relative humidity), and processing parameters (e.g. applied voltage, solution flow 

rate, spinneret to collector distance, etc.) strongly affect the fiber drying rate and 

final fiber diameter.  
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 Keeping all other factors fixed, in general, the spun fiber diameter will 

increase if polymer concentration is increased or solution viscosity is increased. Fiber 

diameters tend to decrease as surface tension decreases, and decrease as charge 

density increases. Due to the large number of interdependent parameters, it is difficult 

to accurately predict the effect of a single changed parameter on fiber diameter. The 

interdependence becomes more clear after examining the governing equations (mass, 

momentum, and charge conservation equations for a jet at steady-state, along with a 

description of the electric field), which were presented in dimensionless form for a 

Newtonian Fluid by Feng:161  

 

ℎ!𝜈 = 1        Eq.  2.1 

𝐸ℎ! + 𝑃𝑒ℎ𝜈𝜎 = 1       Eq.  2.2 
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+ !
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!
!!
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!!
+ Ω 𝜎𝜎! + 𝛽𝐸𝐸! + !!"

!
    Eq.  2.3 

𝐸 = 𝐸! − 𝑙𝑛𝜒 𝜎ℎ′ − !
!
𝐸ℎ! "       Eq.  2.4 

 

Where: 

1st and 2nd spatial derivatives are indicated by prime and double-prime notation. 

And: 

 𝜈  is the jet velocity 
 ℎ  is the jet radius 
 𝜎  is the surface charge density 
 𝐸  is the local electric field strength 
 𝐸!  is the bulk electric field strength (neglecting local fluctuations) 
 

Non-dimensionalization is accomplished after selection of characteristic values, 

chosen at the nozzle/spinneret, and listed in Table 2.1. 



 46 

 

 

 

Table 2.1. Characteristic values for non-dimensionalization of the electrospinning governing 
equations (Eqs. 2.1-2.4), taking the variable values at the spinneret.   

Parameter Characteristic Value Description (dimension notes) 

Length ℎ! Jet radius at spinneret (length) 

Velocity 𝜈! =
𝑄
𝜋ℎ!!

 Volumetric flow per jet cross sectional 
area (length/time) 

Electric field 𝐸! =
𝐼

𝜋ℎ!!𝐾
 Jet electrical current per cross sectional 

area with conductivity, K (Volt/length) 

Surface 
charge density 

𝜎! = 𝜀𝐸! 
Vacuum permittivity * local electric 
field (charge/area) 

 

Dimensionless groups as they pertain to the governing equations are presented and 

described in Table 2.2. 

 

Table 2.2. Dimensionless groups for the electrospinning governing equations (Eqs. 2.1-2.4).   

Dimensionless group Name Description 

𝑃𝑒 =
2𝜀𝜈!
𝐾ℎ!

 
Peclet Number 

(Electric) 
electric charge 
convection/conduction 

𝐹𝑟 =
𝜐!!

𝑔ℎ!
 Froude Number inertial forces/gravitational forces 

𝑅𝑒 =
𝜌𝜐!ℎ!
𝜂  Reynolds Number inertial forces/viscous forces 

𝑊𝑒 =
𝜌𝜐!ℎ!
𝛾ℎ  Weber Number inertial forces/surface tension 

𝜒 =
𝐷
ℎ!

 - aspect ratio 

𝛽 =
𝜀
𝜀 − 1 - electrostatic force parameter 

Ω =
𝜀  𝐸!!

𝜌𝜐!!
 - charge induction parameter 
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It is worth noting, that these governing equations may be extended beyond 

this simple case (jet of Newtonian fluid at steady-state, leaving the spinneret), by 

incorporating more complex descriptions of the spinning solution viscosity (polymer 

solutions often show non-Newtonian viscosity behavior), and/or evaluating the 

governing equations far from the spinneret where surface tension and viscosity forces 

become negligible in comparison to the electrostatic and inertial forces. Evaluation of 

these governing equations under situations typically encountered when spinning 

single fibers in carefully controlled environments is discussed at length in a review by 

Bhattacharjee and Rutledge.160  

The elecro-hydrodyamic phenomena, mass transport (e.g. solvent 

evaporation), and instabilities that develop during electrospinning are complex, and 

are further complicated by non-ideal practical systems. And, thus, the governing 

equations are not given further treatment here. Rather, the reader is encouraged to 

contemplate the interdependent nature of the electrospinning solution parameters 

alongside system complexity for the production of a single fiber in a well-controlled 

electric field. And then, to consider the calculation costs of solving such governing 

equations for multiple spinnerets in varying electric fields with fiber-fiber interaction 

and non-uniform mass transfer due to the presence of a heated air stream. In fact, 

such a system is used in this work, but fortunately, solving the governing equations is 

not required to obtain useful fiber materials in relatively large quantities. By building 

atop a well-characterized polymer/solvent system, it is possible to gradually add small 

quantities of precursor salts (e.g. Ce(NO3)3�6H2O when CeO2 fibers are desired) 
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without dramatically altering the solution parameters. These incremental changes 

ensure that high-quality polymer + precursor composite fibers are produced. Due in 

part to the strongly interdependent solution parameters, and the difficulty predicting 

the impact of such alterations, attempting large compositional changes is often a 

losing proposition. Therefore, one should begin with a versatile base polymer/solvent 

system, and make gradual changes to the spinning composition to obtain desired 

materials. This process is discussed in the following sections, beginning with a 

polymer and solvent system common within the electrospinning community.  

2.1.2 Electrospinning as a route to CeO2-based fiber materials  
 

Polyvinylypyrolidone (PVP) is a commercially available polymer that is used 

as a pill binder, food additive, blood plasma extender, membrane material, emulsifier, 

and glue additive among other applications. It is soluble in polar solvents and will 

decompose under heating in oxidizing environments, and as a result, PVP is often 

used to disperse nanoparticles during chemical synthesis.162, 163 By polymerizing the 

N-vinylpyrrolidone monomer, PVP is produced (Figure 2.6), and is commonly 

available in a wide range of molecular weights (typical MWs = 104~106 g mol-1). 

Furthermore, PVP has been widely applied within the electrospinning field for the 

production of ceramic and/or metals fibers by spinning a composite precursor/ 

PVP/solvent solution and then decomposing the PVP via oxidation.157, 159, 164-167  
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Figure 2.6. Polymerization of N-vinylpyrrolidone produces polyvinylpyrrolidone (PVP). 
[Image in public domain, made freely available for use]. 

 

Cerium nitrate hexahydrate, Ce(NO3)3�6H2O, is an inexpensive Ce precursor 

that is soluble in a aqueous solutions, and produced in a range of purities. 

Additionally, it is compatible with PVP and often used in the synthesis of CeO2 

nanoparticles and electrospun fibers.156, 164, 166, 168 Systems derived from PVP, 

Ce(NO3)3�6H2O, and H2O (or other polar solvents) are simple to process, and offer a 

cost-effective route to CeO2-based materials due to low materials costs and ready 

availability. 

 

2.2 Electrospinning Process: Analysis, Refinement, and scale-up  

The electrospinning apparatus used to produce the fibers used in this study 

was assembled in an iterative process, with each change bringing gradual 

improvement to the system as presented in the following sections such that the reader 

may construct, modify, or scale an electrospinning system more simply.  
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2.2.1 Spinning apparatus: Optimization and scale-up  
 

The iterative development process mentioned previously is shown in Figure 

2.7. Initially, a simple electrospinning set-up was assembled consisting of a syringe 

pump, needle, high-voltage power supply (HV PS), and a flat collector. For most 

spinning compositions, the needle required frequent cleaning, and often created fiber 

materials which spanned from the needle to the collector plate, and created a tangled, 

asymmetric structure difficult to process into a mat. When using a rotating wire drum 

collector, the number of fibers spanning the gap between the needle and collector was 

reduced, however, this did not minimize the formation of stray fibers. After isolating 

the rotating drum collector, and adding another HV PS of the opposite polarity, the 

fiber collection improved markedly. This improvement is due in large part to the 

enhanced electric field strength and alignment between the spinneret and collector. To 

offer a heuristic relevant to electrospinning processes, given that the surfaces 

surrounding the spinneret are almost exclusively at ground potential, the charged 

fibers are often equally attracted to any nearby surface as they are to the grounded 

collector. But, by driving the collector to a potential below ground, the fibers are 

more strongly attracted to the collector than to the surrounding surfaces, which leads 

to improved collection efficiency. By using a dual power supply configuration, the 

voltage at the fiber source and the collector can be tuned to optimize fiber production 

as well as collection.  

The fiber production and collection depicted in Figure 2.7 improved the 

single-spinneret process, and enabled consistent production of ceria-based fiber 

composite mats, which were ready for post-processing as required. However, due to 
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the single-spinneret set-up, throughput rates were fairly low, under ideal conditions 

for the systems studied, composite polymer/pre-cursor fibers were produced ~0.2 - 

0.5 g/hr. Because of the post-processing/polymer removal, this lead to a final CeO2-

based material production rate of 0.05-0.1 g/hr. At such low production rates, 

producing large samples of useful material required long spinning periods. In order to 

reduce the time required to produce a sample of sufficient size, efforts to improve the 

fiber production rates were undertaken. 

 

Figure 2.7. Gradual optimization of single-spinneret electrospinning apparatus. The flat, 
grounded collector system required frequent cleaning of the spinneret to prevent fibers from 
spanning between the tip and collector (a-b). Implementing a rotating drum collector 
configuration reduced the cleaning requirement, but suffered from fiber accumulation in 
undesired regions (c-d). The addition of a second power supply to drive the spinneret and 
collector above and below ground potential improved collection efficiency (e-f).  
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 Interesting work has been undertaken throughout the academic and 

commercial electrospinning communities to improve productivity of the process. And 

varying the spinneret geometry provides the most straightforward path to high 

productivity. The literature in this area is broad. Rather than attempt to implement an 

entirely unique spinneret geometry, a simple, scalable, solution was sought. Wang 

and Niu demonstrated a spinneret configuration in the form of a wire coil rotating 

through a bath of spinning solution.169, 170 The authors demonstrated that the fiber 

production rate could be improved by an order of magnitude over needle-based 

spinnerets, without reducing the quality and uniformity of the collected fibers. 

Additionally, they demonstrated the tunability of the system by varying the applied 

voltage, wire diameter, coil spacing, etc.  

 

 

Figure 2.8. Wire coil spinneret after the work of Wang and Niu170 incorporated into the dual 
power supply, rotating collector apparatus used in this work and presented in Figure 2.7(e,f). 
Coil is energized by connecting the spinneret HV PS to the conductive shaft. Rotation of the 
shaft/coil assembly is accomplished with a DC electric motor, which is isolated from the 
metal shaft by a non-conductive plastic rod and rubber coupling.     
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 In response to the enhanced production and simplicity, the apparatus 

for producing ceria-based materials was converted to a wire-coil spinneret as shown 

in Figure 2.8. The unique aspect of this work involves the production of the 

ceramic/metal fibers via the high-throughput processing method leveraging the wire 

coil spinneret. 

The final high throughput system configuration incorporating the wire coil 

spinneret, rotating drum collector, dual power supplies, and heated air as required is 

shown in Figure 2.9. The spinning process is captured with a sequence of images of 

the spinneret and collector in Figure 2.10.  

 

Figure 2.9. High throughput electrospinning system configuration incorporating a wire coil 
spinneret, rotating drum collector, dual power supplies, and heated air as required (a). The as-
spun material (e.g. the PVP/nitrate salt composite fibers) produced with this apparatus are 
shown in (b). 
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Figure 2.10. Sequence of images illustrating the fiber production process as shown in Figure 
2.9. Fibers are emitted form the wire coil spinneret in a nearly continuous fashion. However, 
the fibers do not reflect the incident light at all angles, and thus, all fibers are not visible in 
each frame. Fiber collection is seen more clearly as a result of enhanced whipping near the 
collector, which improves the light reflection.  

The wire coil improved productivity of the ceria-based fiber materials by 

approximately a factor of 20, and thus, the time required to spin the same quantity of 

material was reduced, enabling the production of larger, more consistent samples. 

However, the increased productivity made the production process more susceptible to 

variations in solvent evaporation and relative ambient humidity as discussed in the 

next section.   
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2.2.2 Solvent evaporation: Impact of relative humidity  
 

The spinning apparatus used throughout this work was isolated from the 

laboratory by a non-conductive wooden box with an open front. The system was 

configured for rapid production and access, and a plexiglass sheet was used to cover 

the front-facing opening of the system during spinning. But, the system was not 

isolated from the laboratory environment as some systems are (e.g. contained within a 

‘dry box’ or constantly purged with dry gas).132 As a result, the apparatus was heavily 

impacted by ambient conditions. This apparatus was situated in a facility particularly 

prone to variable to ambient conditions, as a result of geographical location 

(Chesapeake Bay Region) and aging HVAC system. For example, between April and 

October 2012, relative humidity in the laboratory environment varied in the range 

20% to 60% with temperatures in the range 18 – 29 °C as recorded with a portable 

digital hygrometer situated in the electrospinning system.  

Such swings in relative humidity and ambient temperature produce large 

variation during the production of electrospun fibers because fiber formation is 

strongly dependent on the rate of solvent evaporation (which is directly related to the 

temperature and relative humidity, particularly when water is used as a solvent or co-

solvent). The effects poor humidity control are shown in Figure 2.11 where high 

humidity and incomplete solvent evaporation have caused electrospraying (droplet 

rather than fiber formation) and fiber ‘welding’ or ‘melting’ which occurs when fibers 

do not achieve sufficient solvent evaporation while traveling between the spinneret 

and collector. In this case, the ‘wet’ fibers fully or partially dissolve fibers already on 

the collector, which leads to the production of poor quality composite fibers.  
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Figure 2.11. The importance of solvent evaporation is understood when comparing 
PVP/cerium nitrate composite fibers spun at 50% relative humidity and 25°C. Incomplete 
drying causes the ‘wet’ fiber to dissolve, or melt the fibers already on the collector as shown 
in (a-d, 100, 200, 500, 2000X magnification respectively). Employing heated air to enhance 
solvent evaporation (e-h, 100, 200, 500, 2000X) leads to high-quality fibers with no evidence 
of re-dissolved fibers at the collector.  

 Varying the solvent composition to reduce the volume of H2O that must 

evaporate during spinning is another approach to ensuring the production of high 

quality fibers. Solvent evaporation rates are directly related to the difference between 

the solvent vapor pressure at the fiber surface and the partial pressure of solvent in the 

gas phase adjacent to the fiber surface. During high-humidity conditions, the partial 

pressure of water in air is near the vapor pressure of water, which leads to slow 

evaporation of water. By changing the solvent mixture to reduce the water content, 

improved evaporation occurs. Under high fiber production rates, the concentration of 

solvent in the air is high, which can also slow solvent evaporation, and thus 

increasing the airflow and/or adding heated air (or inert gas) is often useful. 

 Storage of the as-spun fibers at low humidity, elevated temperature, or both (a 

glassware oven kept at 90°C works well) is necessary to prevent variations in ambient 

humidity from causing the material to ‘melt,’ thus destroying the fine structure 

produced during the spinning process. The water absorption/fiber melting occurs for 

hygroscopic polymers. PVP will take on substantial water from the atmosphere, and 

a) b) c) d) 

e) f) g) h) 
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thus the spun fibers require careful management to ensure that the fiber structure is 

not inadvertently lost.  

2.2.3 Syntheses specific to this work: Solution compositions & labeling 
 

The specific solution compositions used in this work are presented here for 

reference. Labeling structure of the samples is also given.   

2.2.3.1 WGS applications: Pd/Cu - CeO2 synthesis and labels 

The materials produced for the WGS catalyst application (Chapters 3 - 4) 

were synthesized using an ethanol/water co-solvent, PVP (MW = 1.3x106), cerium 

nitrate (Ce(NO3)3•6H2O) as the Ce source, palladium nitrate (Pd(NO3)2•2H2O) as the 

Pd source, and either copper chloride, copper nitrate, or copper acetate (CuCl2•2H2O, 

Cu(NO3)2•2H2O, Cu(CH3COO)2•H2O respectively) as the Cu source. Because all 

other factors remained constant in the synthesis solution, samples are labeled based 

on the Cu precursor salt used as indicated in Table 2.3. Additionally, the synthesis 

ratios and final oxide composition based on a fully oxidized sample are given in 

Table 2.4 and Table 2.5. 

 

Table 2.3. Cu precursor labeling in this work.  

Cu precursor  Label 
CuCl2•2H2O ‘(Cl)’ 

Cu(NO3)2•2H2O ‘(NO3)’ 
Cu(CH3COO)2•H2O ‘(Ac)’ 
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Table 2.4. Synthesis ratios to produce a 2/10 wt% Pd/Cu-CeO2 catalyst fibers using copper 
acetate as the Cu source. 

Spinning solution composition 
 

Component Mass MW Mass Fraction 
EtOH 6.60 46.07 0.404 
H2O 6.01 18.02 0.367 
PVP 1.44 1.30E+06 0.088 
Ce(NO3)3•6H2O 1.960 434.27 0.120 
Pd(NO3)2•2H2O 0.044 266.42 0.003 
Cu(Ac)2•2H2O 0.300 217.67 0.018 

 

Table 2.5. Predicted final oxide composition from the synthesis presented in Table 2.4. 

Final oxide composition 
Component Moles MW Mass Fraction 

CeO2 4.51E-03 172.16 0.88 
Pd 1.65E-04 106.42 0.02 
Cu 1.38E-03 63.55 0.10 

 

 It is worth noting that the assumption of fully oxidized materials is made for 

the calculations above, because the mass of each sample is measured following the 

oxidative treatment (550°C in air, 3 h). While it is expected that the formation of the 

CCVs will take place readily under reducing atmospheres, the most reasonable 

assumption is to take the fully oxidized materials as the starting point. Furthermore, 

the total mass of the samples produced is relevant the determination of the overall 

materials costs, and most catalyst literature reports metals loadings as mass ratios. In 

future work, it may be more useful to use molar ratios, particularly when discussing 

CCV formation and the relative substitution levels of metal cations in the ceria lattice.  
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2.2.3.2 Solar Thermal Cycle Application: Zr/Pr - CeO2 synthesis and labels 

The materials produced for the solar thermal cycling application (Chapter 5) 

were synthesized using an solvent system containing ethanol, water, and 

dimethylformamide (DMF), PVP (MW = 1.3x106), cerium nitrate (Ce(NO3)3•6H2O) 

as the Ce source, zirconium nitrate (Zr(NO3)2•xH2O) as the Zr source, and 

praseodymium nitrate (Pr(NO3)3•6H2O) as the Pr source. Note that not all samples 

contained Zr or Pr, and that labels are established based on the fully oxidized 

stoichiometry because measurements of the sample mass are carried out following the 

PVP removal step, which occurs at high temperature in air as discussed in later 

sections.  

The substitution of DMF as a solvent was made to reduce the impact of 

ambient relative humidity changes on the fiber formation process as discussed in this 

work and detailed by Tikekar and co-workers for electrospun TiO2 fibers using 

PVP.171 In this work, a small fraction of water was retained to avoid inadvertent 

precipitation of precursor salts.  

To increase the throughput of the system and to simplify the synthesis 

process, a large quantity of stock PVP/solvent solution was maintained. To spin a 

sample of CeO2-based fibers, a small volume of solvent and precursor salts in the 

desired molar ratio was then added to a larger quantity of the stock PVP solution as 

described in greater detail in Chapter 5. The synthesis ratios for the stock solutions 

and the labeling schemes used in this work are presented here in Table 2.6 and Table 

2.7. 
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Table 2.6. Stock solvent solution used to dissolve PVP and precursor salts independently, 
before combining both solutions. 

Solvent Mass(g) Mass Fraction Volume Fraction 
EtOH 100 0.444 0.125 
DMF  100 0.444 0.475 
H2O 25 0.111 0.400 

 

 

Table 2.7. Stock PVP/solvent solution producing an 11.7 wt% PVP mass fraction prior to 
addition of the precursor salt solution.  

Component Mass(g) Mass Fraction 
EtOH 100 0.392 
DMF  100 0.392 
H2O 25 0.098 
PVP 30 0.117 

 

The precursor salt solution was then prepared to achieve a final salt content of 

ca. 9 wt% (based on the mass fraction of the Ce(NO3)3�6H2O in the total final 

solution) by first combining ca. 5 g total salt with 10 mL of the solvent solution. An 

example of the synthesis for a CeO2 fiber sample doped with 2.5 mol% Zr 

(Ce0.975Zr0.025O2) is given in Table 2.8. The final synthesis solution ratios are 

presented in Table 2.9. 

Table 2.8. Example synthesis solution to produce Ce0.975Zr0.025O2 fibers. The initial 
salts/solvent mixture is added to the stock PVP + solvent solution, and the final synthesis 
ratios are presented in Table 2.9. 

Component Mass(g) Mass Fraction 
Ce(NO3)3�6H2O 4.889 

~ 0.09 (total salts) 
ZrO(NO3)2�6H2O 0.0979 
Stock solvent solution 10 0.181 
--- --- --- 
Stock PVP + solvent solution 40 0.727 
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Table 2.9. Final mass fractions of the synthesis solution used to produce Ce0.975Zr0.025O2 fibers 
in this work. 

Component Mass(g) Mass Fraction 
Ce(NO3)3�6H2O 4.889 

~ 0.09 (total salts) 
ZrO(NO3)2�6H2O 0.0979 
PVP 4.68 0.085 
Solvent (H2O/EtOH/DMF) 45.32 0.825 
 

Again, it is worth noting that the mass of each fiber sample is measured 

following the PVP removal step (550°C in air, 3h), and therefore, the sample labeling 

takes the form of the fully oxidized material. In the case of Zr doping, the Zr retains 

its 4+ oxidation state at all times, but in the case of Pr doping, the Pr cation begins as 

Pr4+ and then undergoes reduction to Pr3+. The formation of CCVs accompanies the 

change in Pr oxidation state, and in most cases, the Pr oxidation state remains at 3+ 

unless the sample is exposed to strongly oxidizing conditions. However, because each 

sample was exposed to the same conditions, and the mass recorded at the same 

conditions, the samples are labeled as fully oxidized samples (e.g. Ce1-xPrxO2, rather 

than Ce1-xPrxO2-(x/2)).  

2.3 General characterization methods for CeO2-based materials 

Proper implementation of characterization techniques is necessary to provide a 

solid foundation upon which to base future synthesis and operating conditions. The 

techniques employed in this study are listed and discussed below.  

2.3.1 Scanning Electron Microscopy (SEM) 
Inspection of the samples produced in this study was typically carried out in a 

Hitachi SU-70 scanning electron microscope. The sample to be analyzed was 

mounted atop an aluminum stage with conductive carbon tape. The sample and tape 
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system were typically coated with a thin conductive layer of Pd/Au typically used to 

provide a conductive path to ground for the electron beam in order to prevent 

charging and image distortion during analysis. A working distance of 10 mm with an 

accelerating voltage of 10 kV was typical. In some cases, energy dispersive 

spectroscopy (EDS) was harnessed produce qualitative information on sample 

composition.  

2.3.2 Transmission Electron Microscopy (TEM) 
The catalyst samples were inspected via transmission electron microscopy 

(TEM) in a JEOL 2100 FEG TEM. High-resolution TEM (HRTEM) and EDS 

analysis were used to determine approximate sample compositions. Samples were 

first dispersed in ethanol and under sonication for 10 minutes, before loading onto a 

Ni TEM grid with a Formvar coating for analysis. By using the Ni grid, EDS signal 

contamination from the more common Cu grids is eliminated. HRTEM images were 

processed via ImageJ image processing software to gain information on lattice plane 

spacings in some samples.  

