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ABSTRACT

Cerium oxide (CeO2−δ) and its derivatives are the most attractive materials under
consideration for solar-driven thermochemical production of chemical fuels. Un-
derstanding the rate-limiting factors in fuel production is essential for maximizing
the efficacy of the thermochemical process.

The rate of response of the porous ceria structured with architectural features typical
of those employed in solar reactors was measured via electrical conductance relax-
ation methods. A transition from behavior controlled by material surface reaction
kinetics to that controlled by sweep-gas supply rates is observed on increasing tem-
perature, increasing volume specific surface area, and decreasing normalized gas
flow rate. The transition behavior is relevant not only for optimal reactor operation
and architectural design of material, but also for accurate measurement of material
properties.

The redox kinetics of undoped ceria, CeO2−δ at extreme high temperature (1400
°C) was investigated using the electrical conductivity relaxation method, and those
of 10% Pr doped ceria at low temperature (700 °C) were done using the mass
relaxation method. It was demonstrated under sufficiently high gas flow rates
relative to the mass of the oxide, which is required in order to overcome gas phase
limitations and access the material kinetic properties. Furthermore, the surface
reaction rate constant of undoped ceria, kChem, was investigated at high temperature
(1400 °C) in humidified gas atmosphere, in consideration of the operating conditions
in thermochemical fuel production system. It was demonstrated that H2Opotentially
plays a role of oxidants as increasing temperature and/or decreasing oxygen partial
pressure; thus in such thermodynamic conditions, pH2O, besides temperature and
pO2, needs to be carefully considered in surface reaction study.

In addition to relaxation experiments under small driving force for redox reaction,
the kinetics of surface related oxidation reaction under large chemical driving force
(large ∆pO2) was investigated by mass relaxation method. Based on the generalized
reaction rates of several possible rate determining steps, the relaxation behavior in
oxygen concentration for all possible rate determining steps were computed. On
the comparison with the experimental results, the most probable rate determining
step was suggested (reduction of diatomic oxygen from neutral oxygen molecule to
superoxide), and the oxidation kinetics under large driving force was explained.
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C h a p t e r 1

INTRODUCTION

1.1 Overview

Fossil fuels, such as coal and natural gases, and petroleum for nuclear power gener-
ation are still the dominant sources of energy in the modern world, and the energy
demand is continuously increasing at a rate of about 2% per year. [1]. However, as is
already well known, two main problems are crucial for the future energy crisis: the
reserves of fossil fuels are being depleted faster, and their use has been drastically
generating a large amount of greenhouse gases, resulting in global warming. [2]
This has led to the need for renewable energy solutions, as shown in Figure 1.1, and
such as renewable energy is the fastest growing source of energy consumption. Fuel
cells, which are devices that convert chemical energy forms such as hydrogen and/or
hydrocarbon fuels to electricity with harmless byproduct, namely water, have long
been considered a promising technology. In conjunction with this, the generation
of the fore-mentioned chemical energy sources by using solar energy is considered
another main part for completing a sustainable energy cycle.

Of various fuel cell types, solid-oxide fuel cells (SOFCs) have the benefit of high
power generation with fuel flexibility at the intermediate temperature (400 ∼ 700

Figure 1.1: Previous and projected future world energy consumption for various
energy sources [1]
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°C), and many efforts have been devoted to the enhancement of the activity of elec-
trochemical reactions at the electrodes and/or electrode/electrolyte interfaces, which
are considered the main obstacle of high performance as the operating temperature
decreases. Regarding fuel generation, especially hydrogen, various approaches to
solar-driven water splitting have been widely studied, such as photoelectrochemi-
cal cells [3, 4] and solar-driven thermochemical fuel production [5, 6]. The latter
has been receiving significant attention due to its simple pathway to convert solar
energy to fuel by utilizing the large oxygen nonstoichiometry change of the oxide
materials, and its potential for large scale fuel production. For higher solar-to-fuel
energy conversion efficiency, it is required that the amount of fuel production per
unit time (which is considered to be a convoluted result of large ∆δ and favorable
thermodynamic driving force of oxides for dissociating H2O/CO2, as well as faster
oxidation/reduction kinetics of the oxides) is enhanced.[7, 8]

In this aspect of the better performance, material kinetic properties of the oxides
employed as the electrodes or electrolyte in SOFCs have been vastly investigated
for the fundamental understanding as well as the actual application such as material
selection and device design.[9–13] In contrast, the study on the redox kinetics of
materials in thermochemical fuel production is very sparse and the fundamental
understanding of kinetics is not well established, whereas the thermodynamic prop-
erty of materials, i.e. equilibrium oxygen nonstoichiometry vs. thermodynamic
conditions (here, oxygen partial pressure & temperature) is broadly and steadily
investigated.[14–17] This is probably due to the complicated operating conditions
compared to the relatively simple general approaches for addressing kinetic prop-
erties. The conditions are large ∆T and/or large ∆pO2 swings, and high pH2O or
pCO2 conditions along the oxidation reaction. In this work, we aim to fundamentally
understand the redox kinetic behavior under the thermochemical cycle conditions.

1.2 Transport kinetics in oxide materials

Three experimental techniques, the electrical, tracer, and chemical experiments (as
depicted in Figure 1.2), for assessing oxygen ion transport kinetics in the oxide
materials are widely used.[18] For the first technique in Figure 1.2(a), the redox
reaction is driven by an outer electrical potential gradient, thereby in the case of



3

Figure 1.2: Three fundamental experimental techniques applied to elucidate trans-
port properties of mixed ionic-electronic conducting oxides. Reprinted from a
reference [18]

oxygen ionic conducting oxides induce the internal ionic current to compensate the
outer electronic current. Here, ionic conductivity of the oxide can be converted to
the diffusion coefficient according to Nernst-Einstein equation when the electrodes
are ideally reversible and surface reaction is much fast enough. If the surface re-
action limits the overall reaction, the surface reaction rate constant can be derived
from the ionic resistance normalized by area instead of the ionic conductivity used
in the diffusion limited case. This operation is quite similar to that of solid oxide
fuel cells. The case of Figure 1.2(b) is the tracer experiments. The driving force is
the concentration gradient of the tracer without any electrical or oxygen chemical
potential gradient, and the transport occurs just by random exchange, for example,
between oxygen in the oxide and the isotope in the oxide. The transport parameters
are extracted by analyzing the profile of tracer concentration from the surface to the
interior of the oxide. In the last case of chemical experiments depicted in Figure
1.2(c), the redox reactions are driven by chemical potential gradient, generally an
abrupt change in oxygen partial pressure (pO2) in atmosphere, and therefore the oxy-
gen nonstoichiometry of the oxide changes to the new equilibrium with the changed
pO2. Here, in the case of mixed-ionic and electronic binary conductor for example,
the ionic and electronic fluxes couterbalance each other, and thus both diffusivities
of ions and electrons are involved in one governing effective diffusivity, namely
the chemical diffusion coefficient (DChem). These three techniques give different
types of surface reaction rate constants and diffusion coefficients. The correlation
between each parameter, such as between surface reaction rate constants or diffusion
coefficients measured from different techniques, are quite complicated. The corre-
lation is influenced by point defect structure of materials such as a thermodynamic
factor of oxygen, wO ( d ln aO

d ln cO
, where aO is activity and cO is concentration of oxy-

gen), and a conducting type of the oxide (ionic, electronic, or mixed ionic-electronic
conductor).[19] Thus, the material evaluation for the kinetic properties considering
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Figure 1.3: Schematics of surface reaction and chemical diffusion processes for
oxidation of oxides

the operating condition in actual apllication is the easier, more accurate, and more
precise approach.

Especially in the case of chemical experiments, the overall redox kinetics of the
oxygen nonstoichiometry re-equilibration consists of two consecutive steps: the
chemical surface reaction occuring at the gas/oxide interface, and the chemical bulk
diffusion inside the oxide, as depicted in Figure 1.3. In most of cases, the chemical
diffusion coefficient (DChem) and surface reaction rate constant (kChem) are strongly
dependent on the sample geometry as well as pO2 in the oxide systems; thus most
of the research has addressed those kinetic properties for well-defined geometry
sample at specifically fixed pO2 values. In other words, they assume the kinetic
parameters to be constant values by applying sufficiently small pO2 changes on the
oxide, and analyze the kinetic relaxation behavior from directly/indirectly detecting
mass, electrical conductivity, volume change, and so on.[20–27] This assumption
makes the analysismuch easier from the analytical solutions for every case, such as in
surface reaction limited, bulk diffusion limited, and co-limited of both reactions.[22]

Since a time constant for the diffusion reaction is proportional to the square of
a diffusion length (usually half of thickness of sample) and that of surface reaction
is simply proportional to the diffusion length, dominant reaction limiting the overall
reaction can be controlled by the diffusion length: longer diffusion length tends to
be in the diffusion limited and the shorter tends to be in the surface reaction limited.
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1.3 Principle of thermochemical fuel production

The process in thermochemical fuel production is described in the reactions given
below for the nonstoichiometric oxide, MOy, involving the thermal reduction in Eq.
(1.1) and the oxidation by steam and/or carbon dioxide in Eq. (1.2): [8]

1
δred−δox

MOy−δox →
1

δred−δox
MOy−δred +

1
2

O2 (1.1)

1
δred−δox

MOy−δred + H2O (or CO2) →
1

δred−δox
MOy−δox + H2 (or CO) (1.2)

where δox and δred respectively indicate the oxygen nonstoichiometry values at equi-
librium under thermal reduction and thermochemical oxidation of the metal oxide.
For the reduction, the material is exposed to the oxygen-poor gas such as Ar or
N2 inert gases at high temperature (∼ 1500 °C) to induce the oxygen release from
the oxide. For the oxidation, two approaches have been suggested: (i) maximizing
the utility of oxygen nonstoichiometry change by decreasing the temperature to ∼
800 °C (temperature swing mode depicted in Figure 1.4(a)), [6, 28] or (ii) elimi-
nating the thermomechanical challenges associated with the rapid thermal swings
by keeping the temperature constant (∼ 1500 °C) (pressure swing mode as depicted
in Figure 1.4(b)). [29, 30] Here, the driving force of the oxidation reaction is the
change in oxygen chemical potential driven by the new state of thermodynamic con-
ditions (T and/or pO2), and thus the oxide is oxidized to the new equilibrium state.
For example of the best candidate material system, CeO2-δ, δred at 1500 °C under
10ppm O2 in Ar atmosphere (pO2 = 10-5 atm) is 0.067, i.e. 2-δ of 1.93 is obtained.
For the oxidation reaction, considering the 20% steam supply as an oxidant in Ar
balance, the equilibrium pO2 values are 1.62 × 10-7 atm (log (pO2/atm) = -6.8) at
800 °C in temperature swing mode, and 2.55 × 10-4 atm (log (pO2/atm) = -3.6) at
1500 °C in pressure swing mode. These equilibrium pO2s are calculated from the
thermodynamic data of water dissociation by thermolysis.[31] Thus, ∆δs, which are
utilized for dissociating H2O/CO2 per cycle, are 0.067 and 0.033 for temperature
and pressure swing modes, respectively, as shown in Figure 1.4.

The better thermodynamic property of the oxide (here, large ∆δ, which is δox-
δred) doesn’t guarantee the high efficiency of the whole system. For the temperature
swing mode, high levels of solid state heat recovery should be achieved for high ef-
ficiency. Furthermore, reduction and oxidation kinetics are essential: faster kinetics
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Figure 1.4: Thermochemical cycle: (a) temperature swing (1500 °C under Ar ↔
800 °C under 20% H2O in Ar) and (b) pressure swing (Ar ↔ 20% H2O in Ar
at 1500 °C). Red line and arrow represents the direction and reaction path for the
reduction, and blue one does for the oxidation reaction. The equilibrium oxygen
nonstoichiometry is from a reference [32]

reduces the overall reaction time per cycle, and thus fuel production rate per unit
time will be higher. Therefore, material thermodynamics having large ∆δ as well as
fast kinetics should be satisfied simultaneously for high efficiency.
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1.4 Unresolved issues and objectives of this study

The thermodynamic property of nonstoichiometric oxides has been widely investi-
gated, usually using thermogravimetric analysis. In contrast, the understanding of
kinetics in the thermochemical process is limited. The redox kinetics in thermo-
chemical fuel production is driven by the changes in gas-phase oxygen chemical
potential, corresponding to the chemical experiments described in Figure 1.2(c).
Most studies addressing material kinetics using chemical experiments are limited to
the specific experimental conditions, such as relatively low temperature (< 1200 °C),
very small driving force (very small ∆pO2), only for characterizing pO2 and tem-
perature dependence without considering the effects of H2O/CO2. Therefore, the
kinetic properties reported to date are not directly correlated with the thermochem-
ical process. Furthermore, in actual thermochemical applications, the oxides are
structured as porous form having short diffusion length, high specific surface area,
and high porosity for faster reactions as well as facile transport of reactant/product
gases. An understading of the structural variation effects on the reaction kinetics is
still necessary.

To sum, the unresolved issues are:

1. Rate limiting steps among bulk diffusion, surface reaction, and insufficient
gas supply in thermochemical process conditions

2. The correlation between material morphology and kinetics/rate limiting steps

3. Material-kinetic property of oxides at high (> 1200 °C) and moderate (∼ 700
°C) temperatures

4. The effects of H2O/CO2 as oxidants on oxidation kinetics

5. The kinetic behavior under large driving force (large ∆pO2)

In chapter 2, the interplay between material morphology, gas flow rate, and inherent
material properties (equilibrium nonstoichiometry and kinetic properties) affecting
kinetics as well as on the overall rate-limiting factor is investigated with respect to
temperature.
In chapter 3, we discuss the validity of one of the chemical experiments, total electri-
cal conductivity relaxation (ECR) technique, and characterize the kinetic properties
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of ceria (CeO2-δ) having well-defined geometry at extremely high temperature (1400
°C) under sufficiently high gas flow rates to overcome gas-phase limitations. In ad-
dition, the effect of pH2O is investigated at the same temperature (1400 °C). More
specifically, how pH2O is correlated with the surface reaction along oxidation is
addressed via ECR tehcnique.
In chapter 4, we discuss another relaxation technique: the mass relaxation via
piezocrystal mass sensor. It does directly measure the oxygen concentration in the
material, and thus this approach is more appropriate for investigating the kinetic
behavior under large driving force without assumptions.
In chapter 5, we discuss the redox kinetic behavior under large driving force in-
vestigated by mass relaxation technique at 700 °C. Mechanistic consideration and
numerical calculation for the understanding of the experimentally obtained kinetic
behavior are shown.
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C h a p t e r 2

THE EFFECTS OF TEMPERATURE, FLOW-RATE, AND
MORPHOLOGY ON REDOX KINETICS

2.1 Introduction

The redox behavior of non-stoichiometric oxides is central to a vast range of energy
and environmental technologies, from fuel cells, [33–36] permeation membranes
and batteries, [37–40] to photoelectrochemical cells and catalytic converters. [41,
42] Nonstoichiometric oxides have received particular attention in the context of
solar-driven thermochemical production of fuels. [6, 28, 43] This technology relies
on the capacity of such oxides to accommodate large swings in oxygen content in
response to changes in temperature and/or changes in gas-phase oxygen chemical
potential. In many of these applications, rapid response is essential to achieving
high efficiency. Consequently, the oxides are often structured as mesoporous or
microporous forms having relatively short bulk diffusion lengths, high specific sur-
face area on which reactions can occur, and accessible porosity for facile transport
of reactant and product gases. [44–46] For thermochemical fuel production, large
porosity is further desirable for promoting radiative heat transfer. [47–50]

Clear identification of the rate-limiting step in a process involving reaction on
or with a porous oxide of random morphology presents serious challenges. Two
key material properties in this context are the bulk diffusion coefficient and the
surface reaction constant, [51, 52] knowledge of which informs the design of op-
timal architecture. Electrical conductivity relaxation (ECR) methods have been
widely employed to measure these properties, [21–23, 27] but the analytical so-
lutions required for treating the relaxation profiles are generally available only for
samples with simple geometries. In an ECR experiment, the material is subjected
to a step change in gas-phase oxygen partial pressure (pO2) and the rate at which
the oxygen nonstoichiometry (δ) in the oxide changes is tracked by a measurement
of the conductivity. It has recently been recognized that even where the sample
geometry has been appropriately controlled, gas-flow dynamics can play a critical
role in the observed relaxation behavior. Specifically, instead of being limited by
bulk diffusion or surface reaction, the response can be limited by the rate at which
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the reactant gas is supplied to the material, a phenomena which becomes dominant
when the gas flow rate is low relative to the quantity of reactive oxide. [53] Signif-
icantly, such gas-limited response has also been observed during thermochemical
fuel production, with high-temperature hydrogen production rates from porous ceria
(resulting from the reaction of reduced ceria with steam) being proportional to the
flow rate of the reactant gas. At lower temperatures, surface reaction kinetics were
found to overtake gas-flow limitations as the overall rate-limiting factor. [30] These
observations suggest a significant interplay between morphology, gas flow rate, and
inherent material properties in establishing the rate at which porous oxides interact
with a flow of reactant gases.