2.3.3 Thermogravimetric analysis (TGA) 
Solvent evaporation, polymer decomposition, and calcination steps were 

analyzed via a CAHN 2131 TGA to determine the mass change as a function of 

temperature and time in order to ensure the suppression of rapid exothermic reactions 

during fiber post-processing steps. Care must be taken to ensure that a stable initial 

mass value is obtained, otherwise substantial quantitative errors are incurred. In 

practice, programming the instrument to dwell at a stable temperature at which little 

mass change occurs (e.g. 50°C) for a long period of time (> 1 h) allows for sufficient 
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warm-up and stabilization of the overall system to produce a stable, reliable, initial 

mass measurement. Attempting to start the system from room temperature will lead to 

increased noise and poor temperature control due to the high furnace currents 

commanded as a result of the large time lag between power input to the furnace and 

measured sample temperature change. Additionally, the overall change in mass must 

exceed 2.0 mg for the 2131 TGA to produce reliable measurements, mass changes 

under 2.0 mg do not provide sufficient signal:noise ratios for accurate mass change 

calculations.   

2.3.4 X-ray diffraction (XRD) 
The electrospun fibers were characterized using an array of analytical techniques 

both before and after testing. Calcined fibers were characterized by X-ray diffraction  

(XRD) patterns obtained on a Bruker C2 Discover (Parallel Beam) General Area 

Diffraction Detection (GADDS) system with a Bruker ACS Hi-Star detector. 

Monochromatic Cu Kα radiation (40 KV and 40 mA) was used as the X-ray source. 

Approximately 10 mg of each fiber sample was pressed on to a glass slide for 

analysis and oscillated on the x-y axes during data collecting. Diffraction patterns 

were refined using TOPAS software, and refined lattice parameter and crystallite size 

values reflect the inclusion of errors due to instrument broadening as well as 

refinement calculation errors.  

2.3.5 X-ray photoelectron spectroscopy (XPS) 
X-ray photoelectron spectroscopy (XPS) was used to assess the catalyst 

surface composition before and after testing as well as after catalyst reactivation with 

exposure to O2. XPS data were collected on a Kratos Axis 165 X-ray Photoelectron 
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spectrometer operating in hybrid mode using monochromatic Al Ka (1486.7 eV) x-

rays. Survey and high-resolution spectra were collected with pass energies of 160 and 

20 eV respectively. Charge neutralization was required to minimize charge build-up, 

and the pressure of the instrument was 5x10-8 Torr or better throughout data 

collection.  Peak fittings for the Cu 2p, Pd 3d, Ce 3d, and O 1s spectra were done 

using Casa XPS software, employing peaks with a 30% Lorentzian and 70% 

Gaussian peak shape, but in this paper, only the Cu 2p and Pd 3d spectra are 

presented. Overlapping peaks in the Cu 2p3/2 spectra present challenges to peak 

fitting, and thus it was important to establish a set approach to peak fitting. In this 

study, the Cu 2p3/2 spectra were fit by constraining the two satellite peak separations 

associated with Cu2+ in CuO to be 6.4 and 9.3 eV from the main CuO peak at a 

binding energy (BE) of 934.2 eV. Additionally, the full width half maximum values 

(FWHM) of each CuO peak is fixed at 2.5, 3.1, 3.1 eV respectively, and the area of 

the main CuO peak is set to have an area ratio of 1.35 times the area of the combined 

satellite peaks. 

2.3.6 Surface Area via N2 and Kr adsorption 
Surface area analysis was carried out using a Micromeretics ASAP 2020 

porosimeter, with either N2 or Kr as the adsorbate at 77K. Samples were degassed 

under vacuum at 300°C, for at least 3 hours. After cooling under vacuum, the sample 

tubes were backfilled with He, and transferred to the analysis port. For N2 adsorption, 

an 80 point adsorption/desorption isotherm was performed, over the range (P/Po  = 0 

- 0.995). Comparison of the adsorption and desorption branches of the isotherms 

indicates the presence (or lack) of microporosity in the samples, and BET analysis of 
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the range P/Po = 0.0 - 0.30 provided BET surface areas. When Kr adsorption was 

used (for samples below 1 m2 g-1), only the range P/Po = 0.0 - 0.30 was tested due to 

the high cost of Kr. BET surface areas are readily determined using several points in 

P/Po range of 0.0 - 0.30, and relatively little is gained by examining the high P/Po 

ranges for such low surface area samples. By providing sufficient time for 

equilibration, after dosing with the adsorbate (N2 or Kr), measuring the volume of 

adsorbed gas, and assuming that the BET isotherm applies (as it does for most 

ceramic materials), the sample surface area can be estimated from the slope and 

intercept of Eq. 2.5, where ν is the volume of adsorbed gas, Po is the saturation 

pressure of the adsorbate, P is the system pressure, c is the BET constant, and νm is 

the volume of the adsorbed monolayer.172 
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    Eq.  2.5 

 

The slope (A) and intercept (I) of Eq. 1.2 are related to the BET constant and νm as 

shown below in Eq. 2.6 and Eq. 2.7.    
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From this information, the BET surface area, S(BET), can be determined via Eq. 2.8 

where N is Avagadro’s number, s is the area (cross section) of the adsorbate (N2 or 
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Kr), V is the molar volume of the adsorbate, and a is the mass of the adsorbent (e.g. 

the fiber materials). 
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     Eq.  2.8 

 

Lines of best fit are first determined for Eq. 1.2 using software provided by 

Micromeretics over range 0.05 < P/Po < 0.30, and the resulting surface areas are 

readily calculated.  

2.4 Post-processing of spun fibers: Mats vs. powders  

The electrospinning route to ceramic fibers as demonstrated in Figure 2.5 

requires polymer and precursor decomposition before the ceramic materials are 

produced. For PVP fibers spun containing nitrate salts, careful attention to the PVP 

decomposition/removal step is necessary if the desired product is a self-supporting 

mat or ‘ceramic cloth’ as demonstrated in Figure 2.5f. By cutting two composite 

PVP-Ce(NO3)3 mats from the same sheet of spun material (Figure 2.5c,e), and 

subjecting them to varied polymer removal methods, the impact of polymer removal 

on macroscopic structure is readily apparent as demonstrated in Figure 2.12. 
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Figure 2.12. Decomposition of the composite fibers via two different heating steps in air (a 
rapid step, and a gentle step) illustrates that the polymer decomposition method largely 
determines the macroscopic structure of the resulting material. When the polymer removal is 
performed quickly, the macroscopic structure (a) is poor. When polymer removal is slower, 
the macroscopic structure is improved markedly (b). The polymer removal step shows no 
discernable impact on the microstructure.  

This interesting and important result can be understood by recalling the 

discussion on combustion synthesis (Section 1.1.5.3). Combustion synthesis often 

combines an organic fuel and nitrate salts, which produce a ‘fluffy’ low-density 

metal-oxide mixture upon heating, ignition, and highly exothermic reaction. In the 

case of the fibers samples shown in Figure 2.12, the composite fibers containing a 

mixture of PVP and Ce(NO3)3 are heated in an oven. When the heat rate is too high, 

rapid, and sometimes violent oxidation occurs which breaks the fibers on the macro-

scale. However, the microstructure is retained as shown in Figure 2.12c,d. These 

Rapid Gentle a) b) 

20 µm 20 µm 

c) d) Rapid Gentle 
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results are consistent with those of Pontelli et al. who produced Cu-CeO2 fibers for 

methane oxidation from both PVP/cerium acetylacetonate and PVP/cerium nitrate 

solutions and found that the nitrate based synthesis produced more fragmented fibers 

than the acetylacetonate synthesis. This result may be due in part to the highly 

exothermic nature of the nitrate decomposition when compared to the 

acetylacetoneate anion.173  

 Further evidence of combustion-synthesis-like conditions is provided in 

Figure 2.13, which presents thermogravimetric analysis (TGA) of the ‘rapid’ and 

‘gentle’ fiber decomposition processes for composite fibers containing PVP, 

Ce(NO3)3, Pd(NO3)2, and either Cu(NO3)2 Cu(Cl)2, Cu(CH3COO)2  (the waters of 

hydration associated with each anion are not included for brevity). For similar 

systems of electrospun fibers, authors report post processing that involves a heating 

step in which the polymer is decomposed in air. Reported heating rates vary widely 

from 0.5 to 5.0°C.min-1. 94, 95, 173 Common heat rates are 2.0°C.min-1. Fibers were 

heated at either 2.0°C.min-1 to 550°C for 3 hours (denoted ‘rapid’ in this study), or 

2.0°C.min-1 to 150°C for 3 hours, and then 0.1°C.min-1 to 250°C for 3 hours followed 

by 2.0°C.min-1 to 550°C for 3 hours (labeled ‘gentle’). The ‘rapid’ polymer removal 

and calcination process is denoted throughout this text in the sample naming as 

‘R(X)’ where X indicates the Cu precursor – ‘Ac’ for acetate, ‘Cl’ for chloride, and 

‘NO3’ for nitrate (Table 2.3)). For the rapid heating, fibers spun with copper acetate 

and nitrate salts undergo the most rapid change in mass with rapid polymer oxidation 

occurring between 205 and 210°C.  
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Figure 2.13. Thermogravimetric analysis of a polymer removal step commonly described in 
the catalyst fiber literature; denoted ‘rapid’ due to the rapid heating rate, and rapid change in 
mass during the exothermic polymer decomposition step (a). And, a slower polymer removal 
process, which avoids the rapid mass loss and produces a single sheet of catalyst fabric, 
labeled ‘gentle.’  

 

Interestingly, the fibers in this study produced using the copper chloride (R(Cl)) 

did not show the same rapid mass loss as the R(Ac) and R(NO3). Although the R(Cl) 

fibers showed a similar total mass loss, it occurred over the course of ~2 hours. 

Chloride ions suppress free radical formation and thus the rate of polymer oxidation. 

Furthermore, the G(Ac) and G(NO3) samples experienced the same mass loss over a 

period of ~ 10 hours that the R(Ac) and R(NO3) samples did over ~ 15 minutes. 

Again, the gentle polymer removal from the copper chloride sample G(Cl) shows 

slower PVP decomposition than the G(Ac) and G(NO3) samples. All of the G(X) 

samples showed non-woven mat morphology with significantly more structural 

robustness. The gentle process produces longer fibers that display improved ductility 

over the rapid process.  

Examining the crystallite size as a function of Cu precursor and PVP removal 

process indicates that the gentle process leads to smaller crystallites in the with the 

rapid samples presenting the largest crystallite sizes (Figure 2.14) despite the same 

a) b) 
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final processing temperature and time. This suggests that the rapid PVP removal 

process may produce local temperatures in excess of 550°C during the thermal 

runaway event.  

 

 

Figure 2.14. Crystallite sizes from as synthesized, but untested 2/10 wt% Pd/Cu-CeO2 
samples with varied Cu precursors. For all Cu precursor salts, the gentle samples demonstrate 
smaller crystallite sizes than the rapid samples.    

 

These results indicate that the polymer removal step must be tuned for electrospun 

ceramics in order to achieve the desired structural properties at larger scales. 

Preventing thermal runaway of the decomposition process through whatever 

mechanism available (e.g. heat rate, choice of precursor salt anion, atmospheric 

control, etc.) will help to ensure the production of a self-supporting ceramic textile.  
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While the Pd/Cu-CeO2 samples were not subjected to temperatures above 550°C, 

it should be noted that the PVP decomposition is complete for these systems as 

demonstrated for un-doped CeO2 fibers heated to 1000°C following the gentle PVP 

removal process presented in Figure 2.13 above.  

 

 

Figure 2.15.Un-doped CeO2 fiber sample TGA for the Gentle PVP removal process, followed 
by heating to 1000°C to demonstrate completion of the PVP removal process by 550°C.  
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Figure 2.16. Un-doped CeO2 fiber material appearance as a function of temperature for each 
point indicated on the TGA data presented in Figure 2.15. As-spun composite (PVP + Ce) 
fibers (i), in the midst of PVP decomposition (ii), and upon completion of the PVP 
decomposition (iii).  

 

2.5 Surfactant addition: Porosity and surface area enhancement 

The surface area and porosity of the CeO2-based fibers is easily altered by adding 

a templating material to the spinning solution. In this study a commercially available 

surfactant, Pluronic L-61, was added to the electrospinning solution to lower the 

surface tension of the solution and thus reduce the diameter of the as-spun fibers. The 

surfactant also increased fiber porosity via the formation of micelles, which left voids 

in the ceramic fibers after the polymer removal step as demonstrated for a set of fiber 

samples synthesized with PVP, and Ce(NO3)3, Pd(NO3)2, and Cu(Ac)2 hydrated salts 

i"

ii"

iii"
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and varying amounts of surfactant. The surfactant levels were: no added surfactant, 

0.1g (1% m/v); denoted Ac+s, and 0.2g (2% m/v); Ac+s+ where ‘m/v’ is the ratio of 

surfactant mass (g) to volume of spinning solution (mL). The induced porosity in the 

fibers is illustrated by the increased BET total surface area as well as the hysteresis 

between the adsorption and desorption branches of the N2 isotherms as shown in 

Figure 2.17. 

 

Figure 2.17. Nitrogen adsorption and desorption isotherms for ceria catalyst samples 
synthesized with varied levels of surfactant. The micelles formed by the surfactant induced 
porosity within the fibers, changing the external surface area, but not the overall fiber 
structure. Such templating routes offer a simple route to ceramic textile materials with large 
surface areas on which to carry out heterogeneous reactions.  

The G(Ac) sample (with no surfactant added) had a BET surface area of 10 m2/g 

with no evidence of a porous fiber structure. The gently calcined samples with 

surfactant added – G(Ac + s) and G(Ac + s+) – had BET surface areas of 25 and 40 

m2 g-1 respectively, presenting a surprisingly consistent increase of 15 m2 g-1
 in 
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external surface area for each 1% m/v increase. The increase in surface area by a 

factor of 4 for a small addition of surfactant demonstrates the tenability of the 

spinning process, and offers a cost-effective route to higher surface area ceramic 

textile materials.  

 

2.6 Single-pot synthesis: A route to doped-CeO2 fibers 

The single-pot synthesis method produces intimate mixing of the precursor 

salts. In the case of CeO2 doped with either Cu, Pd, Zr, or Pr, the resulting fibers 

(after spinning and PVP removal) are of the solid-solution type such that dopants 

occupy the Ce ion lattice sites. This is expected, particularly for solutions of CeO2 

doped with Zr and Pr, which are well known and characterized in the automotive 

catalyst and solid oxide fuel cell literature, where stable materials are produced for 

wide ranges of Zr and Pr concentrations.1, 20, 21  

The production of solid solutions of metal-doped CeO2 is not as well 

characterized, given that researchers in the heterogenous catalysis field have, until 

recently, approached metal-CeO2 catalyst synthesis through traditional methods (e.g. 

depositing metals on to the surface of a pre-made CeO2 support). This paradigm shift 

is due in large part to the understanding that metals substitution promotes vacancy 

formation, and the further understanding of the importance of vacancies in the bi-

functional redox mechanism as discussed in Sections 1.1.3 and 1.1.4. The density 

functional theory scientific community has made impressive recent contributions to 

the understanding of metals doped CeO2 catalysts, and have made clear that synthetic 

routes to solid solutions are desirable.8, 30, 174 Unfortunately, most synthesis routes to 
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structured metals doped CeO2 involve first using a method like coprecipitation, spray 

pyrolysis, or combustion synthesis to produce nanoparticle powders. These powders 

are then structured using a secondary structuring process (e.g. washcoating, 

dipcoating, tape casting, etc.). Electrospinning offers the potential to synthesize 

structured solid solution metals doped CeO2 materials in a single synthesis step.  

These materials have been characterized here to demonstrate the presence of 

solid solution systems via TEM, XRD, and XPS. When examining samples under 

transmission electron microscopy (TEM), metals often appear darker than the oxide 

materials due to the higher atomic number and/or greater interaction with (and thus 

lower transmission of) electrons. Interestingly, despite the high metals content of the 

PdCu-CeO2 samples, no distinct metal particles are observed in the TEM images 

(Figure 2.26).  
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Figure 2.18. Energy dispersive X-ray spectroscopy of the nanoparticle fiber catalyst materials 
presented in Figure 2.25 and Figure 2.26, indicating that the Pd, Cu, and Ce species are 
uniformly distributed throughout the sample.  

Analyzing the fiber samples shown in Figure 2.25 and Figure 2.26 via energy 

dispersive X-ray spectroscopy (EDS) is useful for providing a broad understanding of 

the location of the Pd, Cu, and CeO2 species within the sample. The EDS analysis is 

presented in Figure 2.18, and demonstrates the nearly uniform distribution of each of 

the Pd, Cu, and CeO2 species. The elemental maps (a-c), do not show a high 

concentration of one species in a given location, but rather a uniform, consistent 

distribution of each species. Due to the interaction volume of the electron beam, it is 

a)# b)#

c)# d)# e)#



 77 

 

not possible to rule out the presence of very metal particles (ca. 1nm), smaller than 

the spatial resolution. While it is not possible to conclude that metal particles are not 

present from the EDS analysis, one can conclude that large metal-rich regions are not 

present. Thus, the catalyst does not consist of large regions of CeO2 populated with 

small metals island as is common with deposition methods.  

Examination high-resolution TEM (HRTEM) images provides further 

evidence that that the materials consist of uniform composition crystallites rather than 

CeO2-rich regions and metals-rich regions. As demonstrated in Figure 2.19, clear, 

uniform, lattice fringes are present for the single layer particles toward the edge of the 

fiber, and some darkening or fringe interference is present when particles overlap. 

But, small dark regions, or interrupted lattice fringes, which suggest the presence of 

metal particles, are not visible.  

 

Figure 2.19. High-resolution TEM (HRTEM) image of the edge of a 2/10 wt% PdCu-CeO2 
fiber.  
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Additional analysis of the HRTEM using ImageJ image processing software further 

demonstrates that lattice plane spacings characteristic of metals species are not 

present when the HRTEM images are processed in the frequency domain, though 

plane spacings characteristic of CeO2 are strongly expressed. This process is shown in  

Figure 2.20, and discussed further in Chapter 3.  

 

Figure 2.20. Simulated diffraction patterns produced using ImageJ software. Lattice plane 
spacings characteristic of metals species are not present, suggesting that the metals are 
incorporated into the CeO2 lattice.   

 

2.7 Specific experimental techniques: Equipment configuration 

Several experimental setups were constructed and refined in order to carry out 

specific experiments. The experimental capabilities, common calculations, and other 

relevant information specific to a given experiment is presented here.  
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2.7.1 WGS Catalyst activity testing 
WGS catalyst activity was measured by loading a 50 +/- 0.2 mg sample (post-

calcination mass) into a quartz reactor between two plugs of quartz wool, with quartz 

sand upstream and downstream of the bed to ensure complete mixing as demonstrated 

in Figure 2.21. A K-type thermocouple measured the temperature at the leading 

(upstream) edge of the bed, and inlet gas flow rates were controlled via mass flow 

controllers interfaced to a PC via Labview, which also allowed for continuous data 

acquisition. A Thermolyne tube furnace, controlled via a Eurotherm 91p PID 

controller, provided temperature control of the reactor bed. The system was well 

tuned, responsive, and repeatable, demonstrating consistent temperature profiles 

between experimental runs. Another Eurotherm 91P PID controller was used to 

control a humidity bottle (Fuel Cell Technologies), which is based upon a Nafion tube 

submerged in a sealed vessel filled with DI H2O for the purpose of controlling the 

dew point of the stream exiting the bottle. By controlling the temperature of the 

bottle, the vapor pressure of water in the reactor inlet stream could be controlled.  
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Figure 2.21. Quartz reactor loaded with quartz sand to ensure well distributed flow. The 
catalyst bed (50 +/- 0.2 mg, as calcined) is loaded between two plugs of quartz wool.  

  

Either a gas chromatograph (Varian CP 4900), or a magnetic sector mass 

spectrometer (ThermoFisher, Prima dB), were used to analyze the reactor effluent. 

The instruments were carefully calibrated via 3+ point calibration curves for various 

known gas compositions produced by varying the volumetric flowrates of the desired 

gas components to produce the target composition. Primary flow measurements were 

conducted in triplicate to verify the calibration mixture compositions.  

 Species reaction rates and conversions were calculated from knowledge of the 

flowrates into and out of the control volume, which is taken as the reactor bed. For 

example, CO conversion (XCO) is calculated knowing the inlet effluent CO 

concentrations as well as the inlet and effluent flowrates (Eq. 2.6), which are identical 

in the case of the equimolar WGS reaction, and the XCO expression takes the form of 

Eq. 2.7. 
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𝑋!" =
!!",!"!!"!#$,!"!  !!",!"#!!"!#$,!"#

!!",!"!!"!#$,!"
     Eq.  2.9 

 

𝑋!" =
!!",!"!  !!",!"#

!!",!"
      Eq.  2.10 

 

In this work, the reactor conditions were rarely differential (differential reaction 

conditions exist for XCO < 10%), and thus, most of the simple assumptions commonly 

employed during kinetic analysis are not applicable to these experiments. Rather, the 

activity experiments focus on the long-term catalyst stability.  

2.7.2 Redox cycling via chemical reduction 
In some instances, experiments to determine the fuel production 

characteristics of the fiber samples as a function of dopant content were performed 

via isothermal redox cycling. In such cases a chemical, rather than a thermal, 

reduction step for samples previously sintered at high temperatures (1430°C). All 

experiments were isothermal with the reactor temperature set to either 800, 900, or 

1000°C. To complete a redox cycle, argon is fed into the reactor system, a step 

change in feed composition was made using a switching valve. Specific ratios of 

CO/CO2 in Ar are used to achieve a desired O2 partial pressure, and the sample is 

allowed to equilibrate, which imparts a desired O2 deficiency within the sample as 

demonstrated for R. 2.1. 

 

2𝐶𝑂 + 𝑂!   ↔ 2𝐶𝑂!       R. 2.1 
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Writing the equilibrium constant expression in terms of partial pressures (Kp) for R. 

2.1 gives Eq. 2.11:  

 

𝐾𝑝 =    !!"!
!!"

!
𝑃!!    Eq.  2.11 

 

And, rearranging give PO2 explicitly produces Eq. 2.12: 

 

𝑃!! = 𝐾𝑝   !!"
!!"!

!
    Eq.  2.12 

 

Including the temperature dependence of Kp yields Eq. 2.13: 

 

𝐾𝑝 = 𝑒𝑥𝑝 !!!!"#
!"

     Eq.  2.13 

 

Thus, with knowledge of the CO/CO2 ratio, temperature, and the Gibbs free energy 

for R. 1.7, it is possible to calculate the effective partial pressure of oxygen from Eq. 

1.11. Alternatively, the PO2 can be calculated as needed via Gibbs free energy 

minimization algorithm contained within the Cantera Toolbox for Matlab as 

demonstrated in Figure 2.22.  

  

𝑃!! = 𝑒𝑥𝑝 !!!!"#
!"

   !!"
!!"!

!
    Eq.  2.14 

 

After sample reduction, a step change to Ar was made and the system purged 

completely. Finally, a step change to 30 vol% CO2 in Ar was made, and the CO2 
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splitting (CO production) was monitored as the sample re-oxidized. Furnace and 

sample temperature are measured and recorded, and all flows are controlled by a 

system of mass flow controllers, the step changes are induced via a electronic 

switching valve controlled by a programmed logic controller, and all feed gases are 

UHP or research grade with a trap upstream of the CO MFC to remove any trace 

carbonyls. Of concern is the disproportionation of carbon dioxide at elevated 

temperatures, but over weeks of operation there is no evidence of carbon 

accumulation within the quartz reactor system as determined by monitoring the 

effluent for CO2 formation under O2 pulses 
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Figure 2.22. Calculated effective oxygen partial pressures as a function of CO/CO2 ratio and 
temperature for R. 2.14. Logarithmic x-axis (a), and linear x-axis (b) 

 

The test system, presented in Figure 2.24, was compared against literature 

data for ceria non-stoichiometry as a function of O2 partial pressure (Figure 2.23), and 

the data produced was found to show excellent agreement with the equilibrium data 

as compiled by Mogensen et al.5 Thermal reduction experiments are also carried out 

in a similar system, though with a much more rapid heating furnace that can reach 
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temperatures in excess of 1800 K. The specifics of these experiments are addressed in 

Chapter 5.  

 

 

Figure 2.23. Comparison of the calculated reduction valued to that of Mogensen et al.5 (a), 
and comparison between the calculated reduction and observed oxidation (b) for the system 
depicted in Figure 2.24. Redox cycling apparatus consisting of mass flow controllers, 
temperature controlled furnace, switching valve and composition analysis equipment. 

 

 

Figure 2.24. Redox cycling apparatus consisting of mass flow controllers, temperature 
controlled furnace, switching valve and composition analysis equipment.  
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2.8 Application: Nanoparticle mats for simple reactor integration 

For applications in which the desired material is metal particles deposited atop 

fibers, electrospun fibers can first be produced, and then the metal(s) deposited atop 

the fibers similar to the precipitation synthesis method discussed in Section 1.1.5.5 

and clearly demonstrated by Aouat et al. for Ag particles deposited atop the surface of 

electrospun TiO2 fibers.175 In cases where the metals deposition occurs after the fibers 

are spun, the mat structure is typically lost during the aqueous phase deposition 

process that often involves extensive stirring and/or sonication.  

For system integration purposes, it is often more desirable to retain the non-

woven mat structure, and thus, incorporating the metals during the synthesis presents 

a materials processing advantage because the destruction of the mat morphology 

during the post-spinning metals deposition process can be avoided. Additionally, for 

systems in which a strong metal-support interaction (SMSI) exists, intimate 

integration of the metal oxide and a metal is often beneficial. Electrospinning process 

can be carried out to produce intimately mixed metal/metal oxide nanoparticle 

catalyst fibers. An example from this work is presented in Figure 2.25 and Figure 

2.26, which show a PdCu-CeO2 catalyst sample at varied scales.  
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Figure 2.25. An example of an electrospun PdCu-CeO2 (2/10 wt% Pd/Cu) mat following the 
polymer removal step (a), and under backscatter SEM demonstrating the non-woven 
ceramic/metal material (b). 

 

 

Figure 2.26. High resolution transmission electron micrcoscopy of the PdCu-CeO2 catalyst 
materials presented in Figure 2.25. The fibers consist of uniform, crystalline nanoparticles.  

 

2.9 Application: Sintering resistant solar thermal materials 

Another application addressed within this work is the production of ceria-based 

fiber materials for use in solar thermal applications. By spinning the materials into 

fibers, it is possible to produce a structure that maintains its porosity even after 

exposure to high temperatures (~1700K). The application considered in this work is 

production of renewable fuels via CO2 and/or H2O splitting over ceria-based 

materials that have been thermally reduced with concentrated solar energy, the 
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material structure is important. A material that is optically dense, such that the 

resistance to radiative heat transfer is high is of little use in this application. 

Additionally, large bulk structures, low porosity, and long diffusion lengths will 

reduce overall cycle performance. And thus, employing an inexpensive, scalable, and 

versatile method for structuring the material is desirable, and within this work, 

electrospinning is harnessed to produce materials that are potentially suitable for solar 

thermal cycling. An example of the value of such structuring is presented in Figure 

2.27, which compares the structure of Ce0.95Pr0.05O2 powder and fibers, after sintering 

at 1700K for 6 hours. The fiber structure shows higher porosity and smaller overall 

grain size than the powder structure, and indeed, the fuel production kinetics are 

faster for the fibers than the powder as discussed in Chapter 5.  

 

 

Figure 2.27. A comparison of Ce0.95Pr0.05O2 fibers (a) and powder (b) after heating to 1700K 
for 6 hours. The fiber structure retains higher porosity and smaller grain size than the powder.  

 

2.10 Application of electrospun CeO2-based fibers in this work 

The driving force behind the development and refining of the electrospinning 

apparatus presented in this chapter was the simple, cost-effective, production of ceria-

a)# b)#
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based materials useful under the broad umbrella of energy conversion materials. By 

energy conversion materials, the author means to include both catalysts in the 

conventional sense, as well as oxygen vacancy carriers, which are useful working 

materials for storage of solar energy and/or renewable fuel production. Within this 

body of work, electrospun ceria-based fibers are first applied to hydrocarbon fuel 

processing for low temperature fuel cell applications. For this application the 

metal/ceria nanoparticle fiber mats as discussed in Section 2.8 are desirable. The 

second application examined here is the storage of solar energy as liquid 

hydrocarbons. For the working materials in solar thermal cycles, the sintering 

resistant structures discussed in Section 2.9 may offer advantages. These applications, 

the tailoring of CeO2-based materials for each specific application, and the ultimate 

performance of the materials are discussed in the upcoming chapters.  
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3 Chapter 3: Electrospun CeO2-based WGS catalysts 
 

3.1 Background: Water gas shift (WGS) 

Water-gas-shift (WGS) catalytic reactors provide removal of CO and increased H2 

content from hydrocarbon reformate streams for H2 production in fuel cell systems, 

coal gas processing, and other applications. For low-temperature PEM fuel cell 

systems, WGS catalysis is a first step in lowering reformate CO concentrations 

upstream of the fuel cell anode to mitigate CO-poisoning of the anode. The 

exothermic WGS reaction indicated removes CO by reacting with excess H2O in the 

reformate stream: 

H!O +   CO↔ CO! + H!             − 41  kJ/gmol  (at  300  K)   Eq. 3.1 

 

The WGS reaction is relatively fast in both the forward and reverse reaction over 

common Cu/Zn/Al catalysts at temperatures down to around 400°C, and in 

sufficiently large reactors, Eq. 3.1 approaches equilibrium such that CO 

concentrations reach mole fractions below 0.5 % on a wet basis depending on the 

reformate. The Cu/Zn/Al catalysts suffer from poor activity below 350°C and 

irreversible loss of activity upon exposure to air at elevated temperatures, which 

presents challenges for operability of these catalysts, particularly for H2 purification 

in many small scale fuel cell applications.122  
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The exothermic nature of Eq. 3.1 suggests that more active catalysts can reach 

equilibrium at lower temperatures with lower CO concentrations. Efforts are ongoing 

to develop more active WGS catalysts, which can approach thermodynamic 

equilibrium at temperatures well below 400°C and which have increased stability in 

oxidizing environments. 44, 176 More active catalysts may reduce WGS reactor size 

and thereby their start-up times as well as overall system cost resulting from greater 

process intensification.121, 177 

Significant research efforts in recent years have focused on ceria-based WGS 

catalysts with hopes that these catalysts can provide higher activity and improved 

resistance to deactivation from start-stop cycles. Ceria-based substrates with active 

metal catalysts (Pt, Au, Pd, Cu, and their alloys have been widely explored2, 29, 35, 36, 44, 

45, 57, 178-185) and have shown promise for use in compact reactors for hydrocarbon fuel 

processors for fuel cell systems.6 The mechanisms for high WGS rates on ceria-based 

catalysts remain a matter of debate,44 although it is clear that strong interactions 

between ceria and supported metal catalysts play a key role.2, 83, 176 Ceria-based 

catalysts with supported or impregnated metals show a tendency to slowly lose 

activity in time-on-stream studies,185 but ongoing efforts are exploring how to control 

the metal-ceria structures and interactions to improve the stability of the WGS 

activity.186, 187 Catalysts based on metal-CeO2 combinations show high activity with 

relatively low metal loadings, and similar activity for transition metals (e.g. Cu, Ni) 

and precious metals (e.g. Pt, Pd, Au). Thus, these systems are worthy of continued 

exploration and development. Alternative production techniques may offer additional 

insight into the unique characteristics of such materials, and may offer interesting 
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methods for producing systems with intimate contact between the CeO2 and the 

metals which is attributed to the high WGS activity in Cu-CeO2 systems.188  

3.1.1 Background: Cu and Pd-based CeO2 WGS catalysts 
Copper is a relatively inexpensive and widely used metal, which is already 

applied in industrial WGS catalysis as the Cu/ZnO-based catalyst system. However, 

the Cu/ZnO system is not well suited for the frequent stop-start cycles and air 

exposure that are often encountered at smaller scales. Catalysts based on Cu-CeO2 

systems have demonstrated stability under start-stop/air exposure conditions as well 

as high activity, often approaching the activity of precious metal-CeO2 systems (e.g. 

Pt, Pd, or Au - CeO2) at substantially lower cost. 29, 44, 180, 189 Thus, these materials are 

worthy of continued study because Cu-CeO2 based catalysts systems offer high 

activity at low cost.  

While the exact nature of the active site(s) for the WGS reaction over Cu-CeO2 is 

not yet settled, the system is the subject of increasingly detailed study, and it is clear 

that the interface/interaction between Cu and the metal oxide plays a major role in 

determining the overall activity. Kubacka et al. discuss the difficulty surrounding the 

determination of the Cu oxidation state, and the ‘quasi-free’ nature of the Cu as it 

moves into and out of the CeO2 lattice (under oxidizing and reducing conditions 

respectively) before demonstrating improved stability by adding tungsten to the Cu-

CeO2 catalyst systems.51, 52 Another study by Si et al. stressed the importance of the 

type of Cu species, rather than the total mass of Cu present in the catalyst systems. By 

leaching the surface and loosely bound Cu from the Cu-CeO2 samples with little 

change in activity, the strongly bound Cu-species were directly related to catalyst 
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activity. Following this understanding, the authors indicate the importance of intimate 

contact between the Cu and Ce precursors during synthesis, stating that methods 

similar to co-precipitation are superior to deposition of Cu atop a pre-made CeO2 

support because the latter approach does not produce high concentrations of the 

intimately mixed Ce-O-Cu type species.44 Ciston et al. demonstrated, via in-situ XRD 

and environmental HRTEM, that solid solution Ce1-xCuxO2-δ materials demonstrate a 

markedly different response to oxidizing and reducing environments than CuO/CeO2 

systems.52  

Adding Pd to Cu/CeO2 based catalysts has been shown by many to improve the 

activity and stability of the catalyst system 31, 46, 190 This improvement is thought to be 

due in part to the lower lattice strain (relative to Cu) which is induced upon Pd 

incorporation at a Ce lattice site. The lower strain arises from the smaller difference 

in ionic radii between Pd2+ and Ce3+/4+ vs Cu2+ and Ce3+/4+ (Table 3.1). 

 

Table 3.1. Shannon ionic radii for Ce 3+ / 4+, Cu2+, and Pd2+. 

Ion Ionic Radius (pm) 

Ce4+ 101 
Ce3+ 115 
Cu2+ 87 
Pd2+ 100 

 

During exposure to reducing environments, Ce4+ is reduced to Ce3+, and a lattice 

expansion occurs as the increased electron density localized around Ce leads to an 

increase in the diameter of the Ce ion. Recent work indicates that most metals in 

metal-doped CeO2-based systems prefer to adopt a 2+ oxidation state, and that the 
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Ce4+/3+ transition typically occurs more readily that a change in the oxidation state of 

the metal ion.8, 30 With these principles in mind, the activity enhancement achieved by 

adding Pd to Cu-CeO2 systems is understandable. Additionally, it is worth noting that 

the Pd/Cu-CeO2 system has received significant attention over the past decade, as 

applied to the oxygen-assisted WGS reaction. These studies indicate a strong synergy 

between Pd and Cu, and also a substantial increase in activity obtained through the 

addition of a small amount of O2 to the WGS reactor feed.46, 190  

Efficient metals incorporation is required for all formulations, and to utilize the 

metals in metal-doped CeO2 systems most efficiently, methods that lead to strong 

metal-ceria interactions, often to the point of incorporating the metal cation into the 

ceria-lattice, are necessary for promoting the WGS reaction. As briefly demonstrated 

in Section 2.8, electrospinning of mixed ceria/metal precursors provides one such 

technique that allows for simple synthesis of intimately mixed catalytically active 

material. Electrospinning has been used widely to produce polymer-based fibers, and 

more recently explored as a method for producing ceria-based or other oxide fibers.95, 

96, 151, 156-158, 167, 191 The process provides a simple route to catalytically active 

metal/metal-oxide materials, though few CeO2-based catalysts have been produced 

via electrospinning to date.164, 173 Electrospinning of an appropriate solution as 

described here can achieve intimate mixing of active metals like Cu and Pd with 

CeO2 while producing high-surface-area structures with well-dispersed nano-scale 

grains for promoting catalytic activity.  

For this study, a series of ceria-based catalysts containing Pd and/or Cu were 

produced via a single-pot electrospinning process with the intention of demonstrating 
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the single-pot synthesis as a versatile and simple method for low-cost catalyst 

production. The primary composition of metals was held at 2/10 wt% Pd/Cu as a 

model system for the exploration of the electrospun ceria-based WGS catalysts, since 

significant literature is available on similar Pd/Cu systems, and because the bimetallic 

catalyst had demonstrated high activity under WGS and oxygen-assisted WGS 

conditions.46, 190, 192 The Pd/Cu system was compared to the single metal equivalents 

with 2 wt% Pd or 10 wt% Cu. The Pd/Cu-CeO2 bi-metallic catalyst literature 

indicates that the Pd and Cu often demonstrate a synergy such that activity and/or 

stability are dramatically improved over the sum of the single-metal CeO2-based 

systems.31, 46, 50, 190  

This study explores the transient performance of the electrospun ceria Pd/Cu 

catalysts as well as their reactivation due to exposure to oxidizing environments in 

order to shed light on the relationship between catalyst structure and activity. 

Examination of the catalyst structure and surface composition before and after testing 

in the reducing WGS environment as well as after exposure to heated oxidizing 

environments provides a basis for observing the dynamic nature of the metal-ceria 

interactions and their impact on catalyst stability. In general, the study also shows the 

potential for electrospun catalysts to provide a simple one-pot synthesis approach to 

developing high-surface area ceria-based WGS catalysts. 

3.2 Experimental Methods: One-pot synthesis of Pd/Cu-CeO2 

3.2.1 Catalyst Fabrication 
Catalysts consisting of 2 wt% Pd, 10 wt% Cu, 88 wt% CeO2 were prepared via a 

one-pot synthesis based on electrospinning a salt solution and subsequent calcining as 
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described here. For a typical synthesis, ~12 mL of spinning solution was prepared by 

adding 1.94 g Ce(NO3)3•6H2O, 0.044 g Pd(NO3)2•2H2O, and some amount of a 

hydrated copper salt to a solution consisting of 6.60 g ethanol and 6.00 g water (60 

vol% ethanol). To compare with the bimetallic catalyst system, two monometallic 

catalysts with acetate metal precursors were made: 1) with the same Pd to CeO2 

loading and no Cu and 2) with the same Cu to CeO2 loading and no Pd. Different 

copper salt hydrates were used in this study and their respective amounts added to the 

solution to achieve the 10 wt% Cu in the final catalyst were 0.31 g for 

Cu(NO3)2•2H2O, 0.30 g for Cu(CH3COO)2•H2O, or 0.23 g for CuCl2•2H2O. After 

stirring at room temperature until dissolution was achieved, 1.44 g of granular 

polyvinylpyrrolidone (PVP with average MW of 1.3.106) was added and stirred into 

the solution overnight to produce a homogenous, viscous solution. For some catalyst 

samples, 0.2 g or 0.4 g of the surfactant Pluronic L-61 was added with the PVP to 

produce 1% & 2% m/v solutions, where ‘m’ is the mass of the surfactant solution, and 

‘v’ is the total volume of the synthesis solution. The surfactant addition reduced the 

solution surface tension and increased calcined fiber porosity due to the formation of 

micelles and voids in the fibers during the polymer removal process. This route to 

increased porosity is also discussed in Section 2.5. 

The final solution was electrospun in a 1.0 kV.cm-1 electric field at a flow rate of 

1 mL.hr-1 onto a rotating wire drum collector as demonstrated in Figure 2.7 (c,d). The 

electric field was produced using two high voltage power supplies. The needle (or 

spinneret) was maintained at -20 kV and the collector was maintained at +2 kV to 

improve fiber collection efficiency and avoid deposition of fibers on surrounding 
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surfaces 193. The tip-to-collector distance was fixed at 22 cm, which produced a 

constant 1kV/cm electric field. The spinneret was cleaned every 15-20 minutes during 

spinning to avoid clogging. The polymer removal step was performed via the rapid 

and gentle methods as described in Section 2.4 

3.2.2 Catalyst Material Characterization  
The electrospun fiber catalysts were characterized using an array of analytical 

techniques both before and after testing. Calcined fibers were characterized by X-ray 

diffraction patterns obtained on a Bruker C2 Discover (Parallel Beam) General Area 

Diffraction Detection (GADDS) system with a Bruker ACS Hi-Star detector. 

Monochromatic Cu Kα radiation (40 KV and 40 mA) was used as the X-ray source. 

Approximately 10 mg of each fiber sample was pressed on to a glass slide for 

analysis and oscillated on the x-y axes during data collecting. 

In addition, X-ray photoelectron spectroscopy (XPS) was used to assess the 

catalyst surface composition both before and after testing and after catalyst 

reactivation with exposure to O2. XPS data were collected on a Kratos Axis 165 Xray 

Photoelectron spectrometer operating in hybrid mode using monochromatic Al Ka 

(1486.7 eV) x-rays. Survey and high-resolution spectra were collected with pass 

energies of 160 and 20 eV respectively. Charge neutralization was required to 

minimize charge build-up, the pressure of the instrument was 5 x 10-8 Torr or better 

throughout data collection. Peak fitting was done using Casa XPS software, 

employing peaks with a 30% Lorentzian and 70% Gaussian peak shape. 

Quantification was performed after subtraction of a Shirley background using relative 

sensitivity factors taken from the Kratos Vision library. 
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N2 adsorption provided an estimate for the fiber catalyst surface area. Samples 

were degassed by heating at 10°C.min-1 to 90°C under vacuum, holding at 90°C for 

one hour, and then heating at 10°C.min-1 to 300°C for 3 hours. After backfilling with 

N2, samples were transferred from the degas port to the analysis port of the 

Micromeretics ASAP 2020 porosimeter. An 80-point N2 adsorption/ desorption 

isotherm was recorded. From the adsorption isotherm, BET surface areas were 

reported, and comparison of the adsorption and desorption isotherm branches indicate 

the presence (or lack) of microporosity within the fibers.  

Fiber samples were examined in a Hitachi S-3400 Variable Pressure SEM with an 

accelerating voltage of 5 kV and a working distance of 10 mm. A column pressure of 

100 Pa was set to reduce the effect of sample charging, which is especially 

pronounced even for thin layers of the material due to the insulating properties of the 

ceria-based fibers. Fiber samples were prepared for TEM by sonicating a 2 mg 

sample of the catalyst in 2 mL anhydrous ethanol for 10 minutes before transferring 

the fiber solution to a Ni TEM grid via pipet. After solvent evaporation, samples were 

loaded into a JEOL 2100 FEG-TEM for imaging and EDS analysis. Particle size 

distributions were estimated using ImageJ image analysis software by measuring a 

random selection of at least 30 distinct particles. Energy dispersive X-ray analysis 

was used in the TEM to assess how the Pd and Cu composition was dispersed in/on 

the CeO2 fibers. 

3.2.3 Catalyst Activity Testing 
Each tested catalyst sample was loaded into a quartz reactor (6.75 mm ID) 

between two plugs of quartz wool to yield a small packed bed reactor. Quartz sand 
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upstream (5 g) and downstream (5 g) of the catalyst bed ensured well-mixed and 

thermally equilibrated flow through the catalyst bed. The mass of each catalyst 

sample was maintained at 50 ± 1 mg, and the bed height of each sample 4 ± 0.2 mm. 

A Eurotherm 91P PID controller controlled the sample temperature, which was 

measured by a K-type thermocouple fixed at the leading (upstream) edge of the 

catalyst bed. The furnace temperature was maintained at 55°C before a testing cycle 

to avoid water condensation in the catalyst bed. 40 standard cm3.min-1 (SCCM) of 

5.5% CO (CP grade, Airgas) in Argon (UHP, Airgas), controlled by Brooks 5850 

series mass flow controllers, flowed though a temperature controlled humidity bottle 

(Fuel Cell Technologies), maintained at 46°C to produce a WGS feed mixture 

containing 5% CO, 10% H2O, and 85% Ar. Upon stabilizing the flow conditions at 

very close to 1 bar total pressure, the furnace temperature was ramped from 55 to 

400°C at a rate of 2°C.min-1. All lines downstream of the humidity bottle were 

maintained above 60°C to prevent condensation, and water was removed from the 

reactor effluent through a Nafion membrane dryer (Permapure) with counter-flow dry 

air removing the moisture from the effluent. The dried reactor effluent was analyzed 

by a Varian CP-4900 micro GC fitted with a PPU column (CO2 analysis) and a MS5 

column (H2/CO analysis). Each column fed an independent thermal conductivity 

detector. A magnetic sector mass spectrometer (Thermo Fisher, Prima dB), was also 

used to provide rapid analysis of the reactor effluent. In some cases both instruments 

were utilized depending on availability, but in others, either just the GC or just the 

MS was employed depending on the required measurement frequency. Sampling 
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frequency for the GC was approximately 3 minutes per sample. The MS was capable 

of analyzing the gas composition at 2 second intervals.  

The temperature ramp with the constant feed mixture flowing through the catalyst 

bed provided a temperature programmed surface reaction (TPSR) characterization. In 

all TPSR tests, the CO2 and H2 effluent concentrations diverged (with CO2 always in 

excess) as the catalyst bed temperature approached 100°C. Prior to the activity 

testing, each catalyst was calcined at 550°C in air for 3 hours before cooling to room 

temperature in air, and thus each catalyst component is assumed to be fully oxidized 

(i.e. CuO, PdO, and CeO2). The difference between the H2 and CO2 concentrations in 

the effluent during the temperature ramp is likely due to CO reduction of the oxidized 

metals, including some CeO2. This difference between product H2 and CO2 

concentrations during the temperature ramp provided an estimate of the accessible 

oxygen from each catalyst and the source of the oxygen (e.g. the metals, the support, 

or both). After the catalyst bed temperature reached 400°C, stability tests at 400°C for 

60 hours monitored stability of the WGS activity for each catalyst. 

3.3 Results and Discussion  

3.3.1 Impact of Polymer Removal/Calcination Step  
The polymer removal conditions were initially derived from those reported in 

literature for the production of various inorganic electrospun fiber materials using 

PVP or similar polymers dissolved using water/alcohol solvent systems. Most authors 

report a solvent removal or drying step followed by a heating step in which the 

polymer is decomposed in air.156, 158, 159, 166, 173, 194, 195 Reported heating rates vary 

widely from 0.5 to 5.0°C.min-1. Initially, the PVP removal and calcination step was 
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performed by ‘rapid’ heating the as-spun samples at 2°C.min-1 in air to 550°C for 3 

hours. This ‘rapid’ polymer removal and calcination process is denoted throughout 

this text in the sample naming as ‘R(X)’ where X indicates the Cu precursor – ‘Ac’ 

for acetate, ‘Cl’ for chloride, and ‘NO3’ for nitrate). Samples of fibers produced using 

different copper precursors were subjected to the rapid polymer removal and 

calcination in air, and the TGA data is shown in Figure 3.1. For the rapid heating, 

fibers spun with copper acetate and nitrate salts undergo the most rapid change in 

mass with rapid polymer oxidation occurring between 205 and 210°C.  

The rapidly heated samples produced relatively short, brittle fibers, which formed 

a fragile fiber mat (as shown in Figure 3.2a) that readily crumbled into a powder-like 

substance. The short, brittle fibers are likely the result of the rapid exothermic 

reaction causing fast sintering and fracturing in an environment similar to combustion 

synthesis which often produces low-density powders.64 These results are consistent 

with those of Pontelli et al. who produced Cu-CeO2 fibers for methane oxidation from 

both PVP/cerium acetylacetonate and PVP/cerium nitrate solutions and found that the 

nitrate-based synthesis produced more fragmented fibers than the acetylacetonate 

synthesis. This result may be due in part to the highly exothermic nature of the nitrate 

decomposition.173 Interestingly, the fibers in this study produced using the copper 

chloride (R(Cl)) did not show the same rapid mass loss as the R(Ac) and R(NO3) 

samples which are shown in Figure 3.1a. Although the R(Cl) fibers showed a similar 

total mass loss, it occurred over the course of ~2 hours. Chloride ions suppress free 

radical formation and thus the rate of polymer oxidation. However, metal chlorides 

can be difficult to reduce or convert to oxides in the final catalyst and as shown below 
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this may impact availability of active surface sites and thus overall catalyst activity 

for catalysts formed from chloride precursors. One should not rule out the pontential 

use of a small concentration of a Cl containing salt to the spinning solution (e.g. 