Here, with the aim of deconvoluting the various factors specified above, we ex-
tensively investigate the effects of morphology, temperature, and gas flow rate on
the global redox kinetics of porous ceria, a model system using the electrical conduc-
tance relaxation method. A theoretical framework for predicting the temperature,
morphology and flow-rate dependence of the relaxation behavior is presented, which
is then compared to the experimental results. The experimental work is performed
using several types of structures, including reticulated porous ceria, which has at-
tracted attention for its potential to support high solar-to-fuel conversion efficiencies
in solar-driven thermochemical fuel production. [47, 50, 54]

2.2 Theory: Electrical Conductance Relaxation of Porous Oxides

We treat the case in which a porous, non-stoichiometric oxide is subjected to a small
step change in pO2 at a fixed temperature. The perturbation serves as a chemical
driving force to change the oxygen content in the material, and thereby its electrical
conductivity. In the ideal scenario, the oxygen concentration in the gas, including
the regions within the pores of the sample, is spatially uniform. In the limit of a
low flow rate of reactant gas supplied to the oxide, the solid changes oxidation state
as quickly as the gas can provide reducing (or oxidizing) power. The solid is thus
in quasi-equilibrium with the gas phase and operates within what has been termed
the thermo-kinetic limit. [30, 55] At high gas flow rate, the material response can
no longer keep pace with the rate at which the reactant species are supplied, and the
change in oxidation state is limited by material kinetic factors: surface reaction rate
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and/or bulk solid-state diffusion. The material in this case operates in the material-
kinetic limited regime. We consider these extreme regimes below, recognizing
that material behavior in the real experiment may be dictated by a combination of
rate-limiting factors, depending on gas flow rate (relative to the quantity of oxide),
surface reaction constant, bulk diffusivity, and material microstructure.

2.2.1 Regimes of limiting behavior

In the thermo-kinetic limit (gas-phase limit), the surface reaction rate and bulk
diffusivity are so fast as to have no impact on the overall reaction rate between oxide
and gas. We have recently presented an analytical treatment of the physical situation
in which the flow rate is sufficiently low that the change in material oxidation state
is limited by the capacity of the gas to supply/remove oxygen from the sample.[30]
Under such conditions the change with time in oxygen non-stoichiometry, δ, of a
reactive oxide is described by

∂δ

∂t
=

2F
nCeOx

(
pO2(δ) − pOin

2
Ptot − pO2(δ)

)
(2.1)

where F is molar flow rate of gas, nCeOx is the total moles of the oxide (taken here to
be ceria), Ptot is the total pressure of gas, and pOin

2 is the oxygen partial pressure sup-
plied upon application of the perturbation. The term pO2(δ) is the time-dependent
oxygen partial pressure of the gas inside the reaction chamber, in equilibrium with
the solid of oxygen content δ. By definition, δ varies with time from the initial to
final state, and hence pO2(δ) also varies with time. The expression given in Eq.(2.1)
is arrived at by applying an oxygen mass balance requirement to the system. It is
valid when (in addition to effectively instantaneous equilibration in the solid state)
(1) the oxygen content in the oxide is spatially homogeneous, and (2) the oxygen
partial pressure in the gas phase within the chamber is also spatially homogenous
(i.e., perfect mixing within the confines of the reaction chamber).

This result can be used to derive the conductance relaxation behavior under gas
phase-limited kinetics. If pO2(δ) � Ptot , Eq.(2.1) can be simplified to
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∂δ

∂t
≈

2F
PtotnCeOx

(
pO2(δ) − pO2(δ f )

)
(2.2)

where it is recognized that pOin
2 corresponds (irrespective of the simplification) to the

equilibriumoxygen partial pressure of thematerialwith the oxygen nonstoichiometry
of the final state, and thus pOin

2 = pO2(δf). Since the oxygen partial pressure
change, pO2(δ) − pO2(δf), is very small in a relaxation measurement, Eq.(2.2) can
be further simplified by taking a Taylor expansion,

∂δ

∂t
≈

2F
PtotnCeOx

(
∂pO2(δ)

∂δ

����
δ=δf

)
(δ − δf) = −Z (δ − δf) (2.3)

where Z is defined as

Z =
2F

PtotnCeOx

(
−
∂pO2(δ)

∂δ

����
δ=δf

)
(2.4)

The solution to this 1st order differential equation is a simple exponential expression.
For a material in which the conductivity is proportional to the oxygen concentration
(as would be expected under a sufficiently small perturbation in pO2) the normalized
conductance will follow the same form, given as:

G(t) − Gi

Gf − Gi
=

cO(t) − cO,i
cO,f − cO,i

≈ 1 − exp
(
−

t
τ

)
(2.5)

where G is the conductance, Gi and Gf are the initial and final conductance values,
respectively, t is time, and τ is the relaxation time constant, defined according to

1
τ
=

2
Ptot

F
nMOx

(
−
∂pO2(δ,T)

∂δ

����
δ=δf

)
(2.6)

where Ptot is the total pressure, F is the molar flow rate of gas, nMOx is the number of
moles of oxide, pO2(δ,T) is the equilibrium oxygen partial pressure of a gas with the
oxide at a nonstoichiometry δ at temperature T, and δf is the final equilibrium non-
stoichiometry of the oxide. The term pO2(δ,T), a material specific quantity, which
expresses the gas-phase oxygen partial pressure at which the material attains an
equilibrium oxygen nonstoichiometry of δ. It is to be emphasized that the relaxation
time of Eq. (2.6) is entirely unrelated to a conventional reactor flush time, a time
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constant which reflects the characteristics of the experimental configuration, but
bears no relationship to the thermodynamic properties of the materials under study.
Moreover, while theoretically expected, the thermo-kinetic characteristic time has
not been experimentally observed in a relaxation experiment. [53]

From the form on Eq. (2.6), it is immediately evident that increasing the normalized
gas flow rate (flow rate per unit oxide) monotonically decreases the relaxation time.
However, this relationship cannot hold indefinitely. At extremely large normalized
flow rates, material kinetic factors, such as the surface reaction step and/or bulk
diffusion, ultimately become important. Of these, the relaxation behavior in the
surface reaction limited regime of a material with a simple geometric shape is well
known. The relaxation will follow an exponential profile, similar in form to Eq.
(2.5), with a characteristic time that depends on sample dimensions. It can be shown
that a porous material behaves similarly, where the relevant dimension is the volume
specific surface area (SSA) or A/V, where A is the total surface area of the porous
material and V is its volume (excluding pores). In this case, the rapid bulk diffusion
implies the absence of a concentration gradient within the solid phase, expressed as

cO(
−→r , t) = cO(t)

(
−→r ∈ R

)
(2.7)

where ®r is the position variable and R is the region inside the oxide. When the
final pO2 surrounding the oxide, which drives the oxygen concentration to the new
equilibrium state of cO,f (= cO(∞)) , is fixed throughout the relaxation process, and
the surface reaction is first order in oxygen concentration, the oxygen flux (J) at the
surface of and inside the oxide is

J(−→r , t) =


kChem(t)
[
cO,f − cO(t)

] (
−→r ∈ S

)
J(t) ≈ 0

(
−→r ∈ R and −→r < S

) (2.8)

where kChem is the surface reaction rate constant, and S is the surface domain of
the oxide. In the absence of sources or sinks of oxygen, the rate of change in
concentration in the volume element is determined by the flux of oxygen entering it
(the continuity relation):

∂cO(t)
∂t

=
∂J(−→r , t)

∂−→r
(2.9)
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The rate of change in concentration over the total volume of the oxide can be obtained
by inserting Eq. (2.8) for the flux into Eq. (2.9) and then integrating, giving

∫
R

∂cO(t)
∂t

dV =
∫

S
kChem(t)

[
cO,f − cO(t)

]
dA (2.10)

∂cO(t)
∂t

=
kChem(t)A

V
×

[
cO,f − cO (t)

]
(2.11)

where V and A are, respectively, the volume and surface area of the oxide. The
solution to Eq. (2.11) has a simple exponential form, analogous to that of Eq.
(2.5). If the total conductance again changes linearly with oxygen concentration, the
normalized conductance is then

G(t) − Gi

Gf − Gi
=

cO(t) − cO,i
cO,f − cO,i

= 1 − exp
(
−

kChem A
V

t
)
= 1 − exp

(
−

t
τ

)
(2.12)

where the time constant is now defined by

1
τ
=

(
kChem A

V

)
(2.13)

This result has been presented without derivation by Kim et al. [56] In this limit,
material thermodynamics, gas flow rate, and sample mass no longer play a role.
However, as has been noted previously, the relaxation profiles in the thermo-kinetic
and surface-reaction limited regimes are identical in functional form. [53]

If the bulk diffusion lengths of the oxide are long relative to the characteristic
length defined by DChem/kChem, where DChem is the chemical diffusion coefficient,
then diffusion will play a role in determining the overall relaxation profile. In such a
case, the oxygen concentration in the solid will depend on position as well as time.
Accordingly, the solution to the concentration profile will depend sensitively on the
architecture of the porous material. Although a general solution cannot be written,
in principle, a finite element treatment that accounts for Fickian diffusion in the bulk
along with a reaction flux across the oxide-gas interface could be used to describe
the relaxation behavior of a material with arbitrary pore architecture. In light of
known solutions for simple geometries, [57] such treatment would be unlikely to
produce an exponential function of the form of Eq. (2.5).
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Figure 2.1: Phase space of parameters establishing the rate limiting step(s) in the
reaction of an oxide with a flowing reactant gas, and regimes of limiting behavior.
With increasing normalized gas flow rate material kinetic factors become domi-
nant over thermodynamic factors. Within the material kinetic regime, increasing
diffusion length causes diffusion to become dominant over surface reaction.

The overall phase space for the various regimes considered is presented in Fig-
ure 2.1, along with the functional form of the relaxation profile for each regime.
Because relaxation influenced by bulk-diffusion limitations cannot generally be de-
scribed by a simple exponential profile, evidence of diffusion effects can be detected
simply from profile analysis. However, extraction of the diffusion coefficient would
be extremely challenging. This challenge is conveniently circumvented when evalu-
ating typical porous ceria structures for thermochemical fuel production. All studies
to date indicate that material kinetic limitations arise from low surface reaction rates,
with no influence of bulk diffusivity. [8] Accordingly, we focus hereafter on thermo-
kinetic and surface reaction limited behaviors.

2.2.2 Influence of flow rate, morphology, and temperature on relaxation be-
havior

In the thermo-kinetic regime the inverse of the characteristic relaxation time is
linearly proportional to the normalized gas flow rate. The slope relating the two
is readily computed from knowledge of the material thermodynamic properties.
Specifically, from Eq. (2.6), one obtains
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d(1/τ)
d(F/nMOx)

=
2

Ptot

(
−
∂pO2(δ,T)

∂δ

����
δ=δf

)
=

2
Ptot

pO2(δf,T)
δf

(
−
∂ ln pO2(δ,T)

∂ ln δ

����
δ=δf

)
(2.14)

At the temperatures and oxygen partial pressures of interest here the slope decreases
with temperature. This result which can be understood by recognizing that, although
the slope of log δ vs. log pO2 (atm) is approximately constant (between 1/5 and
1/6), [32, 58] under the conditions of interest, the absolute value of increases . The
relaxation time thus depends on the normalized flow rate as shown schematically in
Figure 2.2(a). For reference, the value of ∂pO2(δ,T)

∂δ

���
δ=δf

at a pO2 of 8.2 × 10-4 atm
(as used in this work) is presented in Supplemental information (Figure 2.14).

In the surface reaction limited regime, one can anticipate the behavior of 1/τ vs. nor-
malized flow rate at different temperatures for two materials with differing specific
surface areas to appear as shown in Figure 2.2(b). The relaxation time constant in
both cases is independent of flow rate and decreasing with increasing temperature.
However, that of the oxide with smaller specific surface area (SSA) is larger than
that for the other. Here it is assumed that the surface reaction constant increases
monotonically with temperature, as is typical. [59, 60]

The experimentally observed relaxation time constant will always correspond to
the larger of the two values of τ implied by the thermo-kinetic and surface reaction
limited regimes (i.e., the slower process will be rate-limiting). Thus, the overall 1/τ
will be given as Figure 2.2(c), with a transition from gas-limited to material-kinetic-
limited behavior with increasing flow rate. The schematic further reveals that the
transition point between the two regimes shifts to higher flow rate with increasing
temperature or increasing specific surface area (with all else held equal).

The interplay of temperature, gas flow rate and surface area are more clearly revealed
in an Arrhenius representation. To that end, from expressions (2.6) and (2.13), one
obtains, respectively, the logarithmic relations

log
(
1
τ

)
= log

(
kChem(δ,T)|δ=δf

)
+ log

(
A
V

)
(2.15)

and
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Figure 2.2: Schematic behavior of the relaxation time constant (τ): (a-c) as a
function of normalized flow rate (F, where the normalization is with respect to
quantity of oxide, either mass or moles) at various temperatures for oxides of low
and high specific surface area, in which the redox reaction is in the regime of (a) the
gas-phase limit, (b) the surface reaction limit, and (c) a combination of the gas-phase
and the surface reaction limits. (d) log (1/τ) as a function of temperature. The black
dotted and solid lines in (d) correspond to τ for the more high and low specific
surface area oxides, respectively, at the fixed flow rate marked in (c). Blue and Red
thick curves are guides to the eye.

log
(
1
τ

)
= log

(
−
∂pO2(δ,T)

∂δ

����
δ=δf

)
+ log

(
2F

PtotnMOx

)
(2.16)

Here it is recognized that, in addition to its temperature dependence, kChem typically
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depends also on oxygen stoichiometry (generally manifest as a dependence on pO2);
for consistency with the behavior of the gas-limited regime, we define it relative
to the τ at the conclusion of the relaxation experiment. The second terms in the
right-hand side of Eqs. (2.15) and (2.15) are independent of temperature (as well
as being independent of oxygen partial pressure). They serve only to uniformly
translate the value of log(1/τ) along the y-axis in the Arrhenius representation,
raising its value with increasing normalized flow rate or volume-specific surface
area, Figure 2.2(d). Because the relaxation will be limited by the slower process,
a transition from a material-kinetic-limited to a gas-limited regime will occur on
heating, with the cross-over temperature being dependent on the normalized gas
flow rate and the specific surface area of the oxide. Consider specifically the case
in which conductance relaxation is measured as a function of temperature at the
same fixed, large value of normalized gas flow rate for two materials with differing
specific surface areas as indicated by the vertical lines in Figure 2.2(c). The behavior
of the low SSA oxide will follow the solid black line in Figure 2.2(d), transitioning
to gas-limited behavior at relatively high temperature. In contrast, the high SSA
oxide will follow the dotted black line, with the transition occurring at a lower
temperature. Significantly, in the gas-limited regime, the observed relaxation rate
will be independent of the oxide morphology. Overall, it is evident that one must
take care to understand the regime under which the measurement is performed if
one is to meaningfully extract material properties.