NaCl, KCl, at a low concentration) to allow rapid heat rates to be used while still 

obtaining the desirable macroscale morphology. In short, the presence of the Cl 

would serve to ensure that the combustion rates did reach autocatalyzing, or runaway 

conditions under rapid heating conditions. A small concentration would be required to 

reduce the chances of metal-chloride formation, and potential loss of activity.   

 

Figure 3.1. Themogravimeteric (TGA) analysis of the ‘rapid’ polymer removal process, 
showing polymer decomposition occurring in several minutes when the fiber samples are 
heated at 2°C to 550°C (a). For the ‘gentle’ polymer removal step, the same mass loss occurs 
over the course of several hours for each of the studied samples (b). In both methods, the 
presence of chlorine slows the polymer decomposition. 

In order to produce a more structurally robust mat of ceramic fibers, a more gentle 

polymer removal step (denoted ‘G(X)’ in sample naming where X indicates the Cu 

salt anion) was implemented with a reduced heating rate of 0.1°C.min-1 between 150 

and 250°C in order to slow decomposition of the polymer and metal salts. The 

reduced heating rate lowered the exothermic reactions and thus the temperature rise 

during mass loss. TGA results shown in Figure 1b, provide evidence that the G(Ac) 

and G(NO3) samples experienced the same mass loss over a period of ~ 10 hours that 

a) b) 



 103 

 

the R(Ac) and R(NO3) samples did over ~ 15 minutes. Again, the gentle polymer 

removal from the copper chloride sample G(Cl) shows slower PVP decomposition 

than the G(Ac) and G(NO3) samples.  

All of the G(X) samples showed non-woven mat morphology with significantly 

more structural robustness as illustrated in the photo of Figure 2b. The gentle process 

produces longer fibers that seem to have improved ductility. SEM images in Figure 

3.2c/d comparing the R(Ac) and G(Ac) fibers show similar fiber diameters, but the 

integrated structure illustrated in Figure 3.2a/b are dramatically different.  

 

Figure 3.2. An example of decomposition of the as-spun fibers via two different heating steps 
in air (a rapid step, and a gentle step as shown in Figure 3.1) illustrates that the polymer 
decomposition method largely determines the macroscopic structure of the resulting material. 
When the polymer removal is performed quickly, the macroscopic structure (a) is poor. When 
polymer removal is slower, the macroscopic structure is improved markedly (b). The polymer 
removal step shows no discernable impact on the microstructure. 

By employing the slower polymer removal process, a cohesive electrospun 

ceramic-fiber mat was routinely formed. These results indicate that the polymer 

Rapid Gentle a) b) 

20 µm 20 µm 

c) d) Rapid Gentle 
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removal step must be tuned for electrospun ceramics in order to achieve a desired 

integrated structure at the larger scales.  

 

3.3.2 Activity and structure of mono and bi-metallic Pd/Cu-CeO2  
The activity and structure of the ceria based catalyst fibers (Pd only, Cu only, 

and Pd/Cu) were analyzed by activity testing and HRTEM. During initial heating of 

the catalyst for activity testing (TPSR), CO2 production peaks occurred between 65 

and 200°C without any significant H2 production. While heating at 2°C.min-1 in 5% 

CO 10% H2O, and balance Ar, CO was oxidized not from oxygen supplied by H2O 

(as signified by no corresponding H2 production) but by oxygen released by the 

reduction of the catalyst metal oxides (CuO, PdO, and CeO2). At these relatively low 

temperatures, the majority of the CO2 production is due to the reduction of Cu and Pd 

oxides, though other studies have indicated that the ceria particularly in close contact 

with the metals may participate in the reduction as well, even below 200°C.8, 46 

Carbon dioxide released during the TPSR phase of the experiments for Pd, Cu and 

Pd/Cu catalysts (all samples were synthesized with the Pd nitrate salt and the Cu 

acetate salt and calcined gently) is presented in Figure 3.3. To produce a level 

comparison between the different loadings of metal, the Pd and Cu monometallic 

catalyst signals were scaled on a molar basis. Because the 2 wt% Pd (9.34E-6 moles 

metal per 50 mg catalyst) sample contains significantly fewer metal atoms than the 10 

wt% Cu (7.67 E-5 per 50 mg) and 2/10 wt% Pd/Cu (8.55E-5 per 50 mg) sample, the 

production rates for the Pd and Cu signals were scaled by factors of 9.15 and 1.11 

respectively. This perspective allows for direct comparison of the relative reduction 
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of each catalyst while also enabling a comparison between the 2/10 wt% Pd/Cu 

samples from the later study.  

 

 

Figure 3.3. Carbon dioxide released during TPSR ramp from 50-400°C at 2°C/min (5% CO, 
10% H2O, balance Ar) for ceria-based electrospun fiber catalysts (2 wt% Pd, 10 wt% Cu, 
2/10 wt% PdCu). The sample containing only Pd presents a single low intensity peak 
centered at 150°C, the sample containing only Cu presents 2 distinct peaks at 80 and 140°C, 
while the bi-metallic Pd/Cu sample produces two indistinct peaks at ~100°C and ~120°C. 
The monometallic samples are normalized to enable the CO2 released from each sample to be 
compared on a per mol metal basis.   

The sample containing only Pd produces a single peak centered at 150°C, the 

sample containing only Cu presents 2 distinct peaks at 80°C and 140°C, while the bi-

metallic Pd/Cu sample produces two indistinct peaks at ~100°C and ~120°C. This 

TPSR data shows that the addition of Pd to the Cu sample delays the onset of the low-

temperature peak, while also decreasing the temperature of the second peak, and 

indicates that the combination of Pd and Cu produces a strongly interactive system. If 
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the Pd and Cu acted independently, two or three peaks would be expected. The first 

peak would be expected at 80°C, and the others at 140°C and 150°C. Furthermore, 

and perhaps more interesting, is that the CO2 produced per mole of metal is similar 

for each catalyst composition, indicating similar behavior for both Pd and Cu in the 

catalysts, which is consistent with recent experimental and theoretical studies on 

precious metal and transition metal doped ceria catalysts which suggest that catalyst 

activity is not always strongly dependent on metal species. 8, 44, 196 

After the initial heating, the catalyst sample temperature was maintained at 400°C 

and WGS activity as a function of time on stream was measured with the feed 

mixture described previously (5% CO 10% H2O, balance Ar). The mixture flow rate 

was held fixed at 40 standard cm3.min-1 for an approximate catalyst space velocity of 

16,000 h-1. The relatively high space velocity allows for clearer observation of 

changes in catalyst kinetics with the activity measurements, though conversions often 

exceed 10% and the differential reactor assumption does not apply for determining 

kinetic rates. Time-on-stream analysis of the mono and bi-metallic Pd, Cu, and Pd/Cu 

samples is presented over 12 hours in Figure 3.4.  
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Figure 3.4. CO conversion for mono and bi-metallic ceria-based electrospun fiber catalysts (2 
wt% Pd, 10 wt% Cu, 2/10 wt% PdCu) during time-on stream test at 400°C under 5% CO, 
10% H2O, balance Ar over 12 hours at 400°C. 

The 2 wt% Pd sample shows low conversion overall, converting just 8% of the 

CO in the feed mixture initially and declining to 7% after 12 hours. The 10 wt% Cu 

sample converts 45% of the inlet CO initially, but falls to 39% after 12 hours. The 

synergy between Pd and Cu is apparent when studying the Pd/Cu bi-metallic catalyst 

performance, which initially converts 80% of the inlet CO and falls to 65% over the 

course of 12 hours. If the metals were acting independently, one would expect a linear 

superposition of the reaction rates, and the initial conversion to be ~50% (rather than 

80%), falling to ~45% over the course of the testing. Systems of Pd, Cu, and CeO2 are 

widely studied due to this apparent synergy such that the performance of the bi-
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metallic catalyst far exceeds the sum of the performance of the individual Pd and Cu. 

Additionally, it is necessary to mention that the Pd-species seem to be underutilized 

in these systems, showing relatively low overall performance in the monometallic 

system. When combined with Cu, there may be a synergistic dispersion or alloying 

affect that better utilizes or distributes the Pd within the catalyst particles 

Examples of HRTEM images for the mono and bi-metallic ceria based 

samples are presented in Figure 3.5, and the HRTEM images do not demonstrate 

appreciable differences upon examination. By compiling several simulated electron 

diffraction patterns, additional insight into the catalyst structure is gained. ImageJ 

image processing software was first used to perform a Fast Fourier Transform (FFT) 

of the HRTEM images for the catalyst compositions given in Figure 3.5, and then a 

radial intensity integration was performed on the FFT to produce an intensity profile 

as a function of reciprocal distance. This intensity profile can then be analyzed for the 

presence of electron diffraction peaks related to the CeO2 and metals components. 

The results of this analysis are presented in Figure 3.6. 

 

Figure 3.5. HRTEM images of mono and bi-metallic catalyst samples each showing the 
presence of nano-crystalline particles.  

 

a)###2#wt%#Pd#*#CeO2# b)###10#wt%#Cu#*#CeO2# c)###2/10#wt%#Pd/Cu#*#CeO2#
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Figure 3.6. A demonstration of the route to the simulated diffraction patterns from a HRTEM 
image for a given sample (a), the Fast Fourier Transform (FFT) of the HRTEM image gives 
the FFT (b). By performing a radial integration of intensity, using ImageJ software, a 
simulated electron diffraction pattern profile is generated (c). Overlaying each of the 
diffraction patterns indicates an absence of electron diffraction peaks associated with the 
oxides of Pd and Cu which present high intensity peaks in the range 4-5 nm-1.  

The simulated electron diffraction patterns offer further support of the 

hypothesis that the materials produced via this electrospinning process consist of 

solid solutions of metal-CeO2 rather than distinct metal and CeO2 particles, the peaks 

expected for CeO2 are present. The bimetallic Pd/Cu-CeO2 catalyst system was 

selected for further study in hopes of understanding the source of the synergy 

between the metals and subsequently developing a cost-effective, active, and stable 

structured WGS catalyst material.  

3.3.3 Activity and structure of bi-metallic Pd/Cu-CeO2; Cu precursors 
The Cu precursor salt was varied to determine if the Cu source had an effect on 

ultimate catalyst stability and performance. Different copper salt hydrates were used 

in this study and their respective amounts added to the solution to achieve the 10 wt% 
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Cu in the final catalyst were 0.31 g for Cu(NO3)2•2H2O, 0.30 g for 

Cu(CH3COO)2•H2O, or 0.23 g for CuCl2•2H2O. From the CO2 production data 

presented in Figure 3.7, the acetate-based samples show the earliest onset of CO2 

production with peak production between 105 and 140°C.  

 

Figure 3.7. Carbon dioxide released during TPSR ramp from 50-400°C at 2°C/min for 
various electrospun fiber catalysts with 2% Pd and 10% Cu synthesized with different Cu 
precursor salts. In all cases, the samples subjected to rapid PVP removal show an earlier onset 
of CO2 production than the gentle samples. 

In spite of the different profiles of the CO2 production vs. temperature during the 

initial heating, integration of the total CO2 produced during this initial ramp for the 

acetate and nitrate samples gives a consistent 2.8 ± 0.1 mmol of CO2 production per 

mass of catalyst as indicated in Table 3.3. This is true for both the samples treated 

with the rapid and gentle calcinations, which suggests that each of these samples has 

similar accessible metals area. Thus, while the macroscopic fiber structure is strongly 
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affected by the polymer removal step, the accessible metals area is not significantly 

impacted.  

Table 3.2. Maximum calculated available oxygen from the bimetallic Pd/Cu-CeO2 catalysts. 
In practice, the high degrees of reduction are not observed (CeO2 is not likely to reduce 
completely to Ce2O3, and some metals may remain completely or partially oxidized), but this 
calculation provides an upper limit for the oxygen available from each catalyst component.   

catalyst component wt. % 
Total moles O available per gcat 

(by reducing CuO, PdO, & CeO2 to Ce2O3) 

Cu 10 1.57E-03 

Pd 2 3.76E-04 

CeO2 88 5.11E-03 

 
Table 3.3. Measured CO2 released from the bi-metallic catalyst samples from the integration 
of the TPSR peaks presented in Figure 3.7. One mole of atomic O is consumed for every mol 
CO2 produced, and thus, a direct comparison between the values in Table 3.2 is possible. 

Cu Precursor Salt Calcination Type Total CO2 Produced [mol CO2
.gcat

-1] 

Chloride Rapid 2.1E-03 

Chloride Gentle 2.5E-03 

Acetate Rapid 2.7E-03 

Acetate Gentle 2.9E-03 

Nitrate Rapid 2.9E-03 

Nitrate Gentle 2.7E-03 
 

The amount of excess CO2 produced during initial heating by the acetate and 

nitrate samples requires more O atoms than the 1.95 ± 0.1 mmol of O available from 

just Cu and Pd reduction as indicated in Table 3.2. This indicates that some amount of 

CeO2 is reduced, even at relatively low temperature, which is consistent with CCV 

formation.  
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The chloride-based samples show lower peak rates of CO2 production. The G(Cl) 

sample subjected shows a peak production shifted to ~225°C, which may indicate the 

presence of activity-inhibiting copper-chloride or palladium-chloride species that 

were not removed during the gentle calcination process. Both the R(Cl) and the G(Cl) 

samples provide lower overall CO2 production (respectively 2.1 and 2.5 mmol of CO2 

production per g of catalyst), likely due to the incomplete removal of chloride anions 

or the formation of metal-chloride species during polymer removal/calcination. 

The time-on-stream activity results, typified in Figure 3.8, always showed a 

decline in activity as a function of time. The activity is measured in terms of CO2 

production rate per gram of catalyst, which for these steady feed conditions agrees 

well with the H2 production rate. No methane was detected over any of the tested 

Pd/Cu-CeO2 catalysts. The initial activity for the different samples followed the trend: 

G(Cl) < G(NO3) ≈ G(Ac) ≈ R(NO3) < R(Ac) ≈ R(Cl). This order was largely 

maintained as the activity declines over the first 60 hours on stream as indicated.  
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Figure 3.8. 60 hour stability tests for Pd/Cu-CeO2 bi-metallic samples. In all cases, the 
samples subjected to the rapid PVP removal step show higher overall conversion, though the 
overall decay behavior is similar for each sample. The chloride-containing samples (R(Cl) & 
G(Cl)) vary widely in overall activity, with the G(Cl) sample showing significantly slower 
rate which may be the result of incomplete removal of chloride species during the polymer 
removal/calcination step. 

The decay with exposure to the WGS mixture is consistent throughout all 

samples, but for each sample, the activity can be restored by re-oxidizing the catalyst 

in 2% O2 (balance Ar) for 30 minutes at 400°C before purging the reactor with Ar 

and then restoring the original feed mixture. This indicates the importance of 

available O for sustaining WGS activity and while the mechanism for inhibiting the 

availability of O over time in the reducing WGS mixture remains a matter of debate, 

this study provides some additional insight into the stability of such systems.  

Figure __. CO2 production rate during time on stream at 400°C under 5% CO, 10% H2O, 
balance Ar. Ceria based catalyst fibers prepared using copper containing chloride (square), 
nitrate (diamond), or acetate (circle) salts. Pure CeO2 fiber sample provided for comparison. 
Open symbols indicate rapid calcination, while filled symbols indicate gentle calcination.   
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Pure ceria fibers (synthesized without adding Cu or Pd precursors) were also 

tested in an identical manner to the other catalysts, and shown to be slightly active for 

WGS at 400°C. Consistent with the ceria-based WGS literature, the activity for the 

pure ceria is stable but substantially lower than the activity given for the Pd/Cu 

loaded catalysts as shown in Figure 3.8. Combined with the understanding that the 

ceria with Pd/Cu is partially reduced upon initial exposure to the WGS mixture 

during catalyst heating, this result indicates that the Pd and Cu interactions with the 

ceria reduction play a critical role in the high WGS activity and its decay. Shinde and 

Madras 38, 40 have recently discussed this three-step redox mechanism involving O 

extraction from ceria by the metal for CO oxidation as discussed further below. 

The present study focused on the effect of electrospinning conditions on WGS 

catalyst morphology, structure, and performance and was not intended to settle the 

substantive debates in the literature on the kinetic mechanism for WGS on ceria-

supported catalysts. Nonetheless, the results provide some rudimentary insight into 

the WGS reactions on the ceria-supported metals. Recent studies have explored two 

distinct mechanisms for the WGS reaction on ceria-supported metal catalyst known 

as ‘redox’ and ‘associative formate’ mechanisms. 22, 29, 33, 37, 40, 43, 181, 189  

 Studies on Ce-based precious metal catalysts using isotopically tagged molecules 

indicates that the redox mechanism dominates under our studied reaction conditions 

33, 38, 40. In the redox mechanism, CO absorbs onto the surface metal sites and is 

oxidized by O donated to the metal from the ceria. This process produces vacancies 

on the ceria surface, which must be replenished either by O from the ceria crystallite 
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lattice or from splitting H2O adsorbed from the gas-phase. The adsorption of H2O 

from the gas-phase allows the global WGS reaction to proceed.   

The redox mechanism provides a reasonable explanation for the relatively slow 

decay of activity in the ceria-based fiber catalysts in this study. The relatively slow 

time-scales of the activity decay suggest that the rate-controlling processes were 

affected by slower sub-surface phenomena such as the depletion of O from the 

surface, or gradual surface site blocking. For ceria-supported metal catalysts, Duarte 

de Farias et al. 185 studied the transient WGS activity for Pt/CeO2 by exploring the 

effects of modifying O mobility in CeO2 by adding different dopants (Sm, Zr, or La). 

Their results showed that peak activity varied with support composition (and O 

mobility in CeO2), but WGS activity declined as a function of time on stream, and 

was difficult to clearly correlate to support surface area or metal dispersion. 

Furthermore, dopant incorporation did not alter the decay behavior, and the authors 

concluded that altering catalyst reducibility/oxygen mobility via dopant incorporation 

is not a viable route to improved catalyst stability. Attempts to clean the surface of 

carbonate species via inert, reducing, and oxidizing treatments indicated temporary 

improvements in catalyst activity. Temperature programmed oxidation of tested 

catalysts showed the presence of carbonate species, but the relationship between 

deactivation and CO2 release during TPO was not direct, and thus the authors 

concluded that deactivation by carbonate species is of secondary importance to other 

deactivation mechanisms.  

Recent experiments by Sharma et al.186 offer interesting insight into the behavior 

of metal/CeO2 systems under reducing conditions. Through environmental TEM 
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observations and electron energy loss spectroscopy, the authors demonstrated that 

metal (Ni) particles on CeO2-based supports under reducing conditions caused an 

increase in reduced Ce (Ce3+) in a < 10 nm region around the particle. In this reduced 

region near the metal particles, the crystal lattice became disordered as indicated by 

disappearance of clear lattice fringes. This reduced zone was attributed to competition 

between the rate of oxygen consumption due to H2 oxidation and the rate of oxygen 

reincorporation, and indicates that an imbalance between the ceria reduction and 

water-based ceria re-oxidation can increase the extent of reduced ceria around the 

metals. In turn, slowing the rate at which available O2- anions reach metals sites with 

adsorbed H2 for reaction. The region of disordered CeO2 lattice near the Ni particles 

which, in this study, is observed to expand and contract in response to ambient 

conditions offers evidence that metal/CeO2 systems undergo dramatic changes under 

reducing conditions at elevated temperatures and warrants further examination.  

However, from the previous characterization work, it is clear that the electrospun 

Pd/Cu - CeO2 catalysts in this study do not consist of distinct metal particles and 

distinct CeO2 regions, but rather solid solutions. And, thus the mechanism for 

deactivation is likely the result of the migration of the metal species, especially under 

reducing conditions, as demonstrated by Ciston et al. for a Cu-CeO2 solid solution 

system of similar composition to those studied here (20 mol% Cu, or  10.2 wt%, Cu-

CeO2 and synthesized via combustion synthesis). Via environmental TEM and in-situ 

XRD, the authors showed that the Cu migrates to the surface under reducing 

conditions - leading to the formation of an amorphous Cu-rich layer. This layer is 

nearly completely reversed under oxidizing conditions as Cu is re-incorporated into 
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the lattice.52 Interestingly, the amorphous layer is not readily detectable under 

HRTEM imaging unless the material is reduced in-situ at elevated temperature, which 

suggests a vastly different surface structure under WGS reaction conditions than the 

surface visible via conventional HRTEM techniques.  

As later demonstrated by ex-situ XPS for the systems in this study, the surface 

becomes Cu-rich under WGS conditions, but returns nearly to the original 

composition if oxidized. In the case of Cu-surface enrichment during testing, it is 

likely that the vacancies in the CeO2 lattice, required for H2O splitting, are either 

blocked, disrupted, or both. Considering that the redox mechanism is thought to 

dominate in these systems, surface O2- vacancies are required for the H2O splitting 

step, and a decrease in the concentration of, blocking of, or otherwise disrupting the 

surface vacancies, would lead to slower reaction rates. Furthermore, if the surface 

metal concentration can be altered via an oxidizing environment, thus restoring the 

required vacancies for the H2O splitting to occur, the overall reaction rate should then 

return to its initial value.  

To gain further insight into metal and ceramic phases present in the fresh and 

spent (tested) catalysts as well as the differences in microstructure of the R(X) and 

G(X) fiber samples, samples spun from the same solution were subjected to either the 

rapid or the gentle calcining method and examined with XRD before and after 

activity testing. Both the R(X) and G(X) have broad peaks indicating ceria crystallite 

sizes under 20 nm. For the untested samples, there are tighter peaks for the rapidly 

calcined samples, which suggests that the rapid calcining produces slightly larger 

CeO2 crystallites. This correlates with the increased brittleness of the R(X) samples 
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due to the higher sintering temperatures during the rapid oxidation event. 

Additionally, the samples also show very limited changes in peak width (e.g. very 

little tightening) due to extended testing at 400°C and thus, it is likely that the 

exothermic event during the PVP removal produces CeO2 crystalline samples which 

are resistant to sintering at these low temperatures.  

 

Figure 3.9. XRD patterns for electrospun 2/10 wt% Pd/Cu-CeO2 fiber samples subjected to 
the gentle calcination process. 
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Figure 3.10. XRD patterns for electrospun 2/10 wt% Pd/Cu-CeO2 fiber samples subjected to 
the rapid calcination process.  

 

The XRD analysis of the tested samples shows varying amounts of reduced 

copper species, with the lowest activity catalysts showing the most intense peaks 

corresponding to CuO and Cu (Figure 3.9 and Figure 3.10). Only the samples 

synthesized with the NO3 precursor indicate the presence of reduced Pd after testing, 

and interestingly, the NO3 samples show the most pronounced double peak CO2 

release on the TPSR ramp to 400°C. The combination of these results may indicate 

the presence of relatively larger metal particles, or the presence of more distinct Pd 

and Cu species in the catalyst samples. Reduced copper is especially pronounced for 
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the G(Cl) sample, which showed relatively less accessible oxygen as seen in Figure 

3.7 and significantly lower overall activity, illustrated in Figure 3.8.  

Crystallite size domains and lattice parameters of each sample offer insight 

into differences in some of the bulk sample properties realized through the choice of 

Cu precursor and calcination method. These values were calculated via refinement of 

the XRD patterns, and include uncertainty estimates that account for both instrument 

broadening as well as refinement calculation error.  

 

Table 3.4. Lattice parameter and crystallite sizes determined from the XRD patterns of the 
rapid and gently calcined 2/10 wt% Pd/Cu-CeO2 catalyst samples pre and post testing under 
WGS conditions for 60h.  

Sample Lattice Parameter (A) LP error Crystallite Size (nm) CS error 
GU(A) 5.4151 0.0017 11.71 0.49 
GU(Cl) 5.4207 0.0031 7.02 0.30 
GU(N) 5.4176 0.0035 7.25 0.36 
GT(A) 5.4171 0.0020 10.8 0.49 
GT(Cl) 5.4196 0.0021 9.87 0.42 
GT(N) 5.4158 0.0028 9.28 0.53 
RU(A) 5.4146 0.0015 13.72 0.58 
RU(Cl) 5.4160 0.0014 14.93 0.67 
RU(N) 5.4142 0.0019 9.68 0.37 
RT(A) 5.4153 0.0013 17.15 0.24 
RT(Cl) 5.4171 0.0014 13.45 0.54 
RT(N) 5.4150 0.0015 12.72 0.52 
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Figure 3.11. Crystallite sizes for the untested and tested 2/10 wt% Pd/Cu-CeO2 catalyst 
samples.  

  

A clear trend is visible when comparing the crystallite sizes of the rapid and 

gently calcined 2/10 wt% Pd/Cu-CeO2 catalyst samples as grouped and plotted in 

Figure 3.11. Despite starting from the same batch of as-spun fibers, the samples 

subjected to the gentle polymer removal step show smaller crystallite sizes than the 

samples subjected to the rapid polymer removal step. In most cases, the crystallite 

sizes increase during testing, suggesting some mobility of both the CeO2 and metals 

such that ions have sufficient energy to grow the ordered crystallite regions. 

Furthermore, the samples with the smallest crystallite size, G(Cl) and G(N), 

demonstrate the lowest overall activity, while the samples with the largest crystallite 
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sizes, R(Cl) and R(Ac) show the highest overall activity during the 60 h WGS 

stability test (Figure 3.8). The ‘(Cl)’ samples were synthesized a copper chloride 

precursor salt, and, thus, caution should be exercised when discussing activity trends 

due to the potential for Cl contamination which may poison some catalyst sites. 

However, given that the G(N) sample also shows low activity and small crystallite 

size, and the R(Cl) sample along with the R(Ac) sample demonstrate high activity and 

high crystallite size, the trend is worthy of further consideration in future work.  

3.3.4 Surface Area Effects: Higher activity by increasing surface area? 
To explore how increasing fiber surface area might impact fiber catalyst activity, 

varying amounts of surfactant (Pluronic L-61) were added to the electrospinning 

solution to lower the surface tension of the solution and thus reduce the diameter of 

the as-spun fibers. The surfactant also increased fiber porosity via the formation of 

micelles, which produced voids in the ceramic fiber after the polymer removal step. 

165, 197 The induced porosity in the fibers is illustrated by the increased BET total 

surface area as well as the hysteresis between the adsorption and desorption branches 

of the N2 isotherms as shown in Figure 3.12. The G(Ac) sample (with no surfactant 

added) had a BET surface area of 10 m2/g with no evidence of a porous fiber 

structure. The gently calcined samples with surfactant added – G(Ac + s) for 0.2 g 

(1% w/v) surfactant added to the synthesis solution and G(Ac + s+) for 0.4 g (2% w/v) 

surfactant added – had BET surface areas of 25 and 40 m2/g respectively, which 

indicates that a change of 1% w/v will add approximately 15 m2/g of surface area, at 

low surfactant loadings (up to 2% w/v). Further synthesis may expand the range of 

applicability of this heuristic.  
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Figure 3.12. Nitrogen adsorption/desorption for GT(A), GT(A+s), and GT(A+s+) samples. 
Adding surfactant to the spinning solution induced porosity in the fiber materials, and 
increasing the surfactant concentration increased surface area of the final fiber materials. 

The increased porosity at higher surfactant loadings did not correlate with ceria 

crystallite size for the sample. As shown in Figure 3.13, particle size as measured by 

TEM image analysis of tested catalyst samples indicated that the average particle size 

was lowest for the intermediate surfactant loading, G(Ac + s). These differences 

produced only a slight difference catalytic activity. Figure 3.14 shows the activity 

results for the time-on-stream measurements of the different samples at 400°C and a 

GHSV of ~16,000 hr-1. The difference in CO2 production rates vary by less than 20% 

over the entire period of activity decay, and activity is not correlated with total 

sample surface area over the 10 - 40 m2/g surface area range, which suggests that the 

rate-controlling processes are not related simply to total ceria surface area.  
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Figure 3.13. TEM images of GT(A), GT(A+s), and GT(A+s+) (a-c) samples and particle size 
distributions for each sample. Increasing the surfactant concentration increases the surface 
area, but does not correlate to final particle size distribution.  

The rate of activity decay shown in Figure 3.14 over 60 hours on stream also did 

not depend on ceria surface area. In addition, the TEM particle size (which is not 

directly comparable to the crystallite size values from XRD) did not significantly 

impact the activity decline, but the smaller particles did provide slightly higher 

overall activity. Surface area demonstrated limited impact on the catalyst activity and 

its transient decay, which suggests that the rate-controlling processes are dominated 

by phenomena at very small length scales. These results suggest that surface area 

control is not a simple method for improving the activity or the stability of these spun 

fiber catalyst materials.  
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Figure 3.14. Decay behavior for samples with varied surface area indicating that the activity 
and decay behavior are not strongly dependent on surface area.  

 

Efforts to improve catalyst performance should first attempt to more fully 

understand the factors impacting the activity decay. Thus, further optimization efforts 

should focus first on understanding and controlling the decay phenomena before 

studying the overall activity trends.  

    

3.3.5 Catalyst reactivation via oxidative treatment  
Previous work in the WGS literature attributed the loss of catalyst activity 

blocking of surface sites with carbonate and formate species and suggested that these 

species could potentially be removed via an oxidative treatment process.198 Initial 

attempts to reactivate the bimetallic PdCu-CeO2 catalysts first by cooling the tested 
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catalysts and then performing temperature programmed oxidation (TPO) did not 

present a detectable release of carbon-containing species as CO2. Because the surface 

area are relatively small, an O2 pulse method was attempted in conjunction with the 

mass spectrometer sampling at 0.5 Hz to better understand the transient behavior 

during a switch from inert to oxidizing conditions at 400°C. Despite significant 

efforts to improve the signal:noise ratio of the potentially small CO2 release, the 

samples did not produce detectable amounts of CO2. Though, the thermocouple 

monitoring the catalyst bed temperature showed a strong increase once the O2 reached 

the catalyst bed, and demonstrating a strongly exothermic oxidation reaction. 

Scanning the over the m/z ion ratio in the range 2-80 with the mass spectrometer 

during such oxidation steps did not present peaks other than those related to Ar and 

O2 suggesting that the oxidation reaction did not produce any detectable products, 

suggesting that the deactivation process is not coupled accumulation of a strongly 

adsorbed species (e.g. a carbonate species) for this catalyst system. While no species 

were produced during the oxidation, the sample did react strongly to the oxidizing 

environment as suggested by the easily detectable temperature increase on oxidation. 

When the WGS feed conditions were restored after reactor purging, the reaction rate 

returned to the original value, thus demonstrating that the observed deactivation is 

reversible, and not due to an irreversible poisoning or sintering process.  

To better understand the long-term stability of the catalysts, the G(Ac + s) sample 

was tested for an additional 360 hours with a series of oxidative treatments with either 

O2 or H2O to restore activity as shown in Figure 3.15. The first oxidative treatment 

was completed by halting the flow of CO and H2O, purging the reactor with Ar before 
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adding 2 vol% O2 to the Ar feed stream for one hour, and finally halting the O2 flow 

and purging the reactor before restoring the feed flow. The activity of the catalyst was 

restored using the O2 treatment and the subsequent activity decay followed the same 

trend as the initial decay. After leaving the system on-stream for 3 days and allowing 

for a decline in activity, steam was used to restore the catalyst activity by first flowing 

10% H2O in Ar for 12 hours, and then 24 hours at 400°C. Steam (which has an 

effective O2 partial pressure of 1.3.10-12 bar at thermodynamic equilibrium) only 

partially restored the catalytic activity through re-oxidation, and its low activity and 

the low O mobility at 400°C likely makes the re-oxidation of ceria very slow. Thus, 

even after 24 hours exposure to 0.1 bar H2O, the ceria-metal catalyst activity was not 

fully restored as illustrated in Figure 3.15. On the other hand, hour-long pulses of O2 

at 0.02 bar fully restored the WGS activity of the ceria-metal catalyst.  
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Figure 3.15. Decay behavior for G(A+S)a sample showing response to varying re-oxidation 
treatments as indicated. Nearly full activity can be restored by purging the reactor with Ar, 
then flowing 2% O2 in Ar before returning to the 5% CO 10% H2O feed mixture. However, 
10% H2O for 12 or 24 hours is not sufficient to fully re-oxidize the catalyst and thus restore 
full activity. 

The regular decline in activity as a function of time on stream is reversible via 

oxidative treatments. If the activity loss were simply a matter of adsorbate removal, 

the long-term steam exposure would likely have provided comparable activity 

recovery, and a release of a carbon-containing species would have likely been 

detected with the mass spectrometer during O2 pulses. The higher WGS activity with 

O2 suggests strongly that the availability of O from the ceria in a redox mechanism 

plays a vital role for the WGS reaction, particularly at the conditions studied here.  
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The possibility of surface re-organization in response to oxidizing and reducing 

environments, similar to that demonstrated by Ciston et al.52 via environmental TEM 

for Ce0.8Cu0.2O2 solid solutions, provides a useful understanding of the dynamic 

surface behavior of solid solutions in response to PO2 changes. Under reducing 

conditions and elevated temperatures, gradual migration of Cu out of the CeO2 lattice 

was observed, with a relatively long induction time. After a long period of exposure 

to the reducing environment, the surface appeared as an amorphous Cu-rich layer. 

Exposing the reduced surface and Cu-rich layer to an oxidizing environment caused a 

rapid (short induction time) re-oxidation/recrystallization process. Recalling from 

Chapter 1 that the oxide ion vacancy is both a product and a reactant in the bi-

functional redox mechanism, the reversible deactivation of the Pd/Cu-CeO2 systems 

under WGS conditions may indicate a gradual change in surface composition that is 

reversible upon oxidation.    

Indeed, X-ray photoelectron spectroscopy (XPS) indicates that, for the samples in 

this study, Cu does migrate to the surface under reducing conditions as demonstrated 

first by analysis of the calibrated survey scans presented in Figure 3.16, which show 

that the ratio of the Pd, Cu, and Ce species changes upon reduction during testing and 

re-oxidation with oxygen. XPS is highly sensitive to the surface components, 

typically sampling within a 10 nm surface later of a given sample, and is therefore a 

useful technique for determining surface compositions. The results indicate dramatic 

Cu enrichment during testing, which is nearly completely reversed upon re-oxdiation 

of the catalyst.  
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Table 3.5. Treatment conditions for the G(A+S)a sample prior to XPS analysis.  

G(A+S)a Treatment Conditions prior to XPS analysis 
 

Label Environment Temperature  Notes 

‘Fresh’ Air 550°C, 3 hr As synthesized, untested 

‘Tested’ WGS, Ar 
400°C, rapid 
quench in Ar 

400 - 25°C in ~5 min* 

‘Re-oxidized’ Air 450°C, 3 hr 
~5 mg of ‘tested’ sample 

re-heated in furnace 
 

*Quench time estimated - Quartz reactor was removed from furnace after 60h WGS (5% CO, 
10% H2O, balance Ar) exposure at 400°C. Reactor feed line remained connected to provide 
inert Ar flow during rapid cooling. Sample exposed to air at 25°C during removal from reactor 
and loading into XPS instrument 

 

 

Figure 3.16. Total XPS signals related to Pd, Cu, and Ce for the fresh, tested, and re-oxidized 
PdCu-CeO2 (Ac+s) sample. The ratio of Cu to Ce increases dramatically during testing, 
indicating that the surface of the catalyst is Cu rich during testing, offering evidence of Cu 
migration to the surface during testing, which is consistent with the recent results for Cu-
CeO2 solid solution nanoparticle catalysts.52 
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By performing several high-resolution scans of the binding energy ranges related 

to the Cu and Pd species, it is possible to gather information on oxidation state of the 

metal species after each treatment condition (fresh, tested, and re-oxidized as listed in 

Table 3.5). Note that, after quenching in Ar, exposure to air was minimized for the 

spent sample, but by nature of the ex-situ characterization, the sample was exposed to 

the ambient environment under which Ce3+ to Ce4+ oxidation is known to occur. 

Indeed, reduced Ce3+ was not observed during examination of the Ce 3d spectra. 

Surface oxidation states of the Cu and Pd metals were explored with the Cu 2p3/2 as 

presented in Figure 3.17 a and the Pd 3d3/2 and 3d5/2 spectra as presented in Figure 

3.17 b  
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Figure 3.17. XPS before and after testing as WGS catalysts for 60 h at 400 °C and after 
exposure for 3 h in air at 450 °C for a) Cu 2p3/2 peaks and b) Pd 3d peaks.   

 

The Cu 2p3/2 spectra shown in presents a challenge for interpretation because of 

the overlapping peaks of various Cu species in the binding energy (BE) range 

between 932-933 eV. XPS analysis of bimetallic Pd/Cu-CeO2 catalysts by Fox et al. 

discussed the presence of overlapping peaks for metallic Cu0, Cu2O, and Cux+
Ce in 

this range and their dynamic behavior and mobility under oxidizing/reducing 
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conditions 46, 199, 200. This last species Cux+
Ce represents Cu incorporated in the ceria 

exposed to reducing conditions with an oxidation state likely close to 2+. The area of 

this superimposed peak relative to the CuO peak areas provides a qualitative measure 

of the extent surface Cu not captured in dispersed or nanocrystalline CuO. Testing in 

the reducing environment of WGS reactants at 400 °C results in significant growth 

and a shift to a higher BE of the superimposed Cu0/Cu2O/Cux+
Ce peak. This coincides 

with formation of reduced Cu (with Pd) nanocrystallites as indicated by XRD of the 

tested catalysts (insets in Figure 3.9 and Figure 3.10). The growth in the relative 

Cu0/Cu2O/Cux+
Ce peak strength during testing is also associated with the formation of 

vacancies (due to low-temperature CO reduction) and subsequent activity decay. 

Interestingly, re-oxidation at 450 °C does not return the Cu0/Cu2O/Cux+
Ce peak to 

fresh conditions even though re-oxidation does recover activity. Instead, the relative 

peak strength grows further with re-oxidation. A possible explanation for the growth 

in relative strength is the reincorporation of surface CuO into the ceria lattice for the 

relatively high temperature oxidation.  

While the Cu 2p3/2 spectrum is difficult to interpret, the Pd 3d spectra provides a 

relatively clear picture of the behavior of Pd on the surface.  The Pd 3d3/2 and 3d5/2 

spectra for the untested sample demonstrate the presence of distinct Pd oxide species, 

as well as Pd-CeO2 solid solution species. For the untested sample, no Pd metal (Pd0) 

is present. The last exposure environment for the untested catalyst was 550°C in air, 

which is expected to produce oxidized Pd 201. Following the WGS testing at 400°C, 

reduced Pd metal (Pd0) on the catalyst surface appears strongly as demonstrated by 

the BE peaks at 335.6 and 341.0 eV, which were previously absent in the ‘fresh’ 
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sample. Upon re-oxidation, the Pd metal peaks are no longer present, and the BE 

spectra of the ‘re-oxidized’ catalyst shows that most of the re-oxidized Pd appears as 

dispersed combination PdO with a smaller fraction being reincorporated into the 

CeO2 lattice (Pd2+
Ce). 31, 46 Comparing the relative peak intensities for PdO and Pd2+

Ce 

as a function of conditions, it is clear that the fresh catalyst shows a ratio of 

Pd2+
Ce/PdO greater than 1. The tested sample maintains this ratio, indicating that the 

surface Pd0 comes from both the surface PdO as well as the Pd2+
Ce species. Upon re-

oxidation, the Pd2+
Ce/PdO peak intensity ratio is less than 1, indicating that 

incorporation of Pd into the CeO2 lattice after re-oxidation is less than in the ‘fresh’ 

catalyst state. 

The XPS provides glimpses into the dynamic nature of the Pd/Cu ceria-based 

catalyst structure, but more extensive studies with broader array of characterization 

techniques are needed to provide a fuller mechanistic understanding of how the Cu 

and Pd structure and oxidation states impact activity.  This study, in line with 

previous studies on Pd/Cu ceria-based catalysts, shows how the dynamic nature of the 

catalyst nanocrystalline structure and surface under reactive conditions correlates 

with changes in catalyst activity, in particular slow WGS deactivation under reducing 

conditions and activity recovery with high-temperature re-oxidation. In addition, this 

study has shown that such dynamic nanocrystalline structures can be attained with a 

relatively straightforward catalyst synthesis technique based on single-pot 
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3.4 Conclusions 

Electrospinning of ceria-based WGS catalyst materials is a promising method for 

producing nano-crystalline structures needed for high activity for low-temperature 

applications. Synthesis of ceria fiber-supported metals in a single-pot syntheses 

followed by electrospinning and careful polymer removal can produce self-supporting 

catalyst fiber mats, which can be easily integrated into reactor systems. Samples of 

2/10 wt% Pd/Cu-CeO2 were prepared along with single metals samples (Cu-CeO2, 

and Pd-CeO2) in the same wt% ratios. The Pd/Cu-CeO2 system produced higher 

overall activity than the Cu-CeO2 or Pd-CeO2 samples, which is consistent with WGS 

catalysis literature. Calcination of the electrospun fibers to remove the polymer has a 

strong effect on the final macro-structure of the materials, and a secondary impact on 

the crystallite size of the catalyst materials. By preventing thermal runaway during 

polymer removal, a non-woven mat of catalyst material can be produced which is 

amenable to reactor integration. The addition of surfactant to the spinning solution 

increased the resulting ceria surface area, but overall WGS activity and performance 

did not change appreciably.  

While overall activity varied between catalyst samples for identical reaction 

conditions, the catalyst deactivation trend demonstrated remarkable consistency, 

suggesting that the process responsible for the catalyst deactivation occurs nearly 

identically for each sample despite varied synthesis conditions. Further work is 

required to better understand the materials properties that give rise to such 

deactivation processes. This understanding is necessary prior to further activity 
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characterization of the Pd/Cu-CeO2 catalyst fiber system and should remain the focus 

of any future work.  

Continued study and optimization will produce high performance, cost-effective 

catalyst materials, with intimately mixed metal and ceramic species that are ideally 

suited for WGS catalysis and can be economically integrated into small-scale 

reactors/membrane reactors. Advancements in the hydrocarbon fuel processing space 

will promote adoption of efficient PEM fuel cell technology for portable power 

applications. One configuration of an advanced fuel processing component, a WGS 

membrane reactor constructed using a Pd/Cu-CeO2 fiber mat, is demonstrated in the 

following chapter.   
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4 Chapter 4: Fiber catalyst mats - Integration into a 
WGSMR 

4.1 Background: H2 clean-up for PEM fuel cell systems 

Low temperature proton exchange membrane fuel cells offer an enticing 

opportunity for efficient and reliable electrical production in remote locations. 

Supplying liquid hydrocarbon fuels to the fuel cell systems allows storage of energy 

dense fuels, but first requires that the hydrocarbon fuel undergo reforming and 

cleanup to yield high purity hydrogen (~10 ppm CO or less), to avoid anode catalyst 

poisoning. Several routes for H2 cleanup exist, and most involve a combination of the 

water gas shift (WGS) reaction, preferential oxidation of CO, and/or a H2 selective 

membrane.122, 202 In some cases methanation of CO is utilized to achieve purity 

targets because methane does not have a high affinity for the anode catalysts, and can 

be oxidized along with H2.117, 203 Recent research has focused on the development of 

highly active and stable WGS catalysts to reduce system start times, decrease system 

mass, and eliminate the pyrophoricity issues that plague conventional, industrial 

scale, WGS catalysts.121, 122 Ceria-based catalysts (typically CeO2 or rare earth doped 

CeO2 and Pt, Pd, Au, Re, Ni, Cu, etc.) have been studied extensively. 2, 35, 44, 89, 182, 183, 

204 These materials offer the potential for highly active and stable WGS catalysts 

though there is still considerable debate over the role of the CeO2 and the metal(s) as 

well as the mechanisms for deactivation. 32, 36 34, 35, 43, 44, 46, 47, 82, 118, 179, 180, 185, 188, 205, 206  

Membrane reactor systems consisting of a support layer, selective layer, and 

catalyst layer are optimal for enhancing the conversion of equilibrium limited 

reactions and have been explored for producing high purity H2 from syn-gas mixtures 
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via the water gas shift (WGS) reaction,120, 123, 207-210 as well as reforming and 

hydrogenation reactions.211-214 Typical approaches to producing WGS membrane 

reactors (WGSMRs) are centered on the use of palladium or a palladium alloy as the 

H2-selective layer, though other selective layers have been explored.128, 215-218 In a 

WGSMR system, intimate integration of the catalyst and membrane in a membrane 

reactor system is necessary to ensure rapid removal of H2, and is indeed an area 

requiring further work.219  

Electrospinning as a route to ceramic mats useful for WGS catalysis is 

discussed in preceding chapters and will not be presented in depth here. Non-woven 

mats of active catalysts, produced via electrospinning, provide an opportunity for 

simple, inexpensive, and effective integration of the catalyst material into a 

membrane reactor to form a WGSMR. In this chapter, construction of a WGSMR 

from a porous stainless steel support layer, a H2-selective Pd/Cu alloy foil, and a 

catalyst layer consisting of a mat of electrospun ceria-based nanofibers. The presence 

of the membrane was shown to enhance CO conversion and the membrane remained 

highly selective for hydrogen over 300 hours of operation. 

4.2 Membrane Reactor - Catalyst Preparation 

A single pot process was used to synthesize the spinning solution for the Pd/Cu 

- CeO2 catalyst mats (2 wt% Pd, 10 wt% Cu, 88 wt% CeO2) as described in Chapter 

3. In brief, Ce(NO3)3•6H2O, Cu(CH3COO)2•H2O, and Pd(NO3)2•2H2O were dissolved 

in a 60 vol% ethanol/water co-solvent mixture, and stirred at room temperature until 

dissolution was achieved. Granular PVP (MW 1.3x106) was added to produce a 12 

wt% PVP/solvent mixture, and the solution stirred overnight to produce a 
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homogenous, viscous solution which was then electrospun in a 1 kV/cm electric field 

with a flowrate of 1mL/hr onto a rotating wire drum collector. The spun fibers were 

removed from the collector, cut into the desired disc shape, and subjected to the 

gentle polymer removal process described in depth in Section 3.3.1. The final product 

was a mat of non-woven ceramic fibers as shown in Figure 4.1c. 

 

Figure 4.1. Synthesis and characterization of the electrospun fiber mats produced for the 
WGSMR system. As-spun (pre-polymer removal) fibers (a), as-spun fibers cut into a disc 
shape (b), fiber mat following the polymer removal step (c), SEM image of Pd/Cu-CeO2 
catalyst fibers (d), fiber diameter distribution (e), TEM image showing polycrystalline nature 
of ceria-based fibers (f), and particle size distribution within fibers (g). 
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4.3 Membrane Reactor - Fabrication and Assembly 

The membrane system was assembled inside a custom-made flange-based 

membrane module. The support layer consisted of a porous (45% porosity) stainless 

steel disc (Mott) with an OD of 25 mm and a thickness of 1.6 mm. The support 

material was used as-received. The selective layer consisted of a 5 µm 60 wt% Pd, 40 

wt % Cu alloy foil (Tanaka Precious Metals), which was cut to shape (OD = 27.5 

mm) and laid over the porous metal support layer. A graphite seal (OD = 30 mm, ID 

= 20 mm) was placed over top of the foil membrane, and a non-woven mat weighing 

50.0 mg of the catalyst described above was added.  

 

Figure 4.2. Open-view of the stainless steel membrane model/reactor assembly based on a 
modified pipe flange. The feed-side of the module has a press-fit flow-director plate which 
accurately defines the bed-volume and ensures that the feed flow passes through the catalyst 
bed rather than short-circuiting the catalyst bed.  

 

The entire assembly was sealed into the flange-based module to form a 

stagnation-flow reactor system as depicted in Figure 4.3.  
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Figure 4.3. Side-view of the stagnation-flow reactor with labeled flows and components. 

4.4 Membrane Reactor - Testing and Characterization 

Hydrogen, CO, CO2, and N2 (UHP, Airgas) were delivered to the feed side of the 

membrane system via Brooks 5850 series mass flow controllers. Water was added to 

the feed stream via a sealed, heated, humidity bottle (Fuel Cell Technologies) and 

lines downstream of the humidity bottle were heated to avoid condensation. 