2.3 Sample Preparation

Ceria of four different morphologies was prepared for conductance relaxation mea-
surements: (i) a dense polycrystalline compact; (ii) a highly porous, low SSA
structure with unimodal pore distribution; (iii) a highly porous structure, high SSA
oxide with bimodal pore distribution; [48] (iv) and a ‘less porous’ monolith of large
volume. The majority of the relaxation studies were performed with the two highly
porous structures. For the polycrystalline compact, ceria powder (Aldrich, 211575,
99.9 % purity) was compressed under uniaxial pressure at 100 MPa, followed by
cold isostatic pressing at 250 MPa. The green body was then sintered under stag-
nant air at 1500 °C for 10 h. The relative density of the resulting material was >
96 % of the theoretical value. The sample was cut and polished into the shape of a
parallelepiped 0.79 mm × 4.71 mm × 16.3 mm in linear dimensions and 0.3930 g
in mass.
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The highly porous samples were reticulated porous ceramic (RPC) structures. The
RPC fabrication process permits facile dimensional control at the macroscopic
lengthscale. [61, 62] As is typical for RPC fabrication, a polyurethane sponge tem-
plate with large scale pores, 3 mm, (Figure 2.3a) was coated with a ceramic slurry
(Figure 2.3(b)). Upon removal of the polymer at high temperature, a macroporous
monolith consisting of a network of struts with open porosity was obtained (Figure
2.3(c)). The starting powder for RPC preparation here was a mixture of coarse (Alfa
Aesar, 11328, 5 micron powder, 99.9 %) and fine (STREM chemicals, 58-1400, < 7
nm, > 99.7 %) ceria combined in a 7:3 ratio. The powders were mixed with water
in a 6:4 powder:water weight ratio, to which Darvan® 821A (Vanderbilt Minerals,
14442, 5 wt% relative to ceria) was added as a dispersant, and carboxymethyl cel-
lulose sodium (CMC, Tokyo Chemical Industry, C0603, 0.25 wt% relative to ceria)
was added as a thickening agent. To create the RPC with bimodal pore structure,
hereafter RPC-50, 50 vol% carbon pore-former (STREM chemicals, 93-0601, 325
mesh, vol% relative to ceria) was added to the slurry. [48] The RPC with unimodal
pore structure, preparation of which did not include this additional pore former, is
hereafter referred to as RPC-00.

The slurries were ball-milled for 24 h using YSZ (yttria-stabilized ZrO2) grinding
media. After this homogenization, commercial 10 PPI (pores per inch) Polyurethane

Figure 2.3: Images outlining the RPC fabrication process: (a) sacrificial
polyurethane foam, (b) foam coated with ceramic slurry, and (c) final fired structure.
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Figure 2.4: TGA profiles of polyurethane sponge and carbon powder.

(PU) sponges (Foam-Partner, Fritz Nauer AG) of cylindrical shape were immersed
in the slurry and then dried at 70 °C for 1.5 h. After 4 repetitions of this coating step,
the samples were fired under stagnant air to gently remove the polyurethane matrix
and carbon pore-former. The heat treatment protocol was selected on the basis of
the thermal decomposition behavior of the organic components as guided by ther-
mogravimetric analysis (TGA), Figure 2.4. TG measurements were performed on
polyurethane sponge and carbon powder with a mass of 110 and 41 mg, respectively,
in a thermal analyzer (Netzsch STA 449 F5) using an alumina crucible. The sample
heated up to 1000 °C at a ramp rate of 10 °C/min with flowing Ar (100 sccm) + air
(30 sccm). Regarding the protocol, specifically, the materials were heated stepwise
under stagnant air to 500 °C for RPC-00, and to 900 °C for RPC-50, at a rate of 1
°C/min with intermediate 30 min holds at 300, 325, and 500 °C. The temperature
was then raised up to 1500 °C at a rate of 5 °C/min and held for 5 h. The image in
Figure 2.3(c) is that of a typical structure RPC-00 structure.

The ‘less porous’ monolith, hereafter PM, was prepared from coarse ceria powder
(Alfa Aesar, 11328). This was combined with starch (Alfa Aesar, A11961, 37.5
wt% relative to ceria) then ball-milled (YSZ milling media) for 24 h in anhydrous
ethanol. After drying at 40 °C, graphite powder (Alfa Aesar, 14735, 98 wt% of
ceria) was added to this mixture. The composite powder was uniaxially pressed at 40
MPa and subsequently sintered using the same heat-treatment protocol as employed
for RPC-50 (stepwise heating to gently oxidize and remove organics, with final hold
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Figure 2.5: SEM micrographs of the cross-sectional fracture surfaces of porous
ceria: (a)-(b) RPC-00, (c)-(d) RPC-50, and (e)-(f) PM.

at 1500 °C). The dimensions, mass, and implied porosity of the resulting structures
are listed in Table 2.1.

Scanning electron microscopy images (Hitachi S4800-II cFEG SEM), Figure 2.5,
reveal the three porous materials to display very different pore architectures. While
the two RPCs have similar macroscopic porosities (∼ 86 %), RPC-50 has a visibly
larger volume-specific surface area (A/V) and a higher concentration of open pores
within the struts. The PM has a relatively random distribution of pore sizes, with
both open and closed pores evident, and porosity of 61.5 %. The ranking of the
volume-specific surface area of this material relative to the two RPCs is not im-
mediately apparent from the images. Attempts to determine A/V by gas absorption
(BET) methods were unsuccessful due to the relatively low mass-specific surface
areas. Mercury intrusion porosimetry and X-ray tomography measurements, Ta-
ble 2.2, confirmed the substantially higher A/V of RPC-50 relative to the RPC-00.
However, the results are not entirely quantitative because of assumptions about
pore structure required in order to convert mercury intrusion behavior to accessible
surface area, and because of the extensive image processing required to estimate
specific surface area from tomographic results.
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Table 2.1: Dimensions, mass, and porosity of cylindrical ceria structures. Number
in parentheses indicates uncertainty in the final digit(s) as obtained from the variance
between multiple measurements.

Sample radius (cm) height (cm) mass (g) porosity (%)
RPC-00 0.27(4) 1.040(9) 0.23070(5) 86(3)
RPC-50 0.245(16) 1.194(10) 0.23770(5) 85.4(14)
PM 0.4478(5) 0.267(1) 0.46660(5) 61.5(6)

Table 2.2: Volume specific surface area by Mercury porosity and X-ray tomography
measurements

Sample Mercury intrusion
porosimetry (mm-1)

X-ray tomography
(mm-1)

RPC-00 80 25
RPC-50 800 370

2.4 Relaxation Behavior: Methods, Results, and Discussion
2.4.1 Methods

DC conductance relaxation profiles were measured in a small volume reactor (∼
23 cm3). The dense rectangular sample was evaluated using a true four-probe
configuration, whereas the porous materials were measured in quasi-four-probe
arrangements, Figure 2.6. Pairs of contacts were applied to the distant ends of the
dense sample by tightly wrapping Pt wires around notches made at the far ends of
the sample, Figure 2.6(a). For the two RPCs, struts at either end were wrapped
with Pt wire (Figure 2.6(b)), and Pt paste (Platinum ink A3788A, BASF Catalysts)
was then applied to the contact points. In the case of the PM, two small holes
(∼ 1 mm in diameter) were drilled through the sample at opposing sides close to
the circumference. As with the RPCs, Pt wires were passed through these holes,
firmly secured, and then contacted to the oxide using Pt paste, Figure 2.6(c). For
all experiments, the pO2 was measured in situ using a zirconia based oxygen sensor
(SIRO2 C700+, Ceramic Oxide Fabricators, Australia) placed approximately 2 cm
downstream of the sample.
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Figure 2.6: Schematics of electrical conductance relaxation test system: (a) dense
polycrystalline bulk, (b) RPCs, and (c) porous monolith samples.

The conventional dense sample was utilized to measure kChem as a function of
temperature over the range 800 to 1400 °C under high gas flow conditions at which
gas-limitations are overcome, using specifically, a flow rate of 300 standard cubic
centimeters per minute (sccm), equating to 763 sccm/g or 1.31 × 105 sccm/mol.
The conductance profiles were recorded upon abruptly changing the oxygen partial
pressure from 1.5 × 10-3 to 7.9 × 10-4 atm, achieved using digitally controlled mass
flow controllers that provided predetermined mixtures of Ar and O2. We define the
oxygen partial pressure in the final state as that of the measurement, consistent with
the expression in Eq. (2.6). The response of the two RPCs was measured using the
same step change in pO2 and same range of temperatures (800, 1000, 1200, 1300,
and 1400 °C), but with the flow rate varied from 150 to 500 sccm, implying mass
and mole normalized flow rates of ∼ 600 to ∼ 2100 sccm/g or ∼ 1.0 × 105 to ∼ 3.6
× 105 sccm/mol, respectively. The PM sample was evaluated to provide additional
flow rate dependent data at 1400 °C. The step change in pO2 was 1.6 × 10-3→ 8.2
× 10-4 atm, and the flow rate was varied from 50 to 400 sccm. Because a larger



24

Figure 2.7: Conductivity relaxation profiles for bulk ceria under the small step
change in pO2 (1.5 × 10-3 → 7.9 × 10-4 atm) from (a) 800 to 1400 °C. (b) The
profiles at 800 and 1400 °C are shown with the best fit result (solid lines).

oxide sample was employed, this provided access to smaller values of oxide mass
normalized flow rates (107 to 857 sccm/g), without having to decrease the flow rate
to levels that jeopardize pO2 control.

2.4.2 Results and Discussion

All the normalized relaxation profiles measured in this work were described well by
a simple exponential decay function, as given generically in Eq. (2.5), indicating
the absence of bulk diffusion effects on the kinetic response. For the dense sample,
measured as a function of temperature, Figure (2.7), the fits yielded reduced R2

values > 0.993 and percent error of 0.8 %. The surface reaction constant obtained
from this analysis, taking τ = a/kChem, where 2a is the thickness of the sample in
the thinnest direction, is shown in Figure (2.8). The value measured at 1400 °C
is consistent with the reported value in reference [53], performed using a dense
compact at this single temperature. The surface reaction constant as measured here
generally increases with temperature, with a change in slope on the Arrhenius plot
at ∼ 1180 °C. Further discussion of the behavior of kChem and comparison to the
sparse literature available on the surface properties of ceria at this high temperature
is presented in the SI (Figure 2.16). Of relevance here is that the trend with temper-
ature aligns with the discussion of the expected impact of changing parameters on
the measured relaxation time.
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Figure 2.8: Surface reaction constant kChem of ceria as a function of temperature
obtained from the best fits to the relaxation profiles as shown in Figure 2.7. Shown
for comparison is the result in reference [53]. Colored band is a guide to the eye.

The normalized conductance relaxation profiles for RPC-00 and RPC-50 are pre-
sented in Figure 6 for selected temperatures and for the highest and lowest gas flow
rates examined. The reduced R2 values for fits of the entire range of RPC profiles
against Eq. (2.5) were > 0.992 and percent error of was < 1.9 %. At 800 and 1000
°C, the relaxation characteristics of both RPC-00 and RPC-50 are insensitive to
flow rate, indicating that at these temperatures, the process is in the surface reaction
limited regime for all flow rates of 200 sccm and higher ( 850 sccm/g). At 1200 °C,
only RPC-00 continues to display a flow rate independent response, whereas at 1400
°C the profiles of both the RPC-00 and RPC-50 are flow rate dependent, with higher
flow resulting in faster relaxation, indicative of entry into the thermo-kinetic regime.

The relaxation times measured over the broad range of temperatures and flow rates
examined are summarized in Figure 2.10. The trends generally follow the pre-
dicted behavior (Figure 2.2(c)). The 1/τ values measured from RPC-00 are largely
independent of flow rate for temperatures up to 1300 °C, whereas they increase
monotonically with flow rate at 1400 °C. In the case of RPC-50, a flow-rate inde-
pendent 1/τ is similarly evident at lower temperature. At 1200 °C, 1/τ is initially
linearly dependent on flow rate, then sharply transitions to a region where it is
flow-rate independent. At the higher temperatures, the relaxation behavior is always
dependent on the gas supply for the flow rates probed, similar to RPC-00. The
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Figure 2.9: Conductance relaxation profiles at flow rates of 200 and 500 sccm for
RPC-00 and RPC-50 (approximately 850 and 2100 sccm/g, respectively) under a
small step change in pO2 (1.5 × 10-3 → 7.9 × 10-4 atm) at (a) 800, (b) 1000, (c)
1200, and (d) 1400 °C, respectively. Solid lines are the best fit exponential decay
function (Eq. (2.12) or (2.5)).

data for a selected high and selected low flow rate are recast in Arrhenius format
in Figure 2.11. The results again follow the predicted behavior (Figure 2.2(d)). At
low temperatures, at which the response is governed by the surface reaction rate,
the sample with higher surface area has a relaxation time constant 5-6 times greater
than that with low surface area, and the response times for both samples decrease
with temperature. At high temperature, in the gas-phase limit, the relaxation time
constants of the two types of samples approach one another, and the response times
increase with temperature. Thus, if one inadvertently assigned the response to
the surface reaction behavior, one would obtain, in this high temperature, low gas
flow-rate regime, a peculiar material which displays a surface reaction constant that
decreases with temperature.

Beyond their temperature dependence, the absolute values of the relaxation time
constants in the gas-phase limited regime merit discussion. In principle, in this
regime the two types of materials should relax at precisely the same rate, and the
time constant can be precisely predicted from the thermodynamic properties of the
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Figure 2.10: Relaxation time constant for a small step change in pO2 (1.5 × 10-3→
7.9 × 10-4 atm) extracted from fits of the type shown in Figure 2.9 as a function of
flow rate at several temperatures in the ragne of 800 ∼ 1400 °C for (a) RPC-00 and
(b) RPC-50. Dotted lines show the average value in the material-kinetic regime.

oxide according to Eq. (2.6). Examination of Figure (2.10) and Figure (2.11) and
reveals, however, that the two materials do not relax at the same rates as each other
in the high temperature and low gas-flow rate regime, and nor does either match the
thermodynamic prediction. For example, at 1400 °C and a mass-normalized flow
rate of 640 sccm/g, the relaxation time constants for the RPC-00 and RPC-50 sam-
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Figure 2.11: log (1/τ) as a function of temperature for ceria RPCs at gas flow rates of
200 and 500 sccm, for which raw relaxation profiles are presented in Figure (2.10).
Symbols are the experimental result. Blue and orange shaded bands are guides to
the eye.

ples are ∼ 70 and ∼ 46 s, respectively, as compared to the expected value of 21.6 s.
A potential reason for this discrepancy lies in the details of the sample arrangement
in the reaction chamber. Eqs. (2.5) and (2.6) are valid when the gas surrounding
the sample is uniform in composition, effectively attaining the exit gas composition
instantaneously on entry into the reaction chamber. However, the cross-sectional
areas of the RPC samples used for this study, with radii of ∼ 0.26 cm, were substan-
tially smaller than the cross-sectional area of the reaction chamber, with radius 0.5
cm, suggesting that some gas may flow past the sample at a distance far enough away
that the gas is not ‘felt’ by the oxide. Furthermore, the large pores in the RPCs may
result in composition gradients even within the macroscopic volume of the sample.

Recognition of the possible impact of unfavorable gas flow dynamics on the mea-
surement of the relaxation time in the gas-limited regime motivated examination of
the PM sample, which has a larger cross-sectional area (∼ 80 % that of the chamber
vs. ∼ 25 %), smaller pores, and lower porosity than the RPC samples, Table 2.1.
Similar to the other samples, fits to the PM relaxation profiles according to Eq.
(2.5) yielded R2 values > 0.996 and percent error < 1.4 % (Figure 2.12). The time
constants obtained at 1400 °C from the two RPCs and the PM are compared in
Figure (2.13) to that of the theoretically predicted value. Faster relaxation time for
the PM sample over the RPCs is clearly evident, as is a sharper transition between
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Figure 2.12: Conductance relaxation profiles for PM sample under a small step
change in pO2 (1.6 × 10-3→ 8.2 × 10-4 atm) at 1400 °C (a) in the range of the flow
rate from 107 to 857 sccm/g. (b) The profiles at flow rates of 107, 214 and 857
sccm/g (50, 100, 400 sccm, respectively) are shown with the best fit result (solid
lines).

Figure 2.13: Relaxation time constant as a function of flow rate at 1400 °C for the
three different types of porous ceria structures of this study, compared to the theo-
retical value expected under gas-limited kinetics. The latter is computed according
to Eq. (2.14) using the thermodynamic data of Panlener et al. [32] Solid lines are
guides to the eye.

gas-flow and surface reaction limited regimes. Nevertheless, even the PM does not
relax as quickly as expected in the thermokinetic regime, suggesting limitations due
to gas flow dynamics have not been fully resolved. The faster response time of the
RPC-50 sample over the RPC-00 sample within the gas-limited regime may be due
to the fact that the large-scale pores in RPC-00 are larger than those in RPC-50 (the
former has thinner, denser struts). Larger pores may generate substantial gas-phase
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compositional non-uniformity within the volume of the RPC-00 structure. Further
discussion is provided in Supplemental information (Figures 2.17 and 2.18). Over-
all, the response rates of these porous materials point to the value of engineering
pore structure and morphology and macroscopic material dimensions to manipulate
gas flow dynamics. However, within the thermo-kinetic regime increasing specific
surface area cannot directly influence the response rate by simply providing a greater
number of reaction sites.

Returning to the behavior in the material-kinetic regime, here the relaxation times
obtained from the dense and porous structures are expected to be related according
to

τd

τp
=

ad Ap

Vp
(2.17)

where subscripts d and p signify dense and porous, respectively. The measured
relaxation times for the RPC-00 structure in the material-kinetic region, Figure
2.10(a), are 2 to 4 times smaller than those of the dense sample (as measured to
generate Figure 2.8), suggesting a volume specific surface area of 5 to 10 mm-1.
The analogous amplification for the RPC-50 is 12 to 32 times, suggestive of a
volume specific surface area of 30 to 80 mm-1. These values would equate to the
close-packing of particles with diameters of 300-600 µm in the case of RPC-00
and 40-100 µm in the case of RPC-50, generally consistent with the large feature
sizes of Figure 2.3 and Figure 2.5. The specific surface areas implied by the
relaxation experiments are, however, substantially lower than those obtained from
preliminary X-ray tomography analyses (Figure 2.15), which yielded 25 and 370
mm-1, respectively, for theRPC-00 andRPC-50 structures. Whereas the tomography
result refers to the total surface area, including that from internal pores, catalytic
enhancement is possible only from open pores, explaining at least some of the
differences in surface areas measured by these two methods. Indeed, a much greater
fraction of the pores of RPC-50 are closed compared to those of RPC-00, such that
the factor of 15 difference between the two RPCs in tomography-inferred specific
surface area is not fully replicated in the kinetic response. Analytical methods for
treating tomography data obtained from RPCs with dual-scale porosity, which go
beyond the scope of the present work, are described in depth by Ackermann et al.
[63]
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2.5 Conclusions

The results presented here demonstrate several important features of the kinetic
response of ceria, a representative nonstoichiometric oxide, to small, stepped per-
turbation in oxygen partial pressure. First, when the bulk diffusion lengths are small
enough that transport through the oxide bulk can be treated as infinitely fast, the
conductance relaxation profile will follow an exponential decay curve. This will
be true whether the process is limited by surface reaction kinetics or is limited by
the supply of sweep gas. Second, the process will be gas-phase limited under con-
ditions of low normalized gas flow rate, high temperature, or high specific surface
area of the oxide. Under such conditions, the relaxation time is dependent only on
the thermodynamic properties of the oxide and the normalized gas flow rate, with
no influence of pore architecture, so long as the pathway of the gas ensures its full
interaction with the solid phase. Conversely, the process will be material-kinetic
(specifically surface-reaction) limited under conditions of high normalized gas flow
rates, low temperature, or low specific surface area. Under these conditions, the
relaxation time is dependent only on the surface reaction constant kChem, and the
accessible volume-specific surface area, A/V. Third, the interplay between these pro-
cess parameters implies that the transition between material-kinetic and gas-phase
limitations will shift to higher temperatures as specific surface area is decreased or
normalized gas flow rate is increased.

These results have implications for both fundamental characterization of materi-
als and for design of reactive components for solar-driven thermochemical cycling.
For materials characterization, it becomes evident that it is imperative to assess the
measurement regime if one is to properly interpret the relaxation time. Typically,
one aims to employ a relaxation method for the determination of surface reaction
constants. At high temperature, at which both the oxygen non-stoichiometry and
the surface reaction constant can be large, the thermo-kinetic response can easily
overwhelm the surface reaction response. Peculiar behavior of kChem, with an ap-
parently decreasing value with increasing temperature, is a feature of measurements
in the gas-phase limited regime. The remedy to this situation is simply to increase
the gas flow rate until one observes a constant relaxation time. For thermochemical
fuel production, typical porous structures have short bulk diffusion lengths such that
diffusion limitations do not appear. Furthermore, gas flow rates are low so as to
minimize the energy penalty of heating large volumes of gas. At the high tempera-
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tures of oxide reduction, this low flow rate can place the material response within
the gas-phase limited regime. A deviation between the relaxation expected on the
basis of material thermodynamic properties and the observed relaxation behavior
can thus be used as a diagnostic for evaluating the accessibility of the solid to the
sweep gas.
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Supplemental Information of Ch.2
log (1/τ) vs. 1/T behavior for ceria under gas-phase limitation
The reduction enthalpy and entropy of ceria were used to complete the correlation
in all range of temperature and pO2 vs. δ. From the data set of (pO2, T), [32] the

value of log
(
−
∂pO2(δ,T)

∂δ
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δ=δf

)
in Eq. (2.16) is calculated at the fixed pO2 of 8.2 ×

10-4 atm. The result is depicted in Figure 2.14.

Figure 2.14: log
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)
at a pO2 of 8.2 × 10-4 atm as a function of

temperature.

Volume specific surface area measurements
Mercury Intrusion Porosimetry: RPC-00 andRPC-50 sampleswith amass of 0.3316
g and 0.4028 g, respectively, were characterized by mercury intrusion porosimeter
(Micromeritics Autopore V, USA). The specific surface area values were taken from
the cumulative pore area.

X-ray Tomography: RPC-00 and RPC-50 samples were scanned at 2-BM beamline
of Advanced Photon Source at Argonne National Laboratory. X-ray beam was fil-
tered with 15-mm Si and 20-mm glass blocks. A sample was rotated in 0 - 180
degree angle range and x-ray projection images were taken at discrete angle position
with 0.12 degree/step. The x-raymicroscope is composed of a 20µm thick LuAG:Ce
scintillator, a 10× mitutoyo long working distance microscope lens, and a pco.edge
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camera. Tomographic slice images were reconstructed with Tomopy3, and Avizo®
was used for tomographic structure visualization and calculation of area-volume
ratio.

Figure 2.15: Reconstructed 3D images of preliminary X-ray tomography analysis
for (a) RPC-00 and (b) RPC-50.

Relaxation profiles and surface reaction constant of dense ceria The surface
reaction constant of ceria as measured here is shown in Arrhenius format in Figure
2.16, along with two other results reported in the literature. The single datapoint
from reference [53] is derived from an ECR measurement at 1400 °C over a range
of pO2 values. The agreement with the present data is good, which is significant
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because the measurement is made using a different sample.

In addition to these kChem measurements, Kamiya et al. reported the value of
k*, obtained from isotope exchange methods, for temperatures from 800 to 1300 °C.
[64] As discussed at some length in the literature, kChem and k* measure different
characteristics of a material, and computing one from the other requires knowledge
of the thermodynamic factor (d ln aO/d ln cO, where aO is oxygen activity and cO

is oxygen concentration) and electronic transference number. [18] Nevertheless, it
is noteworthy that Kamiya et al. observed a k* that monotonically increased with
temperature, showing a single slope in the Arrhenius representation [described ac-
cording to k* (m/s) = 1.93 × 10-3 exp[-136 (kJ·mol-1)/RT]. Somewhat surprisingly,
those authors reported that their high purity undoped ceria exhibited extrinsic be-
havior below about 1000 °C, as manifest in a change in slope in the dependence of
log(DChem) vs. 1/T, but with no comparable change in slope in the analogous plot for
kChem. It would be reasonable to attribute the change in slope evident in Figure 2.8
of the present work in to a transition between intrinsic and extrinsic behavior given
the comparable levels of impurities in the Kamiya and present samples. However,
no attempt has been made here to prove or disprove such a hypothesis. Another
possible explanation for the change in slope is impurity segregation to the surface-
exposed grain boundaries layer. [65–67] It has been reported that such segregation
can affect gas-solid reactions [68–70] and may be expected to play a role here as
the present conductivity relaxation was performed using polycrystalline ceria with
grain size of ∼10 µm.

Also shown in Figure 2.16 are a set of three datapoints from Knoblauch et al. These
authors measured the surface reaction constant by mass relaxation methods (in a
conventional thermogravimetric analyzer) from 1300 to 1410 °C. [71] They reported
that the surface reaction constant decreases with temperature, in stark contrast to the
present results. It is possible that this unusual observation is a result of perform-
ing measurements within the thermo-kinetic regime. The normalized gas flow-rate
employed by those authors was 93 sccm/g at a pO2 of 7 × 10-4 atm, and the quoted
kChem at 1400 °C 1.69 × 10-4 cm/s. As implied by Eqs. (2.15)-(2.16), in order to
ensure one is operating in the material-kinetic regime, the mass-normalized flow

rate must obey F
mCeO2

> kChem
a

Ptot
2MCeO2

(
−
∂pO2(δ)
∂δ

���
δ=δf

)−1
. For the sample thickness of

∼ 1 mm and gas exchange occurring only from one side of the sample, the required
flow rate is ∼ 400 sccm/g, substantially greater than what the authors employed.
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Figure 2.16: The surface reaction rate constant, kChem, for ceria as a function of
temperature at sufficiently high flow rates (763 sccm/g). Shown for comparison is
the result reported by Knoblauch et al. [71] and from Ji et al. [53]

Behavior of time constant in a system maximizing the utilization of sweep gas
Support for the conclusion that insufficient interaction between the solid and gas
phases results in a relaxation time in the thermo-kinetic regime that is larger than the-
oretically expected emerges upon examination of the correlation between the oxygen
partial pressure detected at the downstream sensor, Figure 2.6, and the sample con-
ductance. If the gas (upon entering the chamber) and the solid phases are entirely in
equilibrium through the relaxation, and the step change in pO2 is small enough that it
induces a proportional change in conductance, [58] then the oxygen partial pressure
and conductance should depend on time in an identical manner. Thus, a plot of G(t)
vs. pO2(t) (a parametric function of time) should yield a straight line extending
from the initial to the final values of the two quantities. The same is also true of
a plot of the normalized logarithmic values, i.e., log G(t)−log Gi

log Gf−log Gi
vs. log pO2(t)−log pO2, i

log pO2, f−log pO2, i
,

where the initial and final pairs of values are (0,0) and (1,1). This behavior is shown
as the red line in Figure 2.17. If, however, the solid does not attain equilibrium with
the gas as a consequence of slow surface reaction kinetics, and the gas flow is high
enough that the gas composition is unaffected by adsorption or release of oxygen
from the solid, then the oxygen partial pressure in the gas phase will immediately
attain the final value (equal to the inlet value), whereas the conductance will require
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finite time to reach the final state. A plot of the normalized logarithmic values of
conductance vs. oxygen partial pressure then follows the path (0,0)→ (1,0)→ (1,1),
shown schematically in the dark blue lines of Figure 2.17. The intermediate case is
that in which the gas-phase oxygen partial pressure is, at any given point in time,
closer to its final value than the conductance is. This behavior is represented by the
dotted curve in Figure 2.17. Such a response can be expected from a gas that does
not fully interact with the sample and, as a consequence, does not induce a change
in conductance as quickly as the change in gas composition occurs.

Plots of normalized log conductance vs. normalized log pO2 at 1400 °C are pre-
sented in Figure 2.18 for the three porous samples. At low gas flow-rates the porous
monolith displays essentially ideal behavior for the gas-limited case, Figure 2.18(a).
With an increase in gas flow rate, the behavior deviates slightly from the ideal case,
Figure 2.18(b). The RPC-00 sample, Figure 2.18(c), which displays relaxation
times furthest from the values implied from the thermodynamic properties of ceria,
Figure 2.13, has a profile in the normalized log G vs. normalized log pO2 plots
which deviates most significantly from the idealized red line. The RPC-50 sample,
has intermediate behavior both in terms of the measured relaxation times, Figure
2.13, and the correlation between G and pO2, Figure 2.17(d). Neither of the RPC
samples displays the idealized profiles for the limit of material-kinetic controlled
response, consistent with the fact that the relaxation has not yet reached the flow
rate independent regime, Figure 2.10.

One can also consider the gas-solid interaction likelihood from the perspective
of the gas diffusion dynamics. The gas-phase diffusion coefficient of O2 at 1400 °C
in the O2-Ar mixture employed in this work is approximately 4.5 cm2·s-1. [72] To
provide the gas from the periphery of the reactor sufficient time to come in contact
with the ∼ 10 mm long sample, the gas velocity should be no greater than 9.1 cm·s-1

and hence the flow rate no greater than 76 sccm. The actual gas flow rates utilized
in this study, up to 500 sccm, greatly exceeded this value. For measurement of the
surface reaction constant, the need to limit the gas velocity to ensure sufficient time
for gas-solid interaction conflicts with the requirement that the normalized gas flow
rate exceed thermodynamic limit. As shown by the PM sample, these competing
requirements can be addressed by creating structures that fill the cross-sectional
area of gas flow. Overall, the experimental observations are consistent with the
interpretation that the relaxation times are prolonged in the RPC samples because
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Figure 2.17: Changes of normalized log G vs. normalized log pO2 with time at
which the equilibrium state changes from “a” to “b”.

of the poor interaction of the gas phase with the reactive solid, and underscore the
importance of optimal design of gas flow patterns and porous material architecture
for maximizing catalytic response.
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Figure 2.18: Normalized log G vs. normalized log pO2 graphs at 1400 °C for (a)
porous monolith at low gas flow rates (107, 161, 214 sccm/g), (b) porous monolith
at high gas flow rates (≥ 268 sccm/g), (c) RPC-00, and (d) RPC-50.
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C h a p t e r 3

MATERIAL-KINETIC PROPERTY AT HIGH TEMPERATURE:
ELECTRICAL CONDUCTIVITY RELAXATION METHOD

3.1 Introduction

The present study is focused in particular on the kinetics of oxygen uptake/release
by ceria, in particular at temperatures relevant to thermochemical fuel production.
While the thermodynamic properties of ceria at temperatures as high as 1500 °C and
over a wide partial pressure range are known to a high degree of confidence, [32, 58,
73, 74], the same is not true of the kinetic properties. Indeed, only two papers could
be found in the literature that attempt to measure diffusivity at temperatures above
1200 °C. [26, 64] In principle, diffusivity can be computed [52] from conductivity
and defect concentrations, which are known at high temperature for ceria [32,
58], but the calculation relies on assumptions that may not be entirely valid. Even
more striking than the absence of transport measurements is the dearth of studies
of surface reaction rates of ceria at temperatures at these high temperatures, with
again only two papers on the topic. [64, 71]

Furthermore, in consideration of atmospheric conditions in thermochemical fuel
production system, such as H2O, CO2, combination of H2O/CO2, and particularly
in pressure swing mode due to the thermolysis of H2O/CO2 at high temperature,
H2O/O2 or CO2/O2, would affect to reaction kinetics, especially to the surface reac-
tion at the solid/gas interface. Therefore, the quantitative knowledge of the material
kinetic property itself in the appropriate thermodynamic conditions is essential to
compare and sort out the candidate materials and to optimize the structure of the
material in the aspect of kinetics. Lane et al.[12] reported that the surface reaction
is affected by the gas species. Yashiro et al.[25] also found that the surface reaction
rate constants are not directly related with oxygen partial pressure but depend on the
gas species. However, they simply showed that phenomenal behavior without any
fundamental suggestions.