Following the catalyst bed, the gas stream was dried via a counter-flow drier 

(Permapure) before analysis via a Prima dB magnetic sector mass spectrometer 

(Thermo Fisher). Argon was used as a sweep gas and to ensure sufficient flow to the 

mass spectrometer during most test conditions. The H2 flux and membrane selectivity 

were monitored throughout. Conversions were calculated via a mass balance on the 

feed and sweep streams, with measured volumetric flow rates (Dry Cal volumetric 

flowmeter). Mass flows into WGSMR balanced for all components within 5% at all 

times. All experiments were carried out at 400°C with an inlet a space velocity of 

40,000 hr-1 in order to supply sufficient flow such that the mass spectrometer could 

accurately measure the composition of each stream under all flow conditions. After 
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sealing the membrane and catalyst into the module, the entire assembly was placed 

into a vertical clamshell furnace and heated under N2/Ar (feed/sweep) to 400°C 

before the feed mixtures given in Table 4.2 were introduced, each for 100 hours. The 

feed mixtures approximate the outlet conditions from steam reformer operating on 

diesel fuel. Portions of the inlet H2 were removed and substituted with N2 to maintain 

a nearly constant space velocity while gaining understanding of the performance of 

the system as larger and larger fractions of H2 permeate through the membrane.  

 

Table 4.1. Membrane geometry and inlet flowrates for the WGSMR system. 

Membrane geometry and flow rates 

Membrane Area (m2) 2.54E-04 
Feed Pressure (psia, atm) 45 (3.06) 

Permeate Pressure (psia, atm) 14.7 (1.0) 
Dry Feed Flow (SCCM) 171 
Wet Feed Flow (SCCM) 235 

Sweep Flow (SCCM) 400 
GHSV (hr-1) 40,000 

 

Table 4.2. WGSMR feed compositions for the varied inlet conditions analyzed in this study 
to simulate a larger-scale reactor system and to understand the impact of permeation on CO 
conversion.  

           WGSMR inlet composition (%) 

  

1/3 H2 removed 2/3 H2 removed 

H2 55.5 37.0 18.5 
CO 8.0 8.0 8.0 
N2 0.0 18.5 37.0 

CO2 9.0 9.0 9.0 
H2O 27.5 27.5 27.5 
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Previous work (Section 3.3.5) and other authors have shown a gradual 

deactivation of ceria-based catalysts under WGS conditions that is typically reversible 

via an oxidative treatment of the catalyst.178, 204 Therefore, following the conclusion 

of the testing under WGS conditions, the feasibility of injecting air into this WGSMR 

system was examined to understand the viability of such an approach to restoring a 

deactivated catalyst in intimate contact with the Pd/Cu foil membrane. A series of air 

pulses were performed by adding 10 SCCM air to the 200 SCCM N2 feed. This 

oxidative mixture flowed into the feed side of the membrane for one hour, followed 

by a purge, and then reintroduction of H2 until the membrane flux stabilized, 

gradually increasing over several hours to a steady-state value, likely as a result of the 

slow reduction process of the alloy foil. This process was repeated three times. The 

sweep stream was monitored constantly for the presence of N2, which would indicate 

a membrane selectivity loss. Both the catalyst mat and the membrane were inspected 

post-testing via a Hitachi S-3400 SEM equipped with an EDS detector. The 

membrane surface was scratched with a razor to expose sub-surface layers for EDS 

analysis.  

Transmission electron microscopy on the catalyst fibers was performed in a 

JEOL 2100 FEG TEM. Fiber diameter distributions were examined by measuring the 

diameter of 100 randomly chosen distinct fibers from the sample using ImageJ 

software. Particle sizes within the poly-crystalline fibers were determined by 

randomly selecting 30 distinct particles from the TEM image, and measurements 

were again performed using ImageJ software.  
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4.5 Membrane Reactor - Results and Discussion 

The synthesis of the nano-fiber catalyst mats is a straightforward process, 

demonstrated in Figure 4.1. Briefly, a large mat of polymer fibers with entrained Ce, 

Pd, and Cu salts is electrospun and then cut to shape. The gentle heating process 

described previously is employed to yield a mat of ceramic fibers with diameters 

centered around 6-800 nm in this case. The fibers themselves are composed of 

polycrystalline nanoparticles with an average size of 5 nm. Thus, through the non-

woven mat structure, it is possible to easily incorporate nano-particle catalysts into a 

membrane reactor system without complicated handling or deposition processes. The 

mat of ceramic fibers is easily integrated with a Pd-alloy foil membrane, supported on 

a porous stainless steel support. The 5 µm thick membrane is thin enough that bulk 

diffusion is not the sole rate-limiting process as demonstrated by the Sievert’s plot 

given in Figure 2 gives the best fit for an n-value of 0.593, which indicates that the 60 

wt% Pd 40 wt% Cu alloy foil membrane system is governed by a combination of gas-

phase mass transfer and bulk Pd-diffusion limitations. 220 
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Figure 4.4. Sievert’s plot of the PdCu alloy foil membrane and porous metal support. A best-
fit n-value of 0.593 indicates that bulk diffusion of H2 through the metal membrane is not the 
sole rate-limiting step, rather a combination bulk-metal and gas phase mass transport 
resistances govern the H2 flux through this membrane system.  

 Performance of the WGSMR is analyzed via flow experiments with different 

feed compositions to simulate steam-reformed diesel fuel at different points down the 

channel of a membrane reactor. The feed composition was varied to better understand 

the contribution of both the membrane and the catalyst under conditions where a 

substantial fraction of the reformate is H2 (e.g. the effluent of the steam reformer/inlet 

to the WGSMR) and under conditions where a significant fraction of the H2 has 

permeated through the membrane (near the outlet of the membrane reactor system). 
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This was accomplished by substituting a portion of the inlet H2 with N2 to maintain 

the same space velocity throughout the experiments.  

 

Figure 4.5. Carbon monoxide conversion for the feed compositions listed in Table 4.2. At the 
simulated SR outlet, the WGSMR system performs very well, increasing the CO conversion 
from ca. 1% to 34% due to the improved driving force for CO conversion as the WGS 
mixture re-equilibrates while H2 selectively permeates through the membrane. The membrane 
is particularly valuable in the presence of high H2 concentrations, but provides a negligible 
increase in CO conversion if the feed contains little H2. 

The N2 substitution is undertaken to ensure that the residence time of the 

reactants remains constant, such that there are no confounding effects when the 

amount of H2 fed to the reactor is changed. The flow compositions for each point are 

given in Table 4.2. Furthermore, the sweep gas was removed and the back-pressure 

on the permeate side of the membrane was increased slightly (never exceeding 1.05 

atm) to prevent H2 permeating the membrane. Under conditions of high H2 

concentration (at the SR outlet, H2 = 55.5 vol% on a wet basis), the membrane 
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substantially increased CO conversion from 1% to 34% as shown in Figure 3. 

Whereas, under more moderate conditions, such as when 2/3 of the inlet H2 has 

permeated through the membrane, the membrane promotes CO conversion to a much 

lesser extent (30% with the membrane, 20% without). The WGSMR system operated 

stably at the flow conditions listed in Table 4.2, each experiment was conducted for 

100 hours as shown in Figure 4.6, and the selectivity and conversion calculated by 

comparing the compositions of the permeate and retentate at the conclusion of each 

experiment. Selectivities for H2/CO were remained above 1000 for the SR outlet and 

1/3 H2 removed conditions, however the H2/CO selectivity decreased to 

approximately 500 for the 2/3 H2 removal condition. This decrease is due to the 

decrease in H2 flux rather than an increased leak rate.  

 

Figure 4.6. Hydrogen flux as a function of time on stream for the inlet, 1/3 H2 removed, and 
2/3 H2 removed conditions given in Table 4.2. Membrane flux is stable over 100s of hours. 
Selectivity (H2/CO) was measured after each 100 hour run.  
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Ceria-based catalysts applied to WGS are often shown to experience 

deactivation as a function of time on stream, although this activity loss is usually 

shown to be almost entirely reversible through an oxidative treatment of the catalyst 

as described previously (Section 3.3.5). This deactivation process was observed for 

the same catalyst used in this WGSMR under the test conditions in Chapter 3 (16,000 

hr-1 GHSV, 400°C, 5% CO/10% H2O/balance Ar), but the deactivation does not 

affect the H2 flux in this study. This result, though initially puzzling, is primarily due 

to the incorrect sizing of the WGSMR system. Because the flow requirements for the 

mass spectrometer necessitated the use of a high GHSV, the H2 recovery is much 

lower than desired in a practical system due to the short residence time, which 

conflates relatively small contribution of catalyst deactivation to H2 flux. The impact 

of catalyst deactivation is then even more difficult to detect by measuring the 

permeate stream composition. However, because the purpose of this study was to 

demonstrate the potential for simple membrane reactor construction from an 

electrospun fiber mat and a supported foil membrane, the short residence time was 

taken to be an issue of secondary importance. Further work on such a setup should 

allow for testing over a wide range of flow conditions and reactor residence times.  

Because Pd/Cu-CeO2 catalysts are known to perform well under oxygen 

assisted conditions, and oxidation may be used to re-activate a deactivated catalyst as 

demonstrated in Chapter 3, it was necessary to assess the impact of oxidative 

conditions on the foil membrane. At the conclusion of membrane testing, the 

membrane reactor system was subjected to a series oxidative treatments to assess the 

impact of alternating oxidizing and reducing conditions on the membrane. A set of 
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three alternating hour-long air pulses in N2 followed by purging and then a H2 feed 

caused the membrane to rapidly lose selectivity, and subsequent post-testing analysis 

of the membrane via SEM and EDS indicate the segregation of Cu and Pd, with Cu 

enrichment on the feed side of the membrane as shown in Figure 4.7.  

 

Figure 4.7. Energy-dispersive X-ray spectroscopy (EDS) line scan of post-testing and post-
oxidative treatment of the porous stainless steel supported membrane after scoring with a 
razor. The oxidative treatment allowed for Cu diffusion to the surface, leaving Pd in the bulk, 
and is not a viable solution for restoring catalyst activity (if required) in WGSMR systems.  
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Examination via EDS indicates that after alternating oxidation and reduction 

cycles, the Pd and Cu alloy foil segregate to form Cu-rich and Pd-rich regions. The 

interaction volume of the SEM electron beam is not well known for this system, but 

the change in relative concentrations of Cu and Pd is dramatic as the SEM beam 

scanned across the scratched region, suggesting that the EDS scan is not sampling an 

overly large volume. Furthermore, the basic understanding that oxidation of these foil 

membranes leads to metals segregation is sufficient to abandon the concept of air 

injection to restore catalyst activity and focus rather on the production of a stable 

catalyst which does not require re-activation.      

4.6  Membrane Reactor - Conclusions 

Non-woven ceramic (CeO2) fiber mats containing Pd and Cu were produced 

via a single-pot electrospinning process, and shown to be active WGS catalysts. The 

non-woven ceramic fiber materials offer an easy method for incorporating 

nanoparticle catalysts into a reactor system. The planar WGSMR system produced 

through the combination of a thin and H2 selective Pd-alloy foil as well as a non-

woven catalyst mat is, to our knowledge, a unique approach to the production of a 

membrane reactor. In addition, the simplicity of construction, may offer significant 

economic advantages, which may enable the adoption of such WGSMR systems as 

commonly available fuel processing components.  

The membrane reactor system studied here exhibited stable performance over 

100s of hours on stream under varied feed compositions, and gave no indication of a 

decrease in selectivity or flux during testing. Oxidative treatment of the catalyst was 

shown to induce irreversible damage to the alloy foil membrane and thus is not a 
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viable route for re-activating the catalyst if required. This study demonstrates the 

value of a non-woven textile-like catalyst mat for integration into membrane reactor 

systems, and further work should be undertaken to produce a stable catalyst 

formulation to enable long-term operation without requiring oxidative regeneration 

treatments.  
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5 Chapter 5: Solar thermochemical cycle working 
materials  

 

5.1 Background: Solar chemistry gives a route to energy storage 

Solar-driven thermal redox cycles offer the potential for efficient storage of 

intermittent solar energy and for production of renewable fuels compatible with the 

existing transportation fueling infrastructure.119 Two-step redox cycles include a high 

temperature reduction step in which concentrated solar energy provides high 

temperatures to drive endothermic reduction of an oxide material. A second lower 

temperature step involves re-oxidation of the reduced material with H2O and/or CO2 

to produce H2 and/or CO as primary feeds for a fuel production facility. While many 

researchers have studied metal/metal oxide pairs, such as Zn/ZnO or Sn/SnO, these 

redox cycles have limited cyclability due to metal volatilization, deposition, and 

particle agglomeration, and require rapid quenching of the reduced metals to avoid re-

oxidation.119, 141, 221, 222 For this reason, many researchers have proposed partially 

reducible oxides with multivalent cations as an alternative basis for redox cycles. For 

example, ferrite-based cycles have been the focus of many groups, and while these 

cycles avoid the volatility issues of metal/metal oxide cycles, they suffer from 

relatively slow kinetics and require extremely high temperatures (> 1800 K), which 

limit durability due to material sintering.77, 147 In recent years, ceria (CeO2)-based 

cycles have received significant attention because of their potential for high cycle 

stability and favorable CeO2-δ re-oxidation kinetics.142, 223, 224 
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Figure 5.1. Renewable fuel production from solar energy via ceria redox cycling. The solar 
thermal input is used to reduce CeO2 to CeO2-x and the O2 is removed from the system before 
the material is exposed to H2O and/or CO2. The CeO2-x is then re-oxidized by H2O and/or 
CO2 to produce a syn-gas mixture which can be used to produce renewable hydrocarbon 
fuels.  

 

The overall reactions for ceria-based cycles are given: 

 

CeO! + solar  heat →   CeO!!! +   δ 2O!     R. 5.1 

 

CeO!!! +   δCO! →   CeO! + δCO + heat    R. 5.2 

 

CeO!!! +   δH!O →   CeO! + δH! + heat    R. 5.3 

 

To achieve high degrees of reduction, the reduction reaction (R. 5.1) requires 

temperatures of 1700 K or higher depending on the oxygen partial pressure (PO2).5, 9, 

10 The exothermic re-oxidation reactions (R. 5.2) and (R. 5.3) are favored at lower 

temperatures (< 1200 K) where at reasonable concentrations of CO2 and/or H2O, and 
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negative free energies of reaction drive the reaction to near complete CeO2 re-

oxidation. This thermodynamic driving force for fuel production increases as 

temperature decreases, but surface-limited kinetics of the re-oxidation reactions 

require that temperatures stay above 1000 K in order to achieve favorable re-

oxidation rates.136, 223, 225-227 The relatively rapid diffusion of O2- vacancies within the 

CeO2 lattice at these temperatures causes the surface reactions to be rate-controlling 

and as such, adequately rapid re-oxidation rates require high surface area structures 

and/or material composition modifications that accelerate surface kinetics for splitting 

H2O and/or CO2.   

The combination of high temperatures for reduction and high re-oxidation kinetics 

present a challenge for ceria-based, solar-driven redox cycles. Rapid kinetics for H2O 

and CO2 splitting favor high-surface area structures oxidation, which not only 

improve surface reaction kinetics but also promote rapid solid-state diffusion of O2- 

vacancies to the surface and gas transport of reactants/products to/from the active 

ceria surface. However, the very high temperatures for reduction typically cause high-

surface-area structures to sinter rapidly with significant loss of surface area. As such, 

the stability for the CeO2 redox cycles remains a challenge for plant scale 

implementation. 

To address the loss of surface area and cyclic stability in ceria-based materials, 

researchers have high-surface-area microstructures, which might improve resistance 

to sintering. Various attempts have been explored to provide high-surface area micro-

structures of ceria-based materials for solar thermal redox cycles. Chueh et al. used a 

sacrificial pore former to produce pressed CeO2 pellets with 65% porosity but 
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relatively low surface areas of 0.1 m2 g-1 were sustained after sintering at 1773 K.223 

In later work by the same authors, porous monolithic CeO2 was produced with 80% 

initial porosity by a similar sacrificial pore former approach.136 Rudisill et al. showed 

that the highly porous CeO2 3-D ordered macro-porous (3DOM) structure with 

surface area of 4 m2 g-1 after repeated reduction at 1473K, increased the total fuel 

production and the fuel production rate by ten times over commercial CeO2 powders, 

thus demonstrating the positive impact of microstructured materials for cycling 

applications. Furler et al. have tested commercial CeO2 felts as structured high-

surface area materials, but cyclic testing with reduction at ~1800 K peak temperatures 

showed loss of degree of reduction and subsequent loss of fuel production in re-

oxidation at lower temperatures with each cycle due to significant sintering within the 

felt structures. Despite the challenges for the felt materials during reduction, specific 

oxidation rates were extremely high.116, 227 The same group has also recently tested 

reticulated porous ceria (RPC) foams as structures for redox cycles and while these 

materials showed evidence for sintering after 14 cycles, no clear evidence has yet 

been reported for the effectiveness of these structures for sustaining long-term cyclic 

durability.116, 227 In general, the design of stable high-surface-area structures for cyclic 

durability and fast re-oxidation kinetics remains a challenge for researchers and 

developers and provides motivation for the current work which explores the use of 

electrospun ceria-based fiber structures for solar-driven redox cycles. 

In addition to intelligently structuring the working material, researchers have also 

explored ceria dopants to provide improve sintering resistance and/or improved 

reducibility at lower temperatures than those of pure CeO2. Extensive exploration of 
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dopants has been undertaken by Abandes et al. and Tamaura et al. among others to 

elucidate the effect of various dopants on both the reduction as well as the oxidation 

steps in ceria-based cycles.25, 142, 224, 228, 229 In most cases, doping CeO2 improves the 

thermodynamics of reduction, enabling higher equilibrium non-stoichiometries to be 

achieved. High dopant concentrations tend to slow oxidation kinetics and increase the 

fraction of inert mass in the working material. Scheffe et al. performed a review and 

analysis of the thermodynamics of CeO2 doped with Gd, Y, Sm, Ca, and Sr, and 

concluded that the improvement in reduction from the listed elements was not 

sufficient to justify the penalties incurred on dopant incorporation unless nearly 

perfect heat recovery could be achieved. However, the authors also concluded that 

some dopants, notably Zr, may offer a reasonable return from a thermodynamic 

perspective.226 Zirconium, heavily studied as a dopant for increasing the oxygen 

storage capacity (OSC) of ceria-based three-way automotive catalysts, and well 

known as a non-volatile and thermally stable refractory material, has been shown to 

promote bulk CeO2 reduction and has become a dopant of interest for solar thermal 

applications.14, 19 This work will focus on Zr-doped CeO2 fibers, and we propose that 

the versatility and scalability of fiber production via electrospinning provides an ideal 

synthesis route to such materials. In this study, pure and Zr-doped CeO2 fibers are 

synthesized and characterized to determine the viability of spun fibers as working 

material structures for solar thermal applications. Of particular interest is the stability 

and surface area of the fiber materials at high temperature (>1673K).  
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5.2  Material Synthesis: High throughput fiber production 

Additional synthesis details are given in Section 2.2. A brief summary is also 

included here for completion. During this study, a stock polymer/solvent solution was 

first created for use throughout the entire fiber production process. First 200g 

dimethylformamide (DMF), 200 g anhydrous ethanol, and 50 g deionized water were 

combined with 60 g polyvinylpyrolidone (PVP, MW = 1.3 x 106 Alpha Aesar) to 

form an 11.7 wt% PVP solution. The viscous polymer solution was kept tightly 

capped and sonicated for at least 12 hr to allow the granular PVP to reach full 

dissolution.  

Precursors of Ce and Zr were dissolved in a small volume of stock solvent 

(200g DMF, 200g ethanol, 50g DI H2O) to yield a solution with the desired Ce:Zr 

ratio. The cerium precursor was Ce(NO3)3�6H2O (Alpha Aesar), and the Zr precursor 

was ZrO(NO3)2�6H2O (Alpha Aesar). Then, this solution was added to the stock 

polymer solution. For example, to produce the Ce0.975Zr0.025O2 sample, 4.889g of 

Ce(NO3)3�6H2O and 0.0979g of ZrO(NO3)2�6H2O were combined in a 10 mL 

centrifuge tube with 10 mL of the stock solvent solution and sonicated for 30 

minutes. The solution containing the dissolved metal salts was then added to 40 mL 

of the stock PVP solution and again sonicated for 30 minutes to form a homogenous, 

viscous spinning solution. This solution was then poured into the spinning solution 

trough.  

To spin the fibers, the wire coil (coil spacing = 1 cm, coil diameter = 2.5 cm) 

fixed to a metal shaft was rotated through the spinning solution at 30 rpm. A high 

voltage power supply (Spellman, model FJ60) was used in constant current mode 
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(current limit = 0.15 mA) to apply a voltage of 25 +/- 2kV to the wire coil spinneret 

while another high voltage power supply (Spellman, model CZE1000R) was used to 

fix the rotating wire drum collector at potential of -10kV, which significantly 

improved the fiber collection efficiency. The collector (diameter = 10 cm) rotated at 

300 rpm. The spinneret to collector distance was fixed at 15 cm, thereby creating an 

electric field of ca. 2 kV/cm during the entire spinning process.  

Directed heated air was used to ensure optimal fiber drying conditions while 

minimizing solvent evaporation from the spinning solution trough. The spinning 

solution was replenished at 10 minute intervals and sheets of fibers removed from the 

collector at 20 minute intervals. Each batch required ~60 minutes to spin, and yielded 

4-5 g spun fibers (pre-polymer removal). Spun fibers were stored in a heated 

glassware oven (90°C, < 7.5% RH at all times) to minimize the effect of high relative 

humidity on fiber melting/welding.171  

To complete the synthesis process, the polymer and Ce/Zr precursor anions 

were removed by heating in air. The composite fibers were heated at 2°C/minute to 

150°C and held for 3 hours to evaporate the solvents. Next the material was heated at 

0.1°C/minute to 300°C and held at 300°C to decompose the polymer slowly. Finally, 

the fibers were heated to 550°C at 2°C/minute and maintained at 550°C for 3 hours to 

complete the removal of polymer and precursor salt anions. The final yield for each 

batch was 1.5 g +/- 0.2 g depending on fiber collection efficiency. To produce larger 

quantities of material for a given composition (e.g. Ce0.975Zr0.025O2), additional 

batches were spun.  
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5.3 Fiber structures for porosity and surface area retention at 
1700K 

 

The sintering characteristics of the fiber and powder materials was studied in 

order to determine whether the fiber material structure could provide substantial 

benefit in terms of the final structure of the ceramics after exposure to high 

temperatures. Because dopant inclusion is known to improve the reduction yields and 

inhibit as well as promote sintering, several dopants were selected for this study. Un-

doped CeO2, Zr-doped CeO2 (2.5, 5, 10, 20 mole%), and Pr-doped CeO2 (5, 10 mol 

%) were examined to determine the impact of dopant inclusion on material structure 

and fuel production.  

Zirconium is often combined with CeO2 to enhance stability, reduce sintering, 

and increase oxygen storage capacity for heterogenous catalysis and other 

applications, and has been widely applied in the automotive catalysis field.1 

Furthermore, a small body of literature exists for Zr-doped CeO2 as applied to solar 

thermal applications, which enables a performance comparison to be made. 

Praseodymium is a less common CeO2 dopant, but is used in the heterogeneous 

catalysis field,196 and was recently demonstrated in a Pr doped CeO2 system for solar 

thermal fuel production by Meng and coworkers.230 Both Zr and Pr form solid 

solutions with CeO2 at low concentrations (typically below 20 mol%) by occupying 

the Ce sites in the cubic lattice.24 Interestingly, even at low dopant concentrations, Pr 

has a strong affect on the color of the CeO2-based material, producing a dark 

red/brown as shown in Figure 5.2, which demonstrates that doping may also provide 

a method for tuning the emissivity and absorptivity of the CeO2-based materials.  
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Figure 5.2. Undoped and Zr/Pr doped CeO2-based samples. 