Here, we investigate the kinetic property, particularly the surface reaction of ceria at
1400 °C by electrical conductivity relaxation (ECR) method with a combination of
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well-defined sample geometries and well-designed reactor configurations for excel-
lent gas control and rapid gas exchanges.[21–23, 27, 53, 75, 76] In particular, based
on the exquisitely controlled pH2O as well as pO2, we will show how the activities
of H2O and O2 affect to the surface reaction rate, and will discuss about how the
surface reaction of the oxides has to be generally analyzed with respect to atmo-
spheric conditions. This knowledge of the material-kinetic properties at such high
temperatures, the flow-rate at the transition between gas-phase and material-kinetic
limits (discussed in chapter 2) can be anticipated for the highest efficiency in the
thermochemical system.

3.2 Theory
3.2.1 Derivation of equations for relaxation profiles in conductivity

A particularly convenient and well-established technique for measuring material
kinetic properties – surface reaction rate, kChem, and bulk chemical diffusivity,
DChem – is the (isothermal) electrical conductivity relaxation (ECR) method with
well-defined geometry sample.[21–23, 27, 75, 76] Here, a small perturbation in
gas phase oxygen chemical potential (oxygen partial pressure) causes a material
to undergo a small change in oxidation state, which in turn, typically results in a
change in conductivity. Under appropriate experimental conditions, the flux across
the surface of the oxide is

JO = kChem
(
cO,eq − cO,S

)
= −DChem(∇cO)S (3.1)

where cO,eq is the oxygen concentration of the oxide at equilibrium with the gas
phase, and cO,S is the oxygen concentration just within the oxide surface(s).[57]
The associated change in conductivity, σ, with time, t, for a thin, planar sample
(in which oxygen incorporation/excorporation occurs only along one dimension) is
given by[57, 77–79]

σ(t) − σi

σ f − σi
= 1 −

[
∞∑

n=1

2L2

β2
n
(
β2

n + L2 + L
) exp

(
−
β2

nDChemt
a2

)]
(3.2)

where σi and σ f are the initial and final conductivity values, respectively, and the
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sample thickness is 2a (with exchange occurring on both surfaces of the thin sample).
The {βn} are the positive roots of

βn tan βn = L̃; L̃ =
akChem

DChem
(3.3)

and L̃ is a dimensionless length reflecting the relative importance of diffusion and
surface reactivity to the overall relaxation rate. The experimental requirements for
the validity of this expression include (1) use of a sufficiently small perturbation
such that (i) kChem and DChem can be treated as constants, that (ii) these properties
respond linearly to the perturbation magnitude,[18] that (iii) conductivity varies
linearly with oxygen content, and (iv) that the material does not change temperature
due to heat release during oxidation or heat adsorption during reduction; (2) use of a
sufficiently small reactor volume such that the reactor flush time is much shorter than
the material relaxation time; and (3) use of a sufficiently large gas flow rate such that
the gas composition surrounding the oxide remains constant over the course of the
measurement. When kChem � DChem/a (L̃ � 1), the surface reaction dominates
the relaxation process, and Eq.(3.2) reduces to

σ − σi

σ f − σi
= 1 − exp

(
−

kChem

a
t
)
= 1 − exp

(
−

1
τ

t
)

(3.4)

This simple exponential expression has beenwidely employed for determining kChem
from the relaxation profiles of thin samples.

3.2.2 Thermodynamic driving force of oxides for H2O dissociation

Here, we consider the oxygen nonstoichiometric oxide which has (oxygen) ionic
and electronic charge carriers in the bulk oxide. The thermodynamic feasibility
of the oxide towards oxidation by dissociating H2O is readily assessed through the
consideration of ∆G of oxidation reaction of the oxide in comparison to ∆G° for
hydrogen oxidation reaction, at standard state.[8] The hydrogen oxidation reaction
and its ∆G° are expressed as

H2(g)+
1
2

O2(g) → H2O(g) (3.5)
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Figure 3.1: (a) Gibbs free energy of the gas-phase hydrogen oxidation reaction in
standard state (black dotted line) and that of oxidation of the oxides with respect
to pO2 (colored solid lines), and (b) reaction extent of H2O dissociation reaction
driven by the oxides as a function of T and pO2.

∆Go
H2O(T) = −RT ln KH2O = −RT ln

(
pH2O

pH2 · pO2
1/2

)
(3.6)

and the value of ∆Go
H2O(T) is known in a wide range of temperature.[31] For the

nonstoichiometric oxide, the oxidation reaction with an infinitesimal change in
nonstoichiometry (ε) and its ∆G on a per mole atomic oxygen basis are expressed
as

lim
ε→ 0

1
ε

AOx−δ−ε +
1
2

O2(g) →
1
ε

AOx−δ (3.7)

∆Goxide(T, δ) = −RT ln(pO2
−1/2) (3.8)

It implies that if the nonstoichiometric oxides, whatever the material is, are in the
equilibrium state at the fixed T and pO2, ∆Goxide for every oxide is determined as
a peculiar value by Eq. (3.8) regardless of the value of δ. The ∆G values for the
oxidation of hydrogen and nonstoichiometric oxide as a function of T and ∆Goxide
(Figure 3.1(a)) indicate that the thermodynamic power of the oxide towards oxidation
by dissociating H2O increases as increasing T and/or decreasing pO2. From the
difference between ∆Goxide and ∆Go

H2O, the reaction extent of steam to hydrogen
conversion driven by the oxidation of the oxide, ψ, can be thermodynamically
calculated.[55] Combining Eq. (3.5) and (3.7) gives the expression of the oxidation



44

reaction for the oxide from H2O, and therefore ψ is expressed only as a function of
T and pO2:

lim
ε→ 0

1
ε

AOx−δ−ε + H2O(g) →
1
ε

AOx−δ + H2(g) (3.9)

∆Goxide(T, δ) − ∆Go
H2O(T) = −RT ln

(
pH2

pH2O

)
= −RT ln

(
ψ

1 − ψ

)
(3.10)

From Eq. (3.10), the behavior of ψ is presented in the contour plot in Figure 3.1(b)
with respect to T and pO2. It is apparent that the oxide has higher thermodynamic
power to dissociate H2O where ψ approaches 1 (the red regime appeared at higher
temperature and/or lower pO2). For example, the oxide has ψ of 2.06 × 10-8 at 800
°C in log (pO2 / atm) of -3, whereas ψ of 4.66 × 10-4 at 1400 °C in the same pO2,
indicating that H2O is more favorable to play as the oxidizing agent at higher high
temperature.

3.2.3 Surface reaction rate of oxidation in O2/H2O atmosphere

The oxygen nonstoichiometry of the oxide is a material property which is a pre-
determined property only by temperature and pO2. Thus, perturbation in pO2 of
surrounding gas toward the higher drives the oxide to undergo a change in oxidation
state to a new equilibrium state, Eq. (3.11). If the reduced oxide is exposed to higher
pO2 containing non-negligible humidity (pH2O > ∼0) in relatively high temperature
and low pO2 regime at which the oxide has high thermodynamic driving force to
be oxidized by dissociating H2O, an another independent pathway for the oxidation
exists, Eq. (3.12).

1
2

O2(g) + 2Ce′Ce+V••O → O×O+2Ce×Ce (3.11)

H2O(g) + 2Ce′Ce+V••O → H2(g) + O×O+2Ce×Ce (3.12)

The chemical redox reaction of the oxides, in principle, is typically considered
as consisting of a surface reaction at a gas/solid interface (kChem) and a chemical
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diffusion inside the oxide (DChem). The dominance of each step in overall reaction
is determined from a relative magnitude of a diffusion length of the oxide and a
characteristic length defined by DChem/kChem. If in a condition of diffusion length
� characteristic length, the chemical diffusion in the oxide governs equilibration
kinetics toward new equilibrium oxygen nonstoichiometry, and the surface reaction
does in an opposite condition. For the former, it is obvious that the kinetics of
chemical diffusion is not affected by the reaction pathway differentiated by the
species of oxidants, because i) the chemical diffusion is only dependent of the
interplay of ionic and electronic charge carriers in the oxide, and ii) the amount of
incorporated neutral oxygen at the very surface layer of the oxide is always sufficient
due to the much faster surface reaction in this case. Therefore, the oxidation kinetics
is always identical whether the oxygen is sourced only from O2 (Eq. (3.11)), or from
both of O2 and H2O (Eq. (3.11) and (3.12) together) if the final pO2 is identical. For
the latter, conversely, the existence of H2O (more accurately, the activity of oxidants
in gas) has impact on the surface reaction, because the surface reaction is a result of
the interplay of defect-chemical charge carriers in the oxide as well as the species
of oxidants/reductants in atmosphere. For example, if the supplying gas consists
of H2O and O2 at high temperature as depicted in Figure 3.2(a), possibly due to
the thermolysis of H2O, the oxidation in the surface reaction limited regime will be
controlled by the activities of H2O and O2, simultaneously.

Only for the case in which the oxidation reaction of the oxide is limited by the surface
reaction rate due to the much faster chemical diffusion through the oxide, the impact
of H2O on kChem can be readily unveiled by analyzing the relaxation behavior of
oxygen concentration toward new equilibrium state under small perturbation in pO2.
In the humidified atmosphere, the total oxygen flux across the surface of the oxide
(JO,tot) can be considered as a simple summation of two different oxygen fluxes
sourced from O2 (JO,O2) and H2O (JO,H2O) under an assumption that the two fluxes
are independent each other as shown in Figure 3.2(b). If the small perturbation
in pO2 drives small oxygen concentration change in the oxide, then both oxygen
fluxes through the interface of solid/gas, JO,O2 and JO,H2O, can be assumed as first
order reaction with respect to oxygen concentration. This statement results in an
expression of oxygen flux correlated with kChem as below:[52]
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Figure 3.2: Schematics of (a) oxygen incorporation at the gas/solid interface and (b)
total oxygen flux at high temperature in O2/H2O atmosphere.

JO,tot = JO,O2 + JO,H2O

= kChem,O2(cO,eq − cO,surf) + kChem,H2O(cO,eq − cO,surf)

= (kChem,O2 + kChem,H2O) (cO,eq − cO,surf)

= kChem,tot(cO,eq − cO,surf)

(3.13)

where cO,eq is the oxygen concentration of the oxide at equilibrium with the gas
phase, cO,surf is the oxygen concentration just within the oxide surface, kChem,O2 and
kChem,H2O are respectively the surface reaction rate constant relevant to O2 and H2O,
and kChem,tot is the simple sum of kChem,O2 and kChem,H2O. By applying a continuity
relation relevant to the oxygen concentration and the oxygen flux, and by solving
the differential equation with respect to the time dependent oxygen concentration
(cO,surf), the normalized oxygen concentration follows a simple exponential form.
Since the sufficiently small driving force for the oxidation is considered here, i.e.
small perturbation in pO2, the total electrical conductivity of the oxide (σ) is
proportional to the oxygen concentration, and thus normalized conductivity also has
the identical functional form as given
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c − ci

c f − ci
=
σ − σi

σ f − σi
= 1 − exp

(
−

kChem,tot

a
t
)
= 1 − exp

(
−

kChem,O2 + kChem,H2O

a
t
)

(3.14)

where subscripts i and f signify initial and final states, respectively. This derivation
implies that the conductivity relaxation at which the surface reaction governs overall
reaction will follow the simple exponential decay behavior embedding kChem,tot

(= kChem,O2 + kChem,H2O) in the humidified conditions. Under the condition without
humidity, kChem,tot should be kChem,O2 , therefore, one can easily separate kChem,H2O

from kChem,tot by calculating kChem,tot − kChem,O2 under the physically reasonable
assumption that kChem,O2 is independent of pH2O and kChem,H2O is independent of
pO2. The experimental results for separating kChem,H2O and kChem,O2 will be shown
below.

3.3 Experimentals

High temperature ECR studies were performed on undoped, polycrystalline ceria
using a free-standing thin-sample geometry. Commercial undoped ceria powder
(Inframat Advanced Materials, USA) was compacted into a parallelepiped by uni-
axial die-pressing at 100 MPa, followed by cold isostatic pressing at 300 MPa. The
green body was sintered at 1500 °C for 10 h, and a compact with density > 95%
of theoretical was obtained. The sample, 0.3825 g in mass, 0.56 mm in thickness,
5.48 mm in width and ∼19 mm in length, was polished down to 3 µm roughness.
In a previous analysis of the conditions of applicability of the 1-D solution to the
composition profile (embodied in Eqs. (3.2) and (3.4)), we found that the 1-D
model is valid for rectangular-shaped samples so long as the edge thickness is less
than ∼20% of next largest dimension.[21] Here, the thickness is only 10% of the
sample width, justifying the analysis according to the 1-D model. Conductivity
was measured using DC methods in a four-probe configuration. Contact was made
by tightly wrapping Pt wires around notches made at the far ends of the sample.
Gas and temperature control were provided by an in-house constructed ECR reactor
with a sample chamber of approximately 23 cm3 in volume. The sample was placed
lengthwise within the 1 cm diameter chamber. The oxygen partial pressure and
temperature were measured in situ using a zirconia based oxygen sensor (SIRO2
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C700+, Ceramic Oxide Fabricators, Australia) placed approximately 2 cm from the
sample. The relaxation behavior was characterized at 1400 °C (recorded sample
temperature) in the range of -4.3 ≤ log (pO2 / atm) ≤ -2.0, achieved by flowing mix-
tures of dry O2 and Ar. Two sets of exploratory experiments were first performed.
In the first set, the impact of sweep gas flow rate on both the steady state pO2 and
the relaxation time was examined. In the second set of exploratory experiments,
the impact of the magnitude of the step change in pO2 was examined at flow rates
high enough to ensure material-kinetic limited behavior.[80] With the conditions
for obtaining reliable material kinetic parameters and specifically kChem values de-
termined (∆ log(pO2/atm) ≤ 0.13 and F ≥ 523 sccm/g), relaxation profiles were
measured over the entire pO2 range of interest and the dependence of kChem on pO2

evaluated. Absence of solid-state diffusion contributions (from all experiments)
was established by analyzing the relaxation profiles according to Eq.(3.2) using an
in-house written Matlab code.[21] The maximum value of that was encountered
was ∼0.26, implying that DChem � a2/τ (i.e., � kapparent

Chem · a) and thus that bulk
diffusion contributes negligibly to the relaxation kinetics. Moreover, fits utilizing
Eq.(3.2) and those utilizing the simple exponential form of Eq.(3.4) yielded statis-
tically identical values of τ (and thus of kapparent

Chem ), providing further evidence of
negligible solid-state diffusion effects.[21]
For ECR measurements under humidified conditions, another sample was prepared
using undoped ceria powder (Aldrich, 211575, 99.9% purity) followed by identical
pressing and sintering processes. The relative density exceeded 96% of the theoret-
ical density, and the sintered sample was cut by low speed diamond saw (Buehler,
Isomet Low speed saw, US) to a parallelepiped and polished down to 3 µm. The
final dimension of the sample was 0.79 (thickness) × 4.71 (width) × ∼16.3 (length)
mm3, and the mass was 0.393 g. Scanning electron microscopy image (Hitachi
S4800-II cFEG SEMinstrument), Figure 3.17, reveals that the material was fully
dense with the grain size of 8.9 ± 1.8 µm.

In ECR measurements, the re-equilibrations of the conductivity were driven by the
small perturbation in only pO2 (∆pO2) or in both pO2 (∆pO2) and pH2O (∆pH2O)
as specified in Figure 3.3. The pH2O was measured by an ex-situ humidity sensor
(Hygroclip IM-1, Rotronic Instruments, UK) attached at the outlet of the chamber.
The desired pO2 was obtained by employing gas mixture of Ar/O2 at the total flow
rate of 300 sccm. The pH2Owas controlled by passing the mixture of Ar/O2 through
an oven-heated water bath held at specific temperatures. To avoid the condensation
of water, gas lines from the water bath to the ends of the line, including humidity
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Figure 3.3: The detail of experimental pO2 and pH2O conditions at 1400 °C: The
small perturbation in only pO2 (∆pO2) or in both of pO2 (∆pO2) and pH2O (∆pH2O).

sensor were heated to ∼90 °C. To obtain the almost identical pO2 in different humid-
ified conditions, i.e. different pH2Os, the mixing ratio of Ar and O2 was elaborately
controlled based on the promptly measured pO2. The pH2Os denoted in Figure 3.3
are the values at 1400 °C converted from the measured pH2Os around 90 °C. The
detail is shown in Supplemental Information.

3.4 Results and Discussion
3.4.1 Materials evaluation

A key requirement for successful ECR experiments is that the material conductivity
vary with oxygen partial pressure. As summarized in Figure 3.4, the conductivity
of ceria indeed shows a clear dependence on oxygen partial pressure (where the
latter is that recorded by the oxygen sensor). The present results are consistent
with earlier work of Blumenthal et al.[81], and the observed power law exponent
of -0.179 ± 0.001 approximately obeys the pO−1/6

2 dependence suggested from the
defect-chemical analysis reported by Tuller,[58] in which it is demonstrated that the
dominant defect species are oxygen vacancies and free electrons. The sensitivity of
the (n-type) conductivity to pO2 enables the use of relatively small step changes in
oxygen partial pressure for the ECR measurements. In particular, for a step change
in log(pO2/atm) of 0.068, a typical value utilized in this work, the conductivity
changes by about 2.8 %, which is easily detected. In addition, the conductivity was
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Figure 3.4: Total electrical conductivity of ceria as a function of pO2 at 1400 °C.
Red open circle is the conductivity measured after ∼3 days, black line shows the
best linear fit, and black filled triangle is from the work of Blumenthal et al. [81] for
comparison.

invariant over a measurement period of 3 days, indicating excellent stability of both
the sample and the electrodes, despite the very high temperature (1400 °C).

3.4.2 Influence of the magnitude of the pO2 perturbation

Conductivity relaxation profiles obtained for both oxidizing and reducing directions
are presented in Figure 3.5 (gas flow rate of 784 sccm/g) for two experimental
conditions with similar mean oxygen partial pressures of (a) 6.7 × 10-5 atm and
(b) 6.0 × 10-5 atm, but different values of |∆log(pO2)|: (a) 0.19 and (b) 0.13. At
this very high gas flow rate, gas-phase limitations are overcome. The profiles re-
veal significant difference between oxidation and reduction directions in the case of
the larger perturbation. In contrast, the pair of profiles obtained under the smaller
perturbation are very similar. The extracted kChem values for the small perturbation
experiment are (2.404 ± 0.003) × 10-5 cm/s for oxidation (kox

Chem) and (2.278 ±
0.006) × 10-5 for reduction (kred

Chem), within 5% of one another, with reduced R2

values >0.999. The large perturbation experiment yielded profiles that surprisingly
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Figure 3.5: Conductivity relaxation profiles upon oxidation and reduction under (a)
relatively large pO2 change (8.17 × 10-5↔ 5.22 × 10-5 atm), showing inequivalence
of the forward and reverse profiles and thus application of too large of a step change,
and (b) small pO2 change (6.94 × 10-5↔ 5.11 × 10-5 atm), showing almost identical
forward and reverse profiles and thus application of a sufficiently small step change.
Solid lines are the best fits to Eq. (3.3); all measurements are performed at 1400 °C
and with sufficiently high flow rate (784 sccm/g) to avoid gas-phase limitations.

were also well-described by the exponential form of Eq. (3.4). The two sur-
face reaction rate constants extracted are kox

Chem = (3.725 ± 0.021) × 10-5 cm/s (R2

= 0.998) and kred
Chem= (2.690 ± 0.002)× 10-5 cm/s (R2 = 0.999), which differ by 38%.

A substantial difference between the rate constants derived in the two directions
(as encountered for the large perturbation measurements) immediately implies that
the system is no longer in the simple linear regime. Nevertheless, the profiles, as
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noted, are well fit by a single exponential expression, a result that others have also
observed when the step change is not excessively large.[80, 82] Asymmetry between
kox

Chem and kred
Chem under large step changes pO2 has been reported previously, but

with significant inconsistencies. Wang et al.[80] found kox
Chem > kred

Chem and further
reported that the rate constant was largely determined by the value of the final oxygen
partial pressure. For a kChem that increases with increasing oxygen partial pressure,
dependence solely on the final pO2 automatically implies their result of kox

Chem >
kred

Chem. The relative values determined here may also be due to the same combina-
tion of factors (measured kChem depends on final pO2, and true kChem increases with
increasing pO2). On the other hand, Merkle and Maier report that kChem depends
on both initial and final oxygen partial pressures during oxidation, and solely on the
initial pO2 in the reduction direction (a result supported theoretically), and hence
no generalization is possible with respect to the relative magnitudes of kox

Chem and
kred

Chem.[82] In contrast, Lohne et al. predict kox
Chem > kred

Chem when gas stagnation
effects become important.[76] Most significant for the present study is that it is
possible to apply perturbations that are small enough to ensure almost equal values
between kox

Chem and kred
Chem, and hence that the system remains essentially in the linear

regime. For the subsequent measurement of kChem as a function of oxygen partial
pressure, appropriately small step changes were applied.

3.4.3 Surface reaction rate constant in dry conditions

The dependence of kChem on pO2 over the range -4.3 ≤ log (pO2 / atm) ≤ -2.0
is summarized in Figure 3.6, for measurements performed using gas flow rates of
either 784 or 1046 sccm/g and ∆log(pO2/atm) values of less than 0.13. The oxygen
vacancy content, as reported by Panlener et al.[32] is also shown in the figure
for comparison. As with all the other relaxation profiles measured in this work,
those measured in the construction of Figure 3.6 were well described by a simple
exponential form. The reduced R2 values were in all cases > 0.997 and the (error of
kChem)/ kChem was < 1.7%. The error bar reported in the figure for kChem reflects the
difference between the values measured in the oxidation and reduction directions,
whereas as that reported for pO2 reflects the perturbation range. The equivalence of
the results at 784 and at 1046 sccm/g demonstrates that across the entire pO2 regime
of measurement, the relaxation behavior was free of gas-phase limitations.
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Figure 3.6: The surface reaction rate constant, kChem, for the oxidation/reduction
of undoped ceria as a function of pO2 at sufficiently high flow rates (784 and 1046
sccm/g) at 1400 °C. Shown for comparison is also the oxygen non-stoichiometry,
δ, as reported by Panlener et al.,[32] on a comparable log scale. The vacancy
concentration is given by δ, whereas the electron concentration is given by 2δ.

All values of kChem in Figure. 3.6 lie on a single straight line expressed as

log
(
kChem/cm · s−1

)
= (0.84 ± 0.02) × log (pO2/atm) − (0.99 ± 0.05) (3.15)

The power dependence observed here (with a power law exponent m of 0.84 ± 0.02)
is unusual in its magnitude, lying at the extreme upper end of the range of values
reported for other mixed ion and electron conductors.[83] It is also unusual in that it
reflects the properties of an n-type material catalyzing the reaction between gaseous
O2 and oxygen ions in the solid state. Globally, this can be expressed in Kroger-Vink
notation[83–85] as

O2(g) + 2V••O + 4e′ 
 2O×O (3.16)

In the much more commonly examined p-type materials used in the cathodes of
solid oxide fuel cells, the reaction is typically expressed as

O2(g) + 2V••O 
 2O×O + 4h• (3.17)
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reflecting the greater abundance of holes (h•) than free electrons. In those materials,
a positive m (reported values range from 0.14 to 0.82) coincides with an increase
in the concentration of the dominant electronic defects with increasing oxygen
partial pressure.[21] It has been suggested that m � 3/4 (for a system with hole
concentration that depends on oxygen partial pressure according to a 1/4 power law
exponent, and with a low adsorbate coverage as is typical of high temperatures)
occurs when reduction of diatomic oxygen from the superoxo to the peroxo species
is the rate-limiting step, specifically[86]

O−2,ad → O2−
2,ad + h+ (3.18)

Although the discussion is nominally based on an evaluation of p-type conductors,
this result is, in principle, independent of the nature of the dominant electronic
species. Moreover, such a reaction can be rate-limiting even when monoatomic
oxygen ions (O−ad), entropically favored at high temperatures, are the predominant
adsorbate species. Whether this interpretation can be applied to the behavior of
high-temperature, undoped ceria, in which the dominant electronic defects are elec-
trons and the pO2 power law exponent describing the concentration of the minority
hole species is ∼0.18, remains uncertain. Not only is the defect chemistry substan-
tially different, but also the extent of the experimental data is somewhat limited to
support a detailed mechanistic model.

3.4.4 Surface reaction rate constant in humidified conditions

The relaxation profiles in electrical conductivity are presented in Figure 3.7 and
Figure 3.8. To confirm that the experiments were performed in the material-kinetic
limit, not in the gas-phase limit due to insufficient supply of sweep gas considered
as oxidants/reductants, the effect of gas flow rates on the relaxation profiles was
examined in the humidified and dry atmospheric conditions, respectively (Figure
3.18). The relaxation behavior was independent of the flow rate, therefore it verifies
that the overall reactions were limited by the material-kinetics, and the gas supply
of 300 sccm was sufficient to avoid gas-phase limitation in this study.

All of the relaxation profiles are well described by the exponential decay expression
in Eq. (3.12) with reduced R2 > 0.997 and (error of kChem)/kChem < 1.1 %, which



55

Figure 3.7: Normalized conductivity relaxation profiles along (a) reduction to the
identical condition, and (b) oxidation to different pH2O but same pO2 conditions.
The detail of pO2 and pH2O values is specified as denoted in the graph at the top of
each. Solid lines in the relaxation profiles are the best fits to Eq. (3.14).

means that the redox reaction is limited only by the surface reaction. The values of
kChem at pH2O = ∼0, i.e. kChem,O2 , show good agreement with the value obtained
from previous dense sample for dry conditions. (Figure 3.19), and those lie on a
single straight line expressed as:

kChem,O2/cm · s−1 = 10−(1.14±0.04) · (pO2/atm)0.79±0.01 (3.19)

For the reduction reaction, as Wang et al. and Merkle et al. pointed out that the
reaction rate is largely determined by the value of the final gas atmosphere,[80,
82] the relaxation profiles in the identical final pO2 and pH2O conditions show
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Figure 3.8: Normalized conductivity relaxation profiles along (a) reduction to the
identical condition, and (b) oxidation to the different pH2O conditions. Solid lines
in the relaxation profiles are the best fits to Eq. (3.14).

the same profiles regardless of initial pO2 and pH2O as presented in Figure 3.7(a)
and Figure 3.8(a). For the oxidation reaction as shown in Figure 3.7(b), there is
a clear increase in the relaxation rate in the humidified condition compared to the
rate in the dry condition, and the magnitude of enhancement in the rate becomes
smaller as pO2 approaches to the higher at fixed pH2O (∼ 0.16 atm). Furthermore,
Figure 3.8(b) shows that the relaxation rate is enhanced as pH2O increases from
∼0 to 0.17 atm at fixed pO2 (10-3.42 atm). This behavior is clearly seen in Figure
3.9, showing the kChem,tot values which are extracted from the relaxation profiles
in the oxidation reaction. As discussed in the part of theory, the assumption of
kChem,H2O= f (pH2O) , f (pO2) and kChem,O2= f (pO2) , f (pH2O) enables one to
extract kChem,H2O from two different values, which are kChem,tot obtained at pH2O =
∼0 (=kChem,O2) and kChem,tot in the humidified conditions. From this approach, the
extracted kChem,H2O in the construction of Figure 3.10 as a function of pH2O tends to
increase with pH2O. By taking a linear fit to all values of kChem,H2O, the expression
gives a correlation of
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Figure 3.9: The total surface reaction rate constant, kChem,tot, for the oxidation of
ceria extracted from conductivity relaxation profiles in Figure 3.8(b) and 3.9(b) at
1400 °C.

kChem,H2O/cm · s−1 = 10−(3.86±0.02) · (pH2O/atm)0.31±0.02 (3.20)

By combining Eq. (3.19) and (3.20), is generalized as

kChem,tot/cm · s−1 =(kChem,O2/cm · s−1) + (kChem,H2O/cm · s−1)

=10−(1.14±0.04) · (pO2/atm)0.79±0.01

+ 10−(3.86±0.02) · (pH2O/atm)0.31±0.02

(3.21)

and the three kChem results as a function of pO2 and pH2O are displayed in Figure
3.11 all together with the experimental results. As a reminder, the result is applied
only to the material-kinetic limited condition. The experimental conditions in this
study satisfy the followings: i) the oxide has enough driving force to dissociate H2O
for taking the oxygen from H2O due to relatively high temperature and/or low pO2,
and therefore two oxidants (O2, H2O) participate in the oxidation reaction of the
oxide; ii) enough oxidants are supplied (i.e., sufficiently high molar gas flow rate per
mole of oxide) compared to the absolute oxygen nonstoichiometry change driven
by the perturbation in pO2. More precisely regarding the judgement of the enough
amount of supplied oxidants, 2 × pO2 × (gas flow rate) would be regarded as the
supplied amount of oxygen from O2 gas per unit time. For H2O, pO2 × ψ × (gas
flow rate) would be the supplied oxygen from H2O if the oxide reacts with all of
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Figure 3.10: The surface reaction rate constant relevant to H2O, kChem,H2O, for the
oxidation of ceria as a function of final pH2O at 1400 °C.

the supplied H2O. This understanding guides how to interpret the oxidation kinetics
in thermochemical fuel production both through temperature swing and pressure
swing modes, as well as in the surface reaction study as the fundamental material
evaluation. For example, in the thermochemical cycling through the pressure swing
at which the oxide is reduced at high temperature (∼1500 °C) and then exposed to
the humidified atmosphere at the identical temperature, the surrounding will be the
mixture of H2O and O2 due to the thermolysis of H2O. Therefore, the oxidation
kinetics, if the supplying gases are sufficient to overcome the gas-phase limit, will
be controlled by kChem,tot, which is the sum of kChem,O2 and kChem,H2O.