 

To better understand the sintering characteristics of the CeO2-based fiber 

samples at high temperature, a series of samples were electrospun, subjected to the 

same ‘gentle’ polymer removal step discussed in Chapter 2, which was followed by 

heat treatment at 1700K in air for 6 hours. Such a heat treatment provides a rapid 

screening process through which the sintering behavior of the undoped and doped 

fibers is determined. In parallel with the spun fiber samples, powdered materials were 

formed by extruding excess spinning sol into an aluminum dish for post-processing 

via the gentle heat treatment. The produced powder was then transferred to an 

alumina crucible for the same sintering treatment (1700K, 6 hours in air). Examining 

the samples via SEM provides an understanding of the variation in structure for the 

fiber and the powder samples of the same composition.   

To establish baseline material behavior, un-doped CeO2 fibers and powder 

were prepared and subjected the heat treatment described above. The sintering 

CeO2 
Ce0.95Zr0.05O2 

Ce0.95Pr0.05O1.975 
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behavior is easily visualized via SEM in Figure 5.3, which demonstrates that grain 

growth within the fiber materials is partly constrained to the fiber axis. In contrast, 

within the powdered starting material, sintering is not constrained, which leads to 

much larger grain sizes for the same material composition.  

 

Figure 5.3. Scanning electron microscopy (SEM ) images of undoped CeO2 powder after the 
polymer removal step (a-d), and after heat treatment at 1700K (1423°C). Un-doped CeO2 
fibers are presented after the polymer removal step (i-l), and after heat treatment at 1700K 
(m-p). 

 

 Ceria powders doped with either Zr or Pr produced by subjecting the un-spun 

sol to the gentle polymer removal step followed by a heat treatment at 1700K as 

described above were considered in order to understand the impact of the dopants on 

the sintering behavior. For this brief study, the 10 mol% dopant level was considered. 

CeO2 550°C powder CeO2 550°C fibers CeO2 1423°C fibers CeO2 1423°C powder 

a) 

b) 

c) 

d) 

e) 

f) 

g) 

h) 

i) 

j) 

k) 

l) 

m) 

n) 

o) 

p) 
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Samples of CeO2, Ce0.90Zr0.10O2, and Ce0.90Pr0.10O2 powder are presented in Figure 

5.4 and Figure 5.5. 

 

 

Figure 5.4. Un-doped and doped powder samples after sintering at 1700K. CeO2 (a), 
Ce0.90Zr0.10O2 (b), and Ce0.90Pr0.10O2 (c). Grain sizes were measured using ImageJ software 
and are presented in Figure 5.5. 

 

 

Figure 5.5. Histogram of grain sizes for the CeO2, Ce0.90Zr0.10O2, and Ce0.90Pr0.10O1.95 powders 
produced by removing the polymer from the spinning sol and then sintering at 1700K. Zr-
doping yields smaller grains than pure CeO2, and Pr-doping yields larger grains than the un-
doped material.  
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 From the results presented in Figure 5.4 and Figure 5.5, it is clear that for at 

the 10 mol% doping level, Zr inhibits grain growth, while Pr promotes grain growth 

relative to un-doped CeO2. This result is consistent with the automotive and 

heterogeneous catalysis literature, and the understanding is useful during the 

interpretation of the electrospun fiber sintering behavior.   

 Comparison of CeO2 and Ce1-xZrxO2 (where x = 0.05, 0.10, 0.20) fibers heated 

to 1700K (1423°C) is presented in Figure 5.6. The Zr-doped fibers retain the fiber 

morphology, and the dopant concentration does not produce a strong impact on grain 

size. Thus, there is very little change in the fiber structure for Zr contents below 10 

mol%.  



 164 

 

 

Figure 5.6. Scanning electron microscopy (SEM) images of un-doped CeO2 and Zr doped 
fiber samples (Ce1-xZrxO2 where x = 0.025, 0.05, 0.10, 0.20) subjected to the same sintering 
process at 1700K (1423°C). Varied magnifications are given (1, 2, 5, 10 kX) for CeO2 (a-d), 
Ce0.95Zr0.05O2 (e-h), Ce0.90Zr0.10O2 (i-l), and Ce0.80Zr0.20O2 (m-p). 

 

 Doping with Pr is more interesting than Zr from a sintering perspective 

because the presence of Pr promotes grain growth relative to un-doped CeO2 as 

shown in Figure 5.4 and Figure 5.5 and well as Figure 5.6 and Figure 5.7. For the 5 

mol% Pr content, the fiber structure is retained after the high temperature sintering 

step, and grains are shown to be constrained by the fiber structure. This is particularly 

apparent when comparing Figure 5.7h and Figure 5.7p. 
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Figure 5.7 Scanning electron microscopy (SEM) images of Pr doped CeO2 powder and fiber 
samples (Ce0.95Pr0.05O2) following the polymer removal high temperature heating steps. 
Varied magnifications are given (1, 2, 5, 10 kX) for Ce0.95Pr0.05O2 powder after polymer 
removal (a-d) and after heating at 1700K (e-h), and for Ce0.95Pr0.05O2 fibers after polymer 
removal (i-l) and after heating at 1700K (m-p). 

 

 Increasing the Pr content of the powder and fibers dramatically increases the 

grain growth as shown in Figure 5.8 where Ce0.90Pr0.10O2 fiber and powder samples 

are presented. Examination of the fiber structures before, Figure 5.8(i-l), and after, 

Figure 5.8(m-p) the high temperature treatment shows extensive grain growth. During 

this process, the fiber structure is nearly completely lost, and thus Pr contents of 10% 

or above are not viable if structure retention is desired.  
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Figure 5.8. Scanning electron microscopy (SEM) images of Pr doped CeO2 powder and fiber 
samples (Ce0.90Pr0.10O1.95) following the polymer removal high temperature heating steps. 
Varied magnifications are given (1, 2, 5, 10 kX) for Ce0.90Pr0.10O2 powder after polymer 
removal (a-d) and after heating at 1700K (e-h), and for Ce0.90Pr0.10O2 fibers after polymer 
removal (i-l) and after heating to 1700K (m-p). 

 

The difference between doping with Zr and Pr is demonstrated clearly in Figure 5.9 

which shows the Ce0.90Zr0.10O2 and Ce0.90Pr0.10O2 before (a,c) and after (b,d) heating 

to 1700K. The Zr doped sample (a,b) does not demonstrate an appreciable change in 

overall structure, though some sintering does occur. This is consistent with the limited 

grain growth in the Zr doped samples as demonstrated in Figure 5.4. For the 10 mol% 

Pr, the sintering is substantial, which can be seen by comparing Figure 5.9 c/d.  
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Figure 5.9. Differences in sintering behavior for Ce0.90Zr0.10O2 and Ce0.90Pr0.10O2 samples. The 
materials are shown after polymer removal at 550°C, but before heating to 1700K for 
Ce0.90Zr0.10O2 (a) and Ce0.90Pr0.10O2 (b). After heating to 1700K, the Ce0.90Zr0.10O2 sample does 
not show a marked change in structure, but is lighter in color (c), while the Ce0.90Pr0.10O2 
sample shrinks and densifies dramatically (d).  

 

 The aim of this brief study was to determine the effect of dopant inclusion on 

fiber structure after exposure to high temperatures. Doping with Zr (up to 20 mol%) 

tends to inhibit sintering, has little effect on the sample color, and does not strongly 

affect the overall fiber structure at high temperatures. Doping with Pr on the other 

hand, imparts a dark color to the material, leads to enhanced grain growth, and 

culminates in the loss of the fiber structure at the 10 mol% level. As a result, Pr 

dopant levels above 5 mol% will not be considered further in this work. 

a)#

b)#

c)#

d)#
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5.4 Reduction thermodynamics and oxidation kinetics:  
 

The structure of CeO2-based 3D ordered macroporous materials (3DOM) was 

shown by Rudisill and co-workers to increase both the oxidation and reduction rates 

and yields for simulated solar thermal cycles.111 However, the structuring method 

employed by the authors did not produce a material capable of withstanding high 

reduction temperatures, and thus, the maximum temperature reached in the study was 

1473 K (1200°C). Following the understanding that the fiber materials retained their 

structure after treatment at 1700K (1423°C), the fibers were proposed structured 

materials for solar thermal cycles. Abandes et al. have shown that dopant 

incorporation (Zr in particular) slows fuel production/oxidation kinetics for powdered 

samples.17, 25, 229 Thus, it was necessary to understand the impact of the dopant 

concentration on the fiber samples to determine if the fiber structure, could provide a 

benefit by retaining their structure at higher reduction temperatures.  

To address this issue, the fiber and powder samples, which were previously 

heated to 1700K were subjected to a chemical reduction in a mixture of CO and CO2, 

followed by oxidation in 25 vol% CO2. The experiments were performed isothermally 

at 1273K (1000°C). Briefly, the non-stoichiometery of the sample, was first 

established by varying the CO/CO2 ratio to produce a gas mixture with the desired O2 

partial pressure (PO2) via the CO/CO2 redox couple, which allows for the 

determination of the oxygen partial pressure at equilibrium for a given temperature 

and pressure.231, 232 Sufficient time is provided for equilibration of the sample at the 

desired PO2, and the CO2 produced during the reduction step is measured by a mass 

spectrometer (MS) to quantify the oxygen vacancies concentration within the sample. 
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The reactor is then purged, and CO2 introduced via an electronic switching valve to 

produce a nearly square step change in concentration. The CO production is measured 

and integrated to provide both kinetic rates of fuel production and total fuel yield. The 

carbon balance is within 5% at all times. Fuel production performance is stable over 

hundreds of cycles, which is to be expected because the materials were heat treated at 

1700K, but are operating at 1273K, and thus, no changes are expected from the stable 

oxide materials.  

Carbon dioxide splitting results are presented in for Zr-doped samples in 

Figure 5.10 for fiber samples unless otherwise indicated. The extent of reduction (δ) 

for each sample is 0.04 +/- 0.002 as determined by integrating the CO and CO2 

signals during the reduction and oxidation steps to quantify the oxygen release/uptake 

of the sample. It is clear that the addition of Zr slows the oxidation step relative to un-

doped CeO2, and that increasing Zr content increases the time required to complete 

the oxidation step. Comparing the fiber and powders at the 10 mol% Zr doping level 

does not show a substantial difference between the two structures with respect to fuel 

production rates.   



 170 

 

 

Figure 5.10. Fuel production for un-doped CeO2 and Zr-doped fiber samples (unless 
otherwise indicated). For each sample, δ = 0.04 +/- 0.002. Increasing Zr content slows the 
fuel production rate, and at the 10 mol% Zr level, the fiber and powder show similar 
behavior.  
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Figure 5.11. Fuel production for un-doped CeO2 and 5 mol% Pr-doped fiber and powder 
samples. For each sample, δ = 0.04 +/- 0.002. When grain growth is enhanced (due to Pr 
doping), the fuel production rate slows substantially as demonstrated by comparing the fiber 
and powder structures.  

 

By determining the CO/CO2 ratio required to yield δ = 0.04 +/- 0.002 for the samples, 

and calculating the required PO2 of the reducing gas, it is possible to produce an 

approximate understanding of the ease of reducibility for a given dopant composition, 

which is directly related to the temperature required to achieve a particular δ at a 

given PO2. The results from the chemical reduction study are given in Figure 5.12, 
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which demonstrates that Zr doping produces a more reducible sample (e.g. one that 

will release O2 at a lower temperature or higher PO2), while Pr doping does not. In 

fact, doping with Pr may instead inhibit the high temperature reduction process, 

requiring higher temperatures or lower PO2 than un-doped CeO2 to achieve the same 

δ.  

 

Figure 5.12. Oxygen partial pressure required to produce δ = 0.04 +/- 0.002 in the given 
samples. As PO2 increases, the sample trends toward reduction at a lower temperature. Doping 
with Zr is shown to be useful for lowering the reduction temperature and/or improving 
reduction yield, while doping with Pr is not viable for reducing the reduction temperature 
despite recent claims.233  

As demonstrated above, doping with Pr results in structure loss due to enhanced 

grain growth/sintering behavior, and does not enhance the reduction yield. Therefore 

Pr doped materials will not be considered further here, though future experiments 

involving doping with a low Pr content (<1 mol%) should not be ruled out as a 

mechanism to tune the absorbtivity and emissivity of the CeO2-based material. 

Indeed, co-doping CeO2 with Pr and other dopants (e.g. Hf) was recently proposed.233  
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5.5 Zr-doped CeO2 fiber performance under simulated solar 
thermal cycling conditions 

 

The benefit of Zr doping was made clear during the chemical reduction 

experiments presented in the previous section. The sintering inhibition as well as the 

enhanced reduction yield achieved via Zr doping are desirable materials 

characteristics which may be balanced against the slower oxidation kinetics. In order 

to assess the viability of the fiber structure under simulated solar thermal cycle 

operating conditions, several fiber samples with varied Zr content (0.0, 2.5, 5.0, 10 

mol%) were selected for an intensive two-part study in conjunction with the Davidson 

Group and the Solar Energy Laboratory at the University of Minnesota. The fiber 

samples were synthesized at UMD and tested in a rapid heating infrared furnace at 

UMN. The collaborative study between the Davidson and Jackson groups harnessed 

the expertise with respect to materials characterization in rapid heating, high 

temperature systems (Davidson Group) and the knowledge and understanding of the 

electrospun fiber production developed at UMD over the preceding years. 

5.5.1 Simulated solar thermal cycling test conditions  
 

The experiments at UMN were conducted with a rapid heating IR furnace to 

provide high radiative heat fluxes, a Raman Laser Gas Analyzer (RLGA) sampling at 

1 Hz, and a series of mass flow controllers and solenoid valves used to switch 

between oxidizing (25 vol% CO2, balance N2 with 10 ppm O2), and reducing (N2 with 

10 ppm O2) environments. The experimental conditions are presented in brief here. 

Samples of the electrospun fibers (300 mg) were loaded into an alumina tube (ID = 1 
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cm) by gravity feeding. The loaded fiber bed length was 5 cm, which gave a bed 

porosity of ca. 98%. The fibers were held in place by a drilled alumina disc (0.5 cm 

thick, dia. = 1 cm) on the downstream side. A shielded (alumina) R-type 

thermocouple was inserted into the center of the fiber bed from the upstream side and 

the entire assembly loaded into a horizontal IR furnace (ULVAC-RIKO) with a 10 

cm heated zone length. The center of the packed bed was aligned in the center of the 

heated zone. Another R-type thermocouple (unshielded) was inserted from the 

downstream side of the fiber bed, adjacent to the alumina plug, to control furnace 

temperature.  

After loading, the sample was first heated under 300 mL/min 10 ppm O2, 

balance N2 from 25°C to 500°C at 20°C/minute to avoid cracking the alumina tube 

due to thermal shock. After reaching 500°C, the furnace was ramped at 100°C/minute 

such that the fiber bed temperature reached the reduction temperature specified for 

each sample. Sample temperature was maintained at the reduction temperature for 1 

hour under ‘reducing’ conditions (300 mL/min 10ppm O2, balance N2) to allow any 

sintering to occur and the material to stabilize before cycling is initiated. The sample 

is then cooled to ~800°C at 200°C/minute and allowed to stabilize for 2 minutes 

before changing the feed composition to include 25 vol% CO2 in addition to the 

10ppm O2 and N2 for the oxidation step. The feed composition is varied via a 

sequence of pneumatically actuated valves, which produce a step change in feed 

composition. After 5 minutes, the CO2 is then removed from the feed and the reactor 

allowed to purge for 2 minutes before the temperature ramp to the reduction 

temperature is again initiated. The cycling was repeated for 10 cycles in the case of 
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short duration composition survey experiments and reduction temperature survey 

experiments. Cycling was carried out over longer periods to assess long-term 

stability. During the long term testing, the cycles were shortened somewhat to 

increase the number of cycles completed in a given period. The heating and cooling 

rates remained unchanged, but the oxidation and reduction dwell times were shorted 

to 4 minutes each, with the CO2 flow initiated after 1 minute at the oxidation 

temperature and maintained for 2.5 minutes before purging for 0.5 minutes. After 

cycling, the system was cooled to 500°C at 200°C/minute, and then from 500°C to 

25°C at 20°C/minute. An example of the thermal cycling demonstrating both the O2 

release as well as the CO production is presented in Figure 5.13. 

 

 

Figure 5.13. IR furnace during heating in UMN Solar Energy Laboratory (a). An example of 
the O2 release during heating to 1500°C followed by fuel production at 800°C for an 
electrospun CeO2-based fiber sample during temperature cycling in the IR furnace (b).  

 

5.5.2 Zr-doped CeO2 fibers in simulated solar thermal cycle: Zr-content  
 

Oxidation of the electrospun of Ce1-xZrxO2 (x = 0.0, 0.025, 0.05, 0.10) fibers 

was examined after a thermal reduction at 1473K in N2 (PO2 = 10-5). A total of 10 

IR Furnace (UMN) 

a)# b)#
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cycles (reduction, cool, oxidation, purge) were performed on each sample, and the 

results are given in Figure 5.14 and Table 5.1. As the Zr content is increased, the total 

O2 released as well as the total CO produced increases significantly. The total CO 

production increases by four times for the 10 mol% Zr sample over the un-doped 

sample. However, the increase in Zr from 0 to 10 mol%, causes a large increase in the 

length of time to complete the oxidation step from 20 to ~80 seconds, approximately 

a factor of 4 increase in the time required. An optimal Zr content exists which 

increases the reduction yield, while also maintaining fast oxidation kinetics. In this 

case, 2.5 mol% Zr produces approximately 2.5 times as much fuel as the un-doped 

system, while the 5 mol% Zr sample produces approximately 2.25 times as much fuel 

as the undoped sample. Both the 2.5 and 5 mol% systems reach complete oxidation in 

approximately 40 seconds, though the 2.5 mol% system is slightly faster.  

 

Table 5.1. Fuel production as a function of dopant concentration for un-doped and doped 
CeO2 samples. Post-cycling XRD indicates that lattice parameter and crystallite size decrease 
with increased Zr content (determined via Rietveld refinement). 

Sample Tr (°C) To(°C) VCO  
(mL g-1) 

Δδ 
(×103) 

Lattice 
Parameter (Å) 

Crystallite 
Size (nm) 

CeO2 1200 800 0.40 ± 0.05 2.8 ± 0.3 5.41111 234.3 

Ce0.975Zr0.025O2 1140 760 0.98 ± 0.06 6.9 ± 0.7 5.40466 194.3 

Ce0.95Zr0.05O2 1130 760 0.9  ±  0.1 6.5 ± 0.7 5.39882 176.3 

Ce0.90Zr0.10O2 1140 740 1.6  ±  0.1 12.0 ± 0.1 5.38334 140.5 
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Figure 5.14. CO production as a function of Zr content for measured reduction temperatures 
listed in Table 5.1. As the Zr content increases, the time to complete the oxidation step 
increases as expected. An optimal Zr content exists which provides the greatest improvement 
in reduction yield without drastically slowing the fuel production rates.  

 

After the 10 redox cycle composition survey, the samples were examined via 

XRD as shown in Figure 5.15 and Table 5.1. The diffraction patterns were analyzed 

via Rietveld refinement to determine the lattice parameter associated with each 

sample. A linear relationship exists between the Zr concentration and the cubic lattice 

parameter, as expected by Vegard’s Law for the formation of solid solutions. 

Furthermore, the diffraction peaks broaden and shift to larger angles 2θ as the Zr 

content increases, which is expected for solid solutions when the dopant ionic radius 

is smaller than the host as is the case for Ce and Zr, and crystallite size decreases 

indicating that the presence of Zr tends to inhibit sintering in the fiber samples. 
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Figure 5.15. Post-testing XRD for the samples listed in Table 5.1. The lattice parameter 
varies linearly with Zr content as expected by Vegard’s Law. With increasing Zr content, 
diffraction peaks shift to higher angles 2Θ and peaks undergo broadening as expected.  

 Following the composition survey, the 2.5 mol% Zr composition was selected 

for additional study in light of the favorable combination of improved reduction yield 

and oxidation kinetics that are nearly as fast as the un-doped sample.  

 

5.5.3 Ce0.975Zr0.025O2 fibers: Impact of reduction temperature 
 

 To better understand the effect of reduction temperature on the reduction yield 

as well as the evolution of surface area of the 2.5 mol% Zr doped CeO2 samples, a set 

of four experiments was conducted with varied reduction temperatures (1200, 1300, 

1400, and 1500°C). Each sample was first loaded into the IR furnace system as 

described earlier, and then a series of 10 consecutive cycles were performed. The 

oxidation steps were performed at 800°C. Each set of 10 oxidation cycles is presented 
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in Figure 5.16. For a reduction temperature of 1200°C, the peak fuel production rate 

over 10 cycles averaged 7 mL CO min-1 g-1, increasing to 17 and then 45 mL CO min-

1 g-1 for the 1300°C and 1400°C samples respectively. Once the reduction 

temperature reached 1500°C, the peak fuel production rate decreased to 32 mL CO 

min-1 g-1.  

 

 

Figure 5.16. Reduction temperature survey for Ce0.975Zr0.025. Four separate samples were 
subjected to 10 redox cycles at the temperature indicated (1200-1500°C). The peak rate and 
total fuel production increases as the reduction temperature is raised from 1200-1400°C. 
Once 1500°C is reached, the total fuel production is still higher, but the time to re-oxidize the 
reduced material increases substantially. Stable and repeatable cycle-to-cycle performance is 
shown for 10 cycles.  

Over 10 cycles, the sample behavior is consistent and repeatable which allows 

for the direct comparison of the 10th cycle for each reduction temperature as shown in 
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Figure 5.17. By overlaying the 10th cycle from each experiment, the evolution of both 

the peak fuel production rate as well as the time to complete the oxidation step 

becomes clear. As the reduction temperature is increased, greater non-stoichiometric 

values are produced. This leads to increasing peak production rates, provided that 

there is sufficient surface area available to split the available CO2. However, once the 

fiber surface area falls below a certain level, there is an insufficient surface oxygen 

vacancy concentration to consume all of the available CO2. Thus, the peak production 

rate decreases, and the time to complete the oxidation step increases as vacancies 

must first diffuse to the surface before the CO2 splitting occurs.  

This point is clear when comparing the peak fuel production rates and time to 

completion for the 1400°C and 1500°C samples (45 mL CO min-1 g-1 & 2 minutes vs. 

32 mL CO min-1 g-1  & 3+ minutes respectively). Surface area measurements of the 

tested samples agree well with the peak fuel production rates as well as the time to 

complete the oxidation step. The sample reduced at 1400°C for 10 cycles yields a 

surface area of 0.60 m2 g-1
, twice that of the sample reduced at 1500°C as shown in 

Table 5.2. Because of the cycle-to-cycle stability over 10 cycles, it is assumed that the 

samples did not undergo substantial morphological changes during the 10 cycles, and 

thus, the surface areas measured after the 10 cycle test represent the surface area of 

the samples throughout the experiment. This assumption does not hold for the long-

term cycling test as shown in Figure 5.19.  
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Figure 5.17. The 10th cycle from the reduction temperature survey for Ce0.975Zr0.025. Inset plot 
shows the final 3 minutes of the fuel production step for the samples reduced a 1400°C and 
1500°C, and indicates that the sample reduced at 1500°C may not return to equilibrium in the 
time provided for oxidation.  

 Fuel production data clearly indicates a decrease in surface area as a function 

of reduction temperature, which is confirmed by Kr adsorption measurements 

presented in Table 5.2 and Figure 5.24. Characterization by electron microscopy as 

shown in Figure 5.18 also clearly indicates a gradual decrease in surface area as a 

function of temperature. After 10 cycles at 1200°C (Figure 5.18a), the post-testing 

sample surface area is 3.17 m2 g-1, and the fiber structures show pores which are 

formed in the synthesis process during the solvent evaporation/polymer 

decomposition step. There is also clear evidence of entangled fibers, which are 

produced during the wire coil spinning process when two or more fibers wrap around 
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each other during the stretching/whipping phase, but before reaching the collector. 