For the thermochemical cycling through the temperature swing at which the oxide
is reduced at high temperature (∼1500 °C) and then exposed to the humidified
atmosphere at low temperature (∼800 °C), the initial state of the oxide at low
temperature is assigned to the relatively large nonstoichiometrywhich is equilibrated
in low pO2 at that temperature (the effective pO2 of ∼10-21 atm at 800 °C for ceria),
and therefore the oxide potentially dissociate H2O for taking the oxygen from that.
It implies that the oxidation kinetics will be identified by kChem,H2O. In a similar
way, if one tries to examine the surface reaction rate constant of the material by
the chemical relaxation methods (e.g., electrical conductivity relaxation or mass
relaxation) in very reduced atmosphere obtained by flowing H2/H2O/Ar or CO/CO2

mixtures, the overall oxidation reaction will be controlled by kChem,H2O or kChem,CO2 ,
not by kChem,O2 , because i) the supplied amount of O2 is not sufficient in such a low



59

Figure 3.11: The three surface reaction rate constants, kChem,O2 (in Eq. (3.19), red
straight line), kChem,H2O (in Eq. (3.20), blue straight lines), and kChem,tot (in Eq.
(3.21), black curved lines) of oxidation reaction, respectively, in comparison with
the experimentally obtained kChem,tot for the oxidation reaction as a function of pO2
and pH2O at 1400 °C.

pO2 regime and ii) thematerial has strong thermodynamic driving force to dissociate
H2O or CO2 as anticipated in Figure 3.1(b). It implies that pH2O or pCO2 would
be decisive parameters governing the overall oxidation reaction in such a reduced
atmosphere. Significantly, Yashiro et al.[25] and Lane et al.[12] already suggested
that surface reaction rate is not directly related to oxygen partial pressure but depends
on the gas species. To sum, the surface reaction rate of the nonstoichiometric oxide
is not only a function of temperature and pO2, but also a function of pH2O in certain
conditions such as high temperature and/or low oxygen partial pressure.
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3.5 Conclusions

The surface reaction constant of undoped ceria, accurately measured at 1400 °C un-
der high gas flow rates, displays a surprisingly steep dependence on oxygen partial
pressure, with a power law exponent of 0.84 ± 0.02 in the range of -4.3 ≤ log(pO2 /
atm) ≤ -2.0. Under these conditions, the dominant defect species, oxygen vacancies
and free electrons, both decrease in concentration with increasing pO2, suggesting
other factors are at play. This result appears to be amongst the first reports of kChem
for the direct reaction of an n-type oxide with oxygen. By analogy to p-type conduc-
tors, we speculate that the rate-determining step involves diatomic oxygen species.

The kChem was also investigated as a function of pH2O via ECR. The conduc-
tivity relaxation profiles driven by small perturbation in even in both of pO2 (∆pO2)
and pH2O (∆pH2O) were well explained by the simple exponential decay expression
at which only one kChem value was contained. From the fact that the total oxygen flux
at the interface of gas/solid is a simple sum of each flux sourced from O2 and H2O,
it is shown that kChem in the humidified conditions consists of a sum of kChem,O2 and
kChem,H2O. From this correlation, kChem,O2 and kChem,H2O were successfully sepa-
rated in the range of (∼0 ≤ (pH2O / atm) ≤ ∼0.16) and (10-3.85 ≤ log (pO2 / atm) ≤
10-2.86). This result implies that the surface reaction rate of the nonstoichiometric
oxide is not only a function of temperature and pO2, but also a function of pH2O in
certain conditions such as high temperature and/or low oxygen partial pressure; thus
one should carefully consider pH2O as another thermodynamic parameter affecting
the surface reaction rate.
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Supplemental Information of Ch.3

Influence of flow rate

Relaxation profiles obtained as a function of gas flow rate are presented in Figure
3.13 over the range of 78 to 523 sccm/g. A clear increase in the relaxation rate with
increasing flow rate is evident. The largely flow-rate independent characteristics
of the reactor alone, Figure 3.16 (Supplemental Information), justify attribution of
this behavior to the material and its interaction with the reactant gas. All of the
relaxation profiles were well described by the exponential form with reduced R2

values >0.9997 and (error of τ)/τ < 0.2%. The quality of the fit to the lowest flow
rate (78 sccm/g) and the highest flow rates (523 sccm/g) data sets are shown in
Figure 3.13(b) as representative examples.

The resultant set of relaxation time constants are summarized in Figure 3.14, along
with the behavior predicted at low flow rate for a gas-phase limited process and
at high flow rate for a surface-reaction limited process. The τ are indeed flow-
dependent at low flow rates (78–418 sccm/g) and flow-independent at high flow
rates (418–523 sccm/g). However, the low flow regime does not match the thermo-

Figure 3.12: Schematic illustration of the time constant as a function of the flow
rate under the gas-phase limit and the surface reaction limit.
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Figure 3.13: Conductivity relaxation behavior at 1400 °C for a pO2 switch from (1.6
± 0.2) × 10-3 to (9.1 ± 1.0) × 10-4 atm: normalized conductivity relaxation profiles
at (a) various flow rates (78 to 523 sccm/g), and (b) 78 and 523 sccm/g. Solid lines
are the best fits to the exponential decay function.

dynamic expectation, and moreover, the transition between the two regions is much
more gradual than shown schematically on Figure 3.12. The deviation is attributed
to the strong likelihood that only a small portion of the gas interacts with the solid
as it passes through the reactor, and thus the effective gas flow rate per unit mass
of oxide is much lower than the supplied value. Indeed, given the small width of
the sample (5.48 mm) relative to the 1 cm inner diameter of the reaction chamber
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and an estimated gas-phase diffusion coefficient of O2 in the O2–Ar mixture of 4.5
cm2s-1 at 1400 °C,[72] it can be readily computed that a residence of time of at least
0.26 s is required for the gas at the periphery of the reactor to come in contact with
the center of the sample. Achieving such a residence time over the 1.9 cm length of
the sample, in turn, requires a gas velocity of ≤7.3 cm/s, equivalent to a flow rate of
≤35 sccm. The utilized flow rates are much higher, consistent with the suggestion
that kapparent

Chem is lowered from the theoretical value because the gas does not fully
interact with the sample.

A key conclusion to be drawn from these flow rate dependent measurements is
that at high flow rates material kinetic properties can successfully be accessed. The
exponential form of the relaxation profile observed here in the flow-rate indepen-
dent regime implies that the surface reaction step dominates the relaxation behavior,
with negligible contribution from solid-state diffusion (i.e., DChem � kChem·a under
these measurement conditions). Significantly, the profiles continue to obey an ex-
ponential form even when gas flow rate is important, as predicted from an analysis
of gas-phase limited dynamics. While seeking out flow-rate independent behavior
seems, perhaps, self-evident as a minimum criterion for determining whether true
material behavior has been measured,[87] documentation of such behavior appears
relatively rare. Moreover, Lohne et al. have gone so far as to suggest that, at high
temperatures and low oxygen partial pressures, flow rates (specifically, gas phase
velocities) cannot be made large enough to avoid experimental artifacts resulting
from unfavorable gas dynamics, in turn, caused by uptake or release of oxygen
from the oxide.[76] On the basis of numerical simulations, the authors conclude
that boundary layer effects, which create a gradient in gas composition from the
sample surface to elsewhere in the gas phase, cannot be overcome, implying that
plateau behavior cannot be observed. The results obtained here, in which a plateau
clearly emerges, demonstrate that, in fact, even at high temperatures and relatively
low oxygen partial pressures (<10-3 atm), kinetic properties can be determined by
ECR methods. The discrepancy between the two works likely results because the
oxygen release from ceria under the present experimental condition is not as large
as that for the material and conditions considered by Lohne et al.[76] Furthermore,
the carrier gas used here is Ar, which leads to a relatively high gas-phase diffusivity
and diminishes boundary layer effects.

In the absence of a priori knowledge of the material properties, a simple way
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Figure 3.14: The time constant as a function of flow rate derived by fitting to an
exponential decay (Eqns. (3.3) or (2.4)). The dotted lines are expected trends under
the gas-phase limit (blue) and the surface reaction limit (red). The solid curve is a
visual guidance for the measured values.

to distinguish the two types of behaviors is to evaluate the impact of flow rate (F)
on the time constant (τ). Whereas τ is insensitive to F when the material is limited
by surface reaction kinetics, it is inversely dependent on F when the system is un-
der gas-phase control. The situation is depicted schematically in Figure 3.12. As
indicated in the figure, one can expect 1/τ to vary linearly with F up to a value, F tr,
at which Z = kChem/a. This equality yields

Ftr

mCeO2

=
kChem

a
Ptot

2MCeO2

(
−
∂pO2(δ)

∂δ

����
δ=δf

)−1

(3.22)

where mCeO2 is the total mass of the oxide, MCeO2 is the molar mass of the oxide,
and nCeO2 ≈

mCeO2
MCeO2

. Although not exploited in this work, it is noteworthy that this
transition flow rate depends not only on the sample mass, but also on the sample
thickness (2a).

Knowledge of the surface reaction rate across the oxygen partial pressure regime
of interest, in combination with the known redox thermodynamics of ceria, enables
a precise evaluation of the transition flow rate expected to delineate gas-phase and
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material-kinetic limited regimes. An approximate solution for F tr(pO2) can be ob-
tained by insertion of Eq. (3.15) into Eq. (3.22). A more precise solution, valid
beyond the constraint of pO2(δ) � Ptot, can be obtained by numerical treatment of
Eq. (3.23).

∂δ

∂t
=

2F
nCeOx

(
pO2(δ) − pOin

2
Ptot − pO2(δ)

)
(3.23)

where F is molar flow rate of gas, nCeOx is the total moles of the oxide (taken here to
be ceria), Ptot is the total pressure of gas, and pOin

2 is the oxygen partial pressure sup-
plied upon application of the perturbation. The term pO2(δ) is the time-dependent
oxygen partial pressure of the gas inside the reaction chamber, in equilibrium with
the solid of oxygen content δ.

The results of these two methods of computing F tr(pO2) are presented in Fig-
ure 3.15(a), and a schematic illustrating the expected behavior of the relaxation time
as a function of flow rate at different pO2 values presented in Figure 3.15(b). For
the conditions explored (1400 °C with pO2 ranging from 10-4.5 to 10-1.5 atm) the
two methods of calculation produce essentially identical results. More significantly,
it is evident that the gas flow rates required to ensure that gas phase limitations are
overcome increase dramatically with decreasing oxygen partial pressure. This is
a consequence of the redox thermodynamics of ceria, in which the magnitude of
dpO2/dδ decreases with decreasing pO2, causing the slope in the flow rate depen-
dent regime of 1/τ (= Z) to decrease. In principle, the decreasing value of kChem
with decreasing pO2, Figure 3.6, would shift F tr(pO2) to lower flow rate, but this
effect is overwhelmed by the thermodynamic behavior. Along with the computed
curves, shown in Figure 3.15(a), is the flow rate at which the relaxation behavior
was observed to become independent of flow rate. As noted above, this substantial
difference is tentatively attributed to a large volume of gas flowing past the sample
without interacting with it, in other words, insufficient mixing in the gas phase as
a consequence of limited mass transport in the gas. Overall, it is apparent that
identification of a suitable flow rate for one set of experimental conditions may
not be sufficient to ensure that gas-phase limitations have been overcome for all
experimental conditions of interest.
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Figure 3.15: (a) Theoretically calculated flow rate at a transition point from the
gas-phase to the surface reaction limits for undoped ceria within the range of pO2
from 10-4.5 to 10-1.5 atm at 1400 °C. Red circles are calculated from numerical
treatment of Eqn. (3.23), the solid curve is from Eqn. (3.22), and the blue open
square is the value experimentally observed in Figure 3.14. (b) 1/τ vs. flow rate at
pO2 = 10-3, 10-3.5, and 10-4 atm. The dotted vertical lines indicate the flow rate at
the transition point for each value of pO2.
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Impact of flow rate on steady state pO2 of experimental apparatus

As shown in Figure 3.16(a), for the majority of the experimental conditions, the
measured oxygen partial pressure coincided with the supplied value. At the lowest
flow rates, however, the actual pO2 in the system deviates somewhat from the nom-
inal value, as shown for two representative values of (1.59 ± 0.02) × 10-3 and (7.82
± 0.14) × 10-4 atm. This is a result of slight leaks becoming important relative to
the volume of gas supplied. The greatest deviation of ∼ 40% is smaller, by about a
factor of 2, than the typical step change in pO2 employed in this study. Thus, the
impact of the deviation of the actual pO2 from the nominal value is negligible.

The influence of slight leaks on the reactor flush time is also greatest at low gas
flow rates. Shown in Figure 3.16(b) are the normalized pO2 profiles for relatively
large step changes between 8.0 × 10-4 and 1.6 × 10-3 atm (|∆log(pO2/atm)| = 0.30).
Under these conditions, the reactor response time-constant (τ), established by fitting
an arbitrary exponential profile of the form of Eq. (3.3), reaches a stable value of ∼
10 s for flow rates of 100 sccm and higher. At the lowest flow rate, the time constant
rises slightly to ∼ 12.5 s. The shortest material response time encountered in this
work was ∼ 103 s, almost an order of magnitude larger than the longest reactor
response time, indicating that the material rather than reactor behavior was captured
over the entire range of conditions evaluated.

The results presented in Figure 3.13 and 3.14, showing a relaxation time con-
stant that is dependent on flow rate might, at first glance, be attributed to an artifact
of the increasing influence of leaks at low flow rates. For such an explanation to
apply, it would require that kChem decrease with increasing oxygen partial pressure.
However, as shown in Figure 3.6 , the surface reaction rate increases with increasing
pO2, and hence leaks cannot be responsible for the observed behavior.
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Figure 3.16: Impact of flow rate on steady state oxygen partial pressure and on
the time scale of response of the experimental apparatus to step changes in oxygen
partial pressure: (a) Variation in steady state oxygen partial pressure as a function
of flow rate (as recorded by the in situ oxygen sensor) for nominal input pO2 values
as specified and also indicated by the horizontal dashed lines; (b) reactor relaxation
profiles as a function of flow rate for switching between (1.59 ± 0.02) × 10-3 and
(7.82 ± 0.14) × 10-4 atm. Inset shows reactor relaxation times. All measurements at
T = 1400 °C. The range of flow rates examined, where 30 to 200 sccm correspond,
for a typical sample mass of 0.38 g, to mass normalized flow rates of 78 to 523
sccm/g.
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Calculation of pH2O
For converting pH2O at ∼90 °C to that at 1400 °C, the reaction of thermolysis
of H2O(g) is considered as below. Hereafter, subscripts LT and HT indicate the
measured at low and high temperature, respectively.