After 10 cycles at 1300°C (Figure 5.18c), the post-testing sample surface area is 1.54 

m2 g-1, and the fibers still show pores as well as entangled individual fibers, but some 

pore shrinking and grain growth is evident. After 10 cycles at 1400°C (Figure 5.18b) 

the surface area decreased to 0.60 m2 g-1, and the morphology of the fibers changed 

dramatically. Significant grain growth occurred, and in the process, pores and 

entangled fibers that were present have sintered together to form nearly pore-free 

large-grained fibers. Grain growth is largely constrained by the fiber diameter, though 

at points of fiber-fiber intersection, sintering occurs. Further sintering occurs after 10 

cycles at 1500°C (Figure 5.18d), leading to the complete absence of pores and a 

surface area of 0.28 m2 g-1.  
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Figure 5.18. Electron microscopy images of tested Ce0.975Zr0.025O2 temperature survey 
samples, (a) Treduction = 1200°C and sample shows limited sintering with many bundled fibers 
produced when fibers become entangled while leaving the spinneret, (b) Treduction = 1300°C 
produces relatively limited sintering with bundled fibers still showing some pore-like contact 
points, (c) Treduction = 1400°C leads to high degree of sintering in which bundled fibers have 
melded together to form larger diameter fibers and the pore-like features have been 
eliminated, (d) Treduction = 1500°C shows even further sintering but fiber structure is still 
discernable.  

 

Table 5.2. Surface areas (measured via Kr adsorption) from the Ce0.975Zr0.025O2 reduction 
temperature survey experiments.  

Reduction 
Temperature  (°C) 

Number of 
Cycles 

BET SA 
(m2/g) 

SA Error 
+/- (m2/g) BET fit R2 

1200 10 3.17 0.13 0.99998 
1300 10 1.54 0.07 0.99997 
1400 10 0.60 0.03 0.99986 
1500 10 0.28 0.02 0.99993 
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The redox cycling with a reduction temperature of 1500°C showed somewhat 

different behavior than the samples reduced at 1400°C and below, in that the 

oxidation step does not appear to reach completion during the time allowed for re-

oxidation in 30 vol% CO2. By examining Figure 5.17 and the inset, it becomes clear 

that the oxidation step may be incomplete. For reduction temperatures in the range 

1200-1400°C, the oxidation step is complete after 3 minutes, but for the 1500°C 

reduction cycles, oxidation does not reach completion. After over 3 minutes of 

exposure to CO2, the CO production rate is declining from ca. ~0.25 mL min-1 g-1. On 

an absolute level, for a 0.30g sample, the volume of CO still being produced is 

~0.075mL/min, which is less than 0.02% of the total flow, and very near the 

instrument detection limit. Thus, it is difficult to determine whether or not the 

oxidation is complete, or whether fuel is still being produced. The recent doped CeO2 

exploration by Scheffe et al.234 indicated that the Zr and Hf doped CeO2 powder 

samples did not reach complete oxidation after 45 minutes in 40 vol% CO2 after 

reduction at 1773K (PO2=10-5), and thus, it is possible that after 3 minutes of 30 vol% 

CO2, equilibrium has not yet been reached.  

 

5.5.4 Ce0.975Zr0.025O2 fibers: Long-term cycling performance  
 

In the reduction temperature survey, Ce0.975Zr0.025O2 electrospun fibers were 

cycled in the IR furnace at reduction temperatures ranging 1200-1500°C. The 

material displayed high rates of oxidation, with peak rates in excess of 40 mL min-1 g-

1 over 10 cycles for a reduction temperature of 1400°C, with an increase total fuel 
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production but a decrease in fuel production rates as the reduction temperature was 

increased to 1500°C. However, the preceding study, only 10 cycles were performed. 

To study the stability of Ce0.975Zr0.025O2 electrospun fibers over longer cycling 

periods, a sample was cycled 100+ times over the course of 30 hours. Figure 5.19 

shows the production of CO and O2 as well as the sample temperature (measured by a 

thermocouple embedded in the sample) over the duration of the long-term 

experiment, which encompassed 107 cycles. 

 

 

Figure 5.19. Redox cycling for Ce0.975Zr0.025O2 sample with Treduction = 1400°C. Testing 
conducted over 30 hours, with 108 complete cycles. Peak fuel production rates decline over 
the duration of the test, due in part to the loss of surface area of fibers. 
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Figure 5.20. Peak fuel production and total fuel production for Ce0.975Zr0.025O2 sample over 30 
hours. Peak fuel production rate falls to 50% of the initial value, which is due in part to the 
gradual reduction in surface area during cycling. The overall fuel production increases 
slightly over the duration of the test, due in part to the slight increase in reduction temperature 
during testing. 

 

 The first several cycles have peak oxidation rates close to 30 mL min-1 g-1, 

but after ~30 cycles, these peak rates decline to 20 mL min-1 g-1.  Following this 

decrease, the peak rates show a gradual decline, reaching 14 mL min-1 g-1 by the end 

of the 107 cycles.  While the peak fuel production decreased, the total fuel production 

increased from 3.1 to 4.0 mL/g as shown in Figure 5.20 and Figure 5.21. This 

increase in total fuel production is likely the result of the increase in bed temperature 

that occurred over the course of the experiment. Initially, the measured sample 

temperature during the reduction step was ~1390°C, increasing to approximately 
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1405°C (~15°C) over the course of the 30 hour experiment. The reason for this 

change in measured sample temperature may be the result of gradual densification of 

the fibers such that the heat transfer characteristics within the bed changed during 

cycling. Radiation is understood to be the dominant heat transfer mechanism as a 

result of the low density of the fibers, with relatively few points of inter-fiber contact. 

As densification occurs, the contribution from conduction likely increases, potentially 

contributing to the small bed temperature increase.  

 

 

Figure 5.21. Total CO and O2 production and maximum reduction temperature measured over 
108 cycles for the Ce0.975Zr0.025O2 sample. The total CO and O2 production increases slightly 
over the course of 30 hours while maintaining the 2:1 stoichiometric ratio as expected. The 
sample bed temperature undergoes a gradual increase over the course of the testing from 
~1390 to 1405°C, likely as a result of the changing heat transfer characteristics within the bed 
as fibers sinter and the bed density increases. 
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Although thermodynamic data for Ce0.975Zr0.025O2 is not readily available, a 

brief look at equilibrium thermodynamics of un-doped CeO2 demonstrates the strong 

dependence of reduction temperature on fuel production. For un-doped CeO2 (with 

sweep gas PO2 = 10-5 atm), this temperature change would raise the non-stoichiometry 

by 0.0035 which corresponds to the production of an additional 0.50 mL g-1 of CO, 

which is on the same order as the 0.8 mL g-1 increase observed for the 

Ce0.975Zr0.025O2. Thus, the increase in total fuel production, albeit at a lower rate, is 

likely the result of the gradual increase in the measured bed temperature over the 

course of the experiment.  

 

Figure 5.22. Electron microscopy images (1, 2, 5, 10kX magnification for images a,b,c,d) of 
Ce0.975Zr0.025O2 following the long-term stability test with Treduction = 1400°C. After 100+ 
cycles the fiber structure is partially retained. 
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The overall decrease in peak fuel production rate is mirrored by the decrease 

in the sample surface area from 0.60 m2 g-1 to 0.34 m2 g-1. It is important to note that 

despite later cycles requiring longer periods of time to complete, all oxidations were 

completed (i.e. CO fell to the RLGA’s detection limit of 0.02 mol%) within the fixed 

2.5 minute oxidation time, so each reduction began (and each oxidation ended) at a 

consistent state. Over the final ~40 cycles, there was little decrease in either peak or 

average oxidation rates (Figure 5.20 and Figure 5.21). This indicates that the fiber 

microstructure, which we hypothesize changed substantially over the first ~30 cycles, 

has stabilized and is undergoing little further change in specific surface area. 

Therefore, we expect the cycles occurring near the end of this experiment to represent 

the long-term, stable performance of Ce0.975Zr0.025O2 electrospun fibers under our 

experimental conditions. 
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Figure 5.23. Selected fuel production peaks from long term cycling of Ce0.975Zr0.025O2 sample. 
As the cycle count grows, the fibers undergo a gradual surface area reduction, which 
correlates well to the lower peak fuel production rates as well as the increased time to 
complete the oxidation step. Within the inset, the curve fits are provided to guide the eye. 

 

 

Figure 5.24. Surface areas (measured via Kr adsorption) from the Ce0.975Zr0.025O2 reduction 
temperature survey experiments as well as the long term cycling. As the reduction 
temperature is increased, the surface area undergoes a gradual decline. At the 1400°C 
reduction temperature, the surface area undergoes a nearly 50% decline between the 10th and 
100th cycle.  
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Table 5.3. Surface areas (measured via Kr adsorption) from the Ce0.975Zr0.025O2 reduction 
temperature survey experiments as well as the long term cycling. 

Reduction 
Temperature  (°C) 

Number of 
Cycles 

BET SA 
(m2/g) 

SA Error 
+/- (m2/g) BET fit R2 

1200 10 3.17 0.13 0.99998 
1300 10 1.54 0.07 0.99997 
1400 10 0.60 0.03 0.99986 
1500 10 0.28 0.02 0.99993 
1400 100 0.34 0.02 0.99998 

 

 

 Comparing Figure 5.18c to Figure 5.22 provides insight into the 

morphological changes experienced over the course of the long term cycling between 

1400°C and 800°C. As the cycling continues from 10 to over 100 cycles, there is a 

clear surface area loss as indicated by the decline in peak fuel production rates which 

demonstrated in Figure 5.22 as well as the surface area measurements after 10 cycles 

(0.60 m2 g-1) and over 100 cycles (0.34 m2 g-1). Over the course of the long-term 

cycling experiment, the fibers also display a more ‘bead-like’ appearance while 

maintaining a highly porous overall structure. The bed of fibers is initially ~98% 

porous when loaded into the differential reactor system for cycling, significant 

densification of the materials occurs after several hours at high temperatures. Despite 

this sintering/densification process, a highly porous bed remains, with grain sizes 

below 5 µm.  

5.5.5 Ce0.975Zr0.025O2 fibers for solar thermal cycling: Conclusions 
Electrospun ceria-based fibers (Ce1-xZrxO2 where x = 0.0, 0.025, 0.05, 0.10), 

were synthesized and characterized tested by scanning electron microscopy, X-ray 
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diffraction, Kr physisorption, and thermal cycling in a rapid heating IR furnace. An 

experimental survey was conducted to determine the impact of Zr content on total 

fuel production as well as fuel production kinetics for simulated solar thermal CO2 

splitting. An optimal Zr content exists (~2.5-5 mol%) that improves the reduction 

yield without a significant decrease in the oxidation kinetics, and Ce0.975Zr0.025O2 was 

selected for additional study. Another experimental survey was conducted to 

determine the effect of reduction temperature (1200, 1300, 1400, and 1500°C) on 

total fuel production as well as fuel production kinetics. Reducing the Ce0.975Zr0.025O2 

sample at 1400°C offered the best balance in terms of reduction yield and oxidation 

kinetics. And thus, a long-term (30 hr, 100+ cycles) experiment was conducted on the 

Ce0.975Zr0.025O2 fibers with a reduction temperature of 1400°C. During the long term 

cycling, the Ce0.975Zr0.025O2 fibers showed a reduction in peak fuel production and a 

broadening of the fuel production peak. Post-testing characterization via Kr 

adsorption indicates a reduction in sample surface area, which, correlates well with 

the decline in peak fuel production and peak oxidation rates. Thus, implementing 

steps to retain surface area will help to maintain high fuel production rates, which 

becomes increasingly important as cycling becomes more rapid or tends toward 

isothermal conditions. Notably, even after cycling at 1400°C for 100+ cycles and 

1500°C for 10 cycles, the Ce0.975Zr0.025O2 samples retained the fiber morphology, and 

displayed surface areas of ca. 0.3 m2/g, which is higher than post-testing surface areas 

of other recently reported structured ceria-based materials for solar thermal cycling.  
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5.6 Conclusions 
By employing an inexpensive and scalable method to structure the working 

materials for solar thermal cycles, improvements in both material stability and 

reaction rates can be achieved. Under simulated solar thermal conditions, cycling at 

1400°C for 100+ cycles and 1500°C for 10 cycles, the Ce0.975Zr0.025O2 samples 

retained the fiber morphology, and displayed surface areas of ca. 0.3 m2/g, which is 

higher than post-testing surface areas of other recently reported structured ceria-based 

materials for such applications. Electrospinning of metal oxide fibers, not limited to 

CeO2-based systems, offers an interesting and potentially useful route to materials 

with desirable characteristics for solar thermal applications. Because the 

electrospinning process is inexpensive, scalable, and flexible, future work on the topic 

is worthy of additional consideration. Through careful processing, it may be possible 

to produce materials with favorable optical density, absorptivity, emissivity, strength, 

porosity, and grain size to limit maximum diffusion lengths and improve overall cycle 

time.  
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6 Chapter 6: Conclusions and proposed future work: 
 

An electrospinning process was developed to produce CeO2-based fibers for 

varied applications related to catalysis and energy conversion. In the process, many 

lessons were learned about the value of the spinning process and the variables 

available to the researcher, which enable production of desirable materials rapidly and 

at low cost. Electrospinning as a route to ceramic materials for such applications is an 

area very much still in its infancy, with dramatic growth potential. The primary value 

of this work, is the additional understanding gained with respect to the synthesis 

routes to varying ceria-based materials and the materials structures which may be 

produced. And, the ability to produce ceramic materials with nano-scale features, yet 

macro-scale structure through high-throughput processes should not be understated. 

By applying the principles and understanding related to CeO2 fiber synthesis, CeO2-

based fibers were produced and their value assessed with respect to two energy 

conversion applications: 

 

1) hydrocarbon fuel processing - (WGS and WGSMR applications) 

2) production of renewable fuels from sunlight  - (solar thermal cycle working 

materials) 

 

The main results of this work are briefly reviewed here with recommendations for 

future directions. In short, this work has presented a first-pass through these two 

energy conversion applications, from the very basic electrospinning process through 
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analysis and characterization of the final materials and structures. In both cases, the 

produced materials offer interesting characteristics and advantages, but require further 

refinement. Further refinement of the materials is now possible and should be 

targeted toward improving the overall material performance for each application.  

Catalyst fibers based on Pd/Cu-CeO2 compositions were electrospun and tested 

under WGS conditions. The WGS activity for the 2/10 wt% Pd/Cu-CeO2 materials is 

comparable to catalyst activity from both precious metal and transition metal-based 

catalysts. For the metal-CeO2 system, it is clear that intimate integration of the metal 

and CeO2 is crucial for high activity, and electrospinning offers a simple, cost-

effective route for producing such materials. High initial WGS activity for these 

catalysts was followed by slow deactivation over 60 hours during time-on-stream 

testing at 400°C. Ex-situ characterization of the catalyst indicated that surface 

segregation of Cu may be partly responsible for the observed reversible deactivation.  

Non-woven ceramic textile mats were electrospun for integration into a compact 

water-gas-shift membrane reactor with a metallic Pd-based membrane for pure H2 

production. To test the Pd/Cu-doped ceria mats in the membrane reactor application, 

a H2-selective membrane system was constructed from a 5 µm-thick Pd/Cu (60/40 

wt%) alloy foil supported on porous stainless steel. The electrospun fibers, 

mechanically pressed against the membrane foil, provided stable pure H2 production 

for over 300 hours at 400°C. The integration of the catalyst and H2 membrane 

achieved super-equilibrium conversion to H2 for some feed conditions. Though the 

membrane system showed stable performance, the oxidative treatments induced rapid 
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membrane degradation, and are not a viable route for catalyst re-activation in such 

systems.  

Thus, future efforts must focus on catalyst stability such that catalyst reactivation 

is not required. Because the results of this work as well as recent results for similar 

solid solution metal-CeO2 systems indicate metal migration to the surface under 

reducing conditions, future efforts should be focusing on understanding the metals 

migration with in-situ surface-sensitive measurement processes like ambient pressure 

XPS. The testable hypothesis is that metal migration to the surface reduces the 

number and/or the activity of the O2- vacancies towards water splitting. Thus, by 

stabilizing the metal in the lattice, it may be possible to stabilize activity and reduce 

decay. Positive results in this area would help to resolve the part of the ongoing 

debate in the CeO2-based catalyst literature, which will help to guide rational catalyst 

design and optimal use of materials, particularly precious metals via targeted 

applications or base-metal substitution.  

The electrospun fibers offer a cost-effective, flexible, and scalable path to the 

production of such working materials because the nature of the synthesis offers 

extensive composition control and the fiber structure reduces surface area loss at high 

temperatures. Un-doped CeO2 as well as Zr and Pr doped CeO2 fibers were studied to 

understand the affect of high temperature exposure on the overall structure of powder 

and fiber materials, and the affect of dopant concentration and structure on reduction 

and fuel production kinetics. Under the conditions studied, Pr doping (5/10 mol %) 

promoted grain growth, and did not improve reduction yields over un-doped CeO2. 

Doping with Zr (2.5, 5, 10, 20 mol %) inhibited sintering, increased reduction yields, 
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and slowed oxidation kinetics. The fiber structures showed faster oxidation kinetics 

than the parallel powders likely due to shorter diffusion lengths, higher surface areas, 

and improved mass transfer. Long term thermal cycling of Zr doped fibers between 

1673 K and 1023 K indicated rapid fuel production and a gradual loss of surface area, 

but a highly porous structure remained after 100 cycles over 30 hours. A final surface 

area of 0.3 m2 g-1 was measured via Kr adsorption and rapid fuel production kinetics 

were retained for all conditions. Thus, these CeO2-based fibers have demonstrated 

desirable sintering characteristics, final morphology, and kinetics, which warrants 

additional work to further tune the properties of these materials. Future work in this 

area should focus on the use of the spinning process to affect the optical and radiative 

heat transfer properties in order to produce highly tailored and useful materials for 

solar thermochemical cycling.  

Looking farther forward, these electrospun ceramic mats of catalyst, offer an 

enticing opportunity for the cost effective production of heterogeneous catalyst 

materials, which may be easily integrated into various reactor systems. Of particular 

interest is the application of the fiber mats to assist with fuel reforming for direct 

hydrocarbon feed solid oxide fuel cell (SOFC) systems and/or membrane reactor 

systems suitable for methane/natural gas processing (e.g. oxidative coupling of 

methane or methane conversion to aromatics).  
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7 Appendix: SEM & TEM image measurements and 
processing via ImageJ software 

 

The ImageJ software is a Java-based image processing program, which is part of the 

public domain, and is made freely available at: 

http://rsbweb.nih.gov/ij/ 

This section provides a brief presentation of the methods used in this work to 

determine particle size distributions from TEM and SEM images as well as plane 

spacings from HRTEM images.   

 

Figure 7.1. Examples of SEM (a) and TEM (c) image processing in ImageJ and the associated 
histograms of fiber and particle diameters (b) and (d) respectively.  
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7.1 Fiber and/or particle diameter determination: 

The following method was used in this work to measure the diameter of fibers 

or particles using ImageJ. An SEM image of of a Ce0.90Zr0.10O2 fiber sample, heated 

to 1700K in air, is used as an example. In this case, the fibers were mounted atop 

carbon tape on an aluminum SEM stage and then a thin Pd/Au alloy layer was 

sputtered atop the sample to enhance the sample conductivity and thus reduce 

charging during SEM imaging. The insulating layer architecture of the fiber materials 

creates a structure especially prone to producing long and resistive paths to ground 

for the electron beam, and thus, sample charging and image blurring/distortion is 

common for the CeO2 fiber materials. Therefore, proper sample preparation and 

coating is required to ensure clear, distortion-free images for analysis. 
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 To, begin analysis of the image, first open the image file in ImageJ, and select 

the ‘straight’ line segment tool and then follow the steps given below:

 

Figure 7.2. SEM Image of Ce0.90Zr0.10O2 fibers after heating to 1700K in air. The image has 
been opened in the ImageJ software.  

 

1) Zoom in on the scale bar in the image, and draw a straight line from end to end: 
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Figure 7.3. Zoomed SEM image of Ce0.90Zr0.10O2 fibers after heating to 1700K in air. The 
straight line tool is used to mark the scale bar from end to end.  

 

3) Select Analyze --> Set Scale from the menu bar: 
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Figure 7.4. SEM image of Ce0.90Zr0.10O2 fibers after heating to 1700K in air demonstrating the 
‘Set Scale’ feature in ImageJ.  

 

4) Enter the scale and the units, and select OK: 
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Now the scale is set for each image. This allows for the determination of the length, 

width, area, etc. of a feature based upon the dimensions of the feature in pixels (which 

is then converted to the desired units based on the calibration that was just set). This 

calibration will apply for the selected image only, unless it is set to be a global value, 

which should only be done if all of the images are taken at the same magnification. 

Even then, it is advisable to set the scale for each image because it is rare that 

SEM/TEM images are taken at identical magnification. Also, it should be noted that 

error in the scale reported by the instrument (e.g. the SEM or TEM) will be carried 

through in these measurements, and thus, care should be exercised when attempting 

to make quantitative comparisons of samples examined using different microscopes.  

 

5) Zoom in on a desired feature, and draw a straight line on the image using the 

‘Straight Line Tool’ from the toolbar.  
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6) Next, select Analyze --> Measure from the ImageJ menu: 

 

 

7) The measurement is now stored in the measurement window. In this case, the 

length of the feature is 0.8 µm. 
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8) Repeat the measurement process for each desired feature. The results may be 

exported, or copied from ImageJ for further processing or analysis.  

7.2 Lattice spacing measurements from TEM images of 2/10 wt% 

Pd/Cu-CeO2 WGS catalysts: 

Examination of the catalyst materials via TEM provides useful information on several 

scales. First, standard TEM imaging is useful to confirm the overall fiber structure as 

demonstrated below for a 2 wt% Pd-CeO2 sample, which clearly demonstrates that 

the nano-fibers are composed of nanoparticles: 
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Figure 7.5. Pd/CeO2 fibers (2 wt% Pd-CeO2) imaged via TEM. The fibers are composed of 
many nanoparticles, which can be imged via high-resolution TEM, and the plane spacings 
indexed to assist in composition determination. 

 

Additional examination under high-resolution TEM imaging conditions clearly 

demonstrates the presence of nearly mono-disperse particle diameters. When imaged 

near the fiber edge where few particles are overlapping, it becomes possible to 

determine the plane spacing of each of the particles, which is useful when 

determining particle composition.  
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Figure 7.6. High-resolution TEM image (2 wt% Pd-CeO2). Regions of non-overlapped 
particles may be use to determine plane spacings.  

 

ImageJ can be harnessed to determine plane spacing in several ways. The first is to 

use an intensity plot, which is discussed in Section 7.2.1.  
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7.2.1 Method #1: Measurement of plane spacing using an intensity 
plot: 

 

The first step in the process is to open the image file in imageJ, and then set 

the scale as discussed in Section 7.1, and as demonstrated in Figure 7.7 and Figure 

7.8 below: 

 

 

Figure 7.7. Opening the HRTEM image in imageJ. 
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Figure 7.8. Use the ‘straight’ line tool and the scale setting procedure discussed in Section 
7.1.  

 

Next, use the ‘straight’ line tool to draw a straight line that crosses perpendicular to 

the lattice planes as demonstrated in Figure 7.9. The Analyze -> Plot Profile 

command then produces a plot of intensity vs. distance, from which the plane spacing 

may be calculated as shown in Figure 7.10. 
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Figure 7.9. Generating a plot profile for the straight line indicated. 
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Figure 7.10. Plane spacing calculation using an intensity profile generated with imageJ. 

 

7.2.2 Method #2: Measurement of plane spacings via FFT 
 

Open the desired image and set the scale as done previously. Next, select a non-

overlapped particle showing clear fringes, with the square selection tool and then 

choose:  

Proccess -> FFT-> FFT 

 

Calculation: 
 

4.05 nm, 13 cycles  
 

4.05/13 = 0.31 nm/cycle 
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Figure 7.11. Using the square selection tool to choose a region of interest from which to 
calculate an FFT.  

 

ImageJ will then perform a Fast Fourier Transform (FFT) on the selected region. The 

calibrated distance/cycle is then displayed when the cursor is moved to the desired 

point. The distance/cycle demonstrated here is 0.31 nm, the same result that was 

obtained using the intensity plot.  
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Figure 7.12. Plane spacing calculation from an FFT on the indicated region of interest.  
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