H2O(g) → H2(g) + 1/2O2(g)

initial (90 °C)
change

(pH2OLT/ptot)

- x
∼ 0
x

(pO2,LT/ptot)

1/2x

final (1400 °C) (pH2OLT/ptot)−x x (pO2,LT/ptot) + 1/2x
(3.24)

where ptot is total pressure considered as 1 atm here, pO2,LT is the oxygen partial
pressure at ∼90 °C which is unknown, and x is the concentration of H2O consumed
by thermolysis. The pH2OLT pO2,HT are the experimentally measured values by
the ex-situ humidity sensor (∼ 90 °C) and in-situ oxygen sensor (1400 °C) at total
pressure of 1 atm, therefore,

pO2,HT

ptot
=

pO2,LT + (1/2x · ptot)

ptot + (1/2x · ptot)
(3.25)

pH2OHT

ptot
=

pH2OLT − (x · ptot)

ptot + (1/2x · ptot)
(3.26)

The expression for the thermodynamic equilibrium constant, KH2O, for reduction
reaction at 1400 °C is given

KH2O,red(1400oC) =
x · [(pO2,LT/ptot) + 1/2x]

1/2

(pH2OLT/ptot)−x
(3.27)

By solving simultaneous equations of Eq. (3.25) and (3.27) for pO2, LT and x, pH2O
at 1400 °C is simply calculated by Eq. (3.26). The results for actual experimental
conditions are summarized in Table 3.1.
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Table 3.1: Thermodynamic calculation of pH2O at 1400 °C

pO2 at 1400 °C / atm
(in-situ)

pH2O at 90C/atm
(ex-situ)

pO2 at 90C
(calculation)

pH2O at 1400 °C / atm
(calculation)

2.258×10-4 0.1640 1.455×10-4 0.1638
3.850×10-4 0.1743 3.195×10-4 0.1742
3.922×10-4 0.0750 3.643×10-4 0.0749
3.783×10-4 0.0232 3.695×10-4 0.0232
7.694×10-4 0.1519 7.291×10-4 0.1518
1.378×10-4 0.1637 1.345×10-4 0.1636

Figure 3.17: SEM micrograph of surface of dense ceria.
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Figure 3.18: Normalized conductivity relaxation profiles at various flow rates (a) in
dry and (b-c) humidified atmosphere at 1400 °C.
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Figure 3.19: Surface reaction constant of O2, kChem,O2 , of ceria as a function of pO2
at 1400 °C obtained from the best fits to the relaxation profiles in Figure 3.7.
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C h a p t e r 4

MATERIAL-KINETIC PROPERTY AT MODERATE
TEMPERATURE: MASS RELAXATION METHOD

4.1 Introduction

The electrical conductivity relaxation method is perhaps the most widely employed
among the available methods for determining kChem (along with the chemical diffu-
sion coefficient, DChem) because of the ease with which high precision conductivity
measurements can be made using samples of almost arbitrary dimensions. In some
instances, however, mass changes in a material may occur in response to a change
in oxygen partial pressure without a concomitant change in conductivity. This will
occur, for example, in a predominant electronic conductor which displays a Brouwer
region of n = p (where n is the free electron concentration and p is the hole concen-
tration) despite a variable concentration of the minority ionic defects, specifically,
oxygen vacancies, within that regime. For such a material, an alternative method
is required. A mass relaxation experiment can provide the required sensitivity and,
moreover, offers the possibility of directly yielding the oxygen content as a function
of thermodynamic conditions.

To date, mass relaxation experiments have been performed using conventional ther-
mogravimetric analyzers. [24–26, 88] This approach suffers, however, from two key
drawbacks. The first is about the gas flow configuration such that a step change in
oxygen partial pressure cannot be readily applied to the material; upstream mixing
typically creates a less sharply defined oxygen partial pressure profile. The second is
that the change in gas composition introduces a change in buoyancy that is recorded
by the instrument as a mass change, which becomes convoluted with the true mass
change. Additional challenges arise from the need to use a large sample to record a
detectable mass change. This requirement can result in an undefined spatial gradient
in oxygen concentration about the sample, and may also preclude measurement of
kChem, which requires use of thin samples with short-to-negligible diffusion lengths.

In this work, a new system for precise mass relaxation studies is introduced, and
a proof-of-principle study is carried out using 10% praseodymium-doped ceria
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(10PCO). The new methodology relies on the use of a piezocrystal microbalance for
measurement of small mass changes in a thin film of the oxide. As quartz loses its
piezoelectric properties above 573°C [89] and becomes largely unusable for thin-
film mass sensing above 300°C, [90] this system is based on gallium phosphate,
which remains in the appropriate crystalline phase to about 970 °C. [91, 92] Mea-
surements are made here at a temperature of 700 °C and an oxygen partial pressure
range 10-4 to 10-2 atm, across which 10PCO undergoes measurable stoichiometry
changes but exhibits regions of negligible conductivity change. [93] The newly
developed experimental station displays very short flush times and has the preci-
sion required to perform accurate mass relaxation studies for extraction of material
kinetic parameters. By use of a thin-film sample, the relaxation profiles directly
yield the surface reaction constant, without need for intensive fitting to the data to
deconvolute kChem from DChem.

4.2 Backgrounds

Piezocrystal microbalances are routinely used to measure the mass of a thin film.
Deposition of a film on a piezocrystal induces a shift in the bulk shear wave reso-
nance frequency relative to that of the crystal alone.[91] The composite resonance
frequency, fR (that of the system composed of the crystal and the film), is a function
of the masses of the crystal and film, their shear-mode acoustic impedances, and
the specific measurement geometry.[94] An exact solution has been reported for
a one-dimensional geometry in which the film is additionally treated as a purely
mechanical resonator, with no electrical influence on the piezoelectric behavior of
the crystal. [95–98] This treatment is the basis of the Z-match method employed
in modern quartz crystal monitors of film thickness in commercial film growth sys-
tems.[99] If the relevant material properties are known, the mass (and hence film
thickness) measurement is accurate over shifts in frequency up to several tens of
percent.[100, 101] In practice, however, due to the poor availability of shear mod-
ulus values which enter into the acoustic impedance, film thickness monitors are
typically employed in conjunction with direct experimental calibrations, a procedure
that must be periodically repeated due to continuous addition of deposited film from
one growth to the next.[99]
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When film thickness is small, the shift in frequency is also small, and the rela-
tionship between mass and frequency can be treated as linear.[102] Similarly, even
if a film is already deposited on a piezocrystal, application of a small amount of
additional mass to the composite system results in an approximately linear response
as evident, for example, from the relationship between film mass and frequency
shift, reported for a range of systems in the comprehensive analysis by Benes.[98]
In this study, oxygen nonstoichiometry, δ, changes of less than 0.035 are explored,
corresponding to film mass changes of just 0.33 % and much smaller changes in
the mass of the composite system. Thus, even for a high mismatch in acoustical
impedance between crystal and film, the resulting small-frequency shifts are safely
treated as proportional measures of changes in mass (and hence in stoichiometry).
Accordingly, the change in resonance frequency with time during the relaxation ex-
periment directly yields the change in nonstoichiometry with time, a result expressed
as

fR(t) − fR(0)
fR(∞) − fR(0)

=
mF(t) − mF(0)

mF(∞) − mF(0)
=

δ(t) − δ(0)
δ(∞) − δ(0)

(4.1)

where t = 0 corresponds to the initial state, t = ∞ to the final state, and mF is the
mass of the film. Two piezoelectric materials have been considered in the literature
for mass sensing at elevated temperatures: langasite (La3Ga5SiO14) and gallium
orthophosphate (GaPO4).[92] The latter, whose piezoelectric phase is isostructural
to α-quartz, has recently become commercially available as a piezoelectric ma-
terial.[91] In addition to its high Curie temperature, it displays, for appropriate
orientations, a relatively temperature-insensitive resonance frequency over a large
range of temperatures.[103] Furthermore, it has a high electromechanical coupling
constant, about twice as high as AT-cut quartz.[104] The few instances in which
GaPO4 has been utilized for high-temperature monitoring of mass changes demon-
strate its promise for the present application. [90, 105, 106]

Praseodymium-doped ceria has recently been suggested as a high-productivitymate-
rial for solar-driven thermochemical generation of hydrogen, with 10 % Pr showing
optimal performance.[107] As a consequence of the variable valence of Pr, this
system has also been the subject of several electrochemical studies.[93, 108–111]
The defect chemical properties of the specific composition 10PCO have been com-
prehensively evaluated in the context of its consideration as a cathode in solid oxide



76

fuel cells.[93] At temperatures between 600 °C and 900 °C and oxygen partial pres-
sures of ∼ 10-6 to ∼ 10-12 atm, Pr is almost fully reduced (to 3+) and Ce is almost
fully oxidized (to 4+). Under these conditions, the stoichiometry can be approxi-
mated as Ce0.9Pr0.1O1.95 and the material is a predominant ionic conductor with a
pO2-independent conductivity. Under higher oxygen partial pressures, Pr becomes
increasingly oxidized to the 4+ state, generating non-negligible hole conductivity via
the Pr impurity band; simultaneously, the oxygen vacancy concentration decreases,
lowering the ionic conductivity. These opposing conductivity changes result in an
oxygen partial pressure regime (between 10-4 and 10-2 atm, depending on temper-
ature) over which the oxygen stoichiometry changes but the conductivity, within
sensitivity limits, does not. These are precisely the conditions at which a mass
relaxation experiment can reveal kinetic properties that a conductivity relaxation
experiment cannot. The measurements performed here encompass this pO2 range
as well as more oxidizing conditions. Interestingly, at the highest oxygen partial
pressures, the conductivity becomes dominantly n-type (with a conductivity that
decreases with increasing pO2) because the Pr impurity band within the band gap
of the host oxide is almost filled.

In principle, a relaxation experiment can yield both the surface reaction and bulk
chemical diffusion coefficient of a redox active oxide. The solutions describing
the manner in which the oxygen stoichiometry varies with time and position across
such an oxide (when the step change in oxygen partial pressure is sufficiently small
as to justify an assumption of a linear response) are well known.[57] When the
diffusion length is small relative to the characteristic length defined by the diffusion
coefficient and surface reaction constant, the material response will be dominated
by the surface reaction step. For a film of thickness a, this criterion becomes a �
LC = DChem/kChem and, when it is obeyed, the solution to the 1-D mass relaxation
problem reduces to

δ(t) − δ(0)
δ(∞) − δ(0)

= 1 − exp
(
−

kChem

a
t
)

(4.2)

Chen et al. have reported LC of 10PCO to be ∼ 3.6 × 103 µm at 670 °C, [111]
implying that in a 10 µm-thick film, bulk mass diffusion will play no role in limiting
the relaxation behavior. Thus, a fit of the functional form of Eq. (4.2) to the nor-
malized resonance frequency profile, which is directly proportional to the oxygen
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stoichiometry profile, Eq. (4.1), will yield the surface reaction constant.

4.3 Experimentals

Commercial y-11.1° cut GaPO4 piezocrystal (R-30, Piezocryst GmbH, diameter of
13.97 mm, thickness of 200 µm) with ∼1 µm thick Pt electrodes covering over
almost entire front side and deposited as a double-anchor shape at the back side
was used as a mass sensor by detection of bulk shear waves, in Figure 4.1(a). The
GaPO4 crystal with Pt electrodes was annealed at 800 °C for 24 hours in stagnant air
prior to deposit 10PCO film on the Pt electrode for improving the surface quality of
the Pt electrodes. The 10PCO target for pulsed laser deposition (PLD) was prepared
using the following procedure: the 10PCO powder was synthesized by a combined
EDTA/citric acid chemical solution process. The powder was uniaxially pressed at
62 MPa and subsequently at 300 MPa for 20 minutes in a cold isostatic press, then
sintered at 1400 °C for 10 h in stagnant air. Dense columnar film of 10PCO were
grown on Pt electrode at the front side of GaPO4 crystal by PLD using a Neocera
PLD system equipped with a 248 nm KrF excimer laser. The laser energy was set
at 300 mJ/pulse and the deposition frequency at 10 Hz under 10 mTorr of O2 at
the substrate temperature of 700 °C. The deposition was carried out by performing
20 sets of 25000 laser shots on the target, with 30 minutes breaks between each
set. It resulted 6.2 µm thick film as shown in Figure 4.1(b). The cross-sectional
image and surface morphology of the 10PCO film obtained by scanning electron
microscopy (Hitachi S4800-II cFEG Scanning Electron Microscope) and atomic
force microscopy (Bruker Dimension FastScan Atomic Force Microscope, Biller-
ica, MA, USA). Crystal structure of the film was confirmed by X-ray diffraction
(Rigaku Ultima IV, CuKa, Tokyo, Japan). The overall configuration of the sample
is depicted in Figure 1(a). Zirconia-based oxygen sensor (MicroPoas®, Setnag)
integrated with S-type thermocouple was positioned beneath the crystal for the real-
time measurement. The resonance frequency of the crystal was measured at a rate
of 10 Hz by piezocrystal monitor (STM-2, Inficon).
The mass relaxation measurements under small redox driving force (i.e. sufficiently
small change in pO2, |∆log(pO2 / atm)| < 0.3) for extracting kChem were carried out
at 700 °C in a range of ∼ 10-4 ≤ pO2 / atm ≤ ∼ 10-2.
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Figure 4.1: The GaPO4 piezocrystal mass sensor: (A) Schematic cross-section
without 10PCO thin film, and (B) with 10PCO thin film, showing from top to bottom
10PCO thin film, front/top side Pt electrode (almost fully covering the crystal),
GaPO4 crystal, and back/bottom side Pt electrode (double-anchor shape), and plan
view technical drawings specifying front- and back-side Pt electrode dimensions as
given by the manufacturer.[112]

4.4 Results and Discussion

TheGaPO4 crystal with Pt electrodes prior to deposit 10PCOfilm on the Pt electrode
was annealed at 800 °C for 24 hours with tracking the resonant frequency, and
then the temperature decreased to 700 °C with tracking the frequency as well. In
Figure 4.2, the resonant frequency continuously decreased along time, but after the
exposure at 800 °C for 24 hours, the frequency was quite stable at 700 °C, which is
the temperature for the actual mass relaxation test for 10PCO film. This seems to
be due to the morphology change of Pt electrodes such at 800 °C, and actually the
SEM images of the surface of the Pt electrode (Figure 4.3) show that the surface
quality was improved after this heat-treatment.
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Figure 4.2: Resonant frequency drift of GaPO4 crystal with Pt electrodes without
10PCO film against time at (a) 800 °C and (b) 700 °C.

A set of reference data were collected at a set temperature of 700°C using a bare
gallium phosphate crystal ontowhich thick Pt electrodes had been applied to evaluate
the system characteristics. The temperature, oxygen partial pressure, steam partial
pressure, and resonant frequency were recorded over a period of 40 min, Figure 4.4.
The temperature fluctuations were found to be ± 0.2 °C; no fluctuations in resonance
frequency accompanied these minor temperature fluctuations.

Step changes in pO2 between 10-2 and 10-3.5 atm were achieved within about 1 sec-
onds. A slightly longer time scale for changing steam partial pressure is associated
with the downstream location of the humidity sensor. Significantly, there is no de-
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Figure 4.3: SEM images of Pt electrode surface (a) before and (b) after heat treatment
at 800 °C for 24h followed by 700 °C for 24h.

tectable influence of oxygen partial pressure on the measured resonance frequency.
This pO2-independent frequency response is critical for successful implementation
of gallium phosphate for mass relaxation studies where the change in mass is due
to changes in pO2. While steam partial pressure seemed to influence fR, pH2O
was not varied in the experimental measurement of film properties and hence is not
important here.

Cross-sectional and surface images of the 10PCO film obtained by scanning elec-
tron microscopy and atomic force microscopy are shown in Figure 4.5 and 4.6,
respectively.

The SEM images reveal that the film is dense and of relatively uniform thickness,
despite the somewhat undulating topology of the underlying GaPO4 crystal. The
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Figure 4.4: Characteristics of the high-temperature microbalance system measured
at a set temperature of 700 °C and a total gas flow rate of 200 sccm: (A) temperature
profile, (B) oxygen partial pressure profile, (C) steam partial pressure profile, and
(D) resonant frequency profile. Independent step changes in pO2 and pH2O were
applied as reflected in (B) and (C).

columnar morphology is typical of PLD growth in the absence of a lattice-matched
substrate.[113] Analysis of phase contrast AFM images indicated grain sizes of and
62 ± 9 nm for the film deposited on the Pt. Growth of single-phase fluorite was
confirmed by X-ray diffraction, which also revealed to be entirely randomly oriented
as shown in Figure 4.7.

Peak broadening is furthermore evident in the diffraction patterns, generally con-
sistent with the small crystallite sizes detected by AFM image analysis. From the
cross-sectional SEM image, the thickness of the 10PCO film on a crystal with Pt
electrode is measured to be 6.2 µm. The rms surface roughness value, as estimated
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Figure 4.5: SEM micrographs of (a) the surface and (b) cross-section of the PCO
film deposited on the GaPO4 microbalance crystal with pure Pt electrode via PLD.

from the topographical analysis of the AFM image is 260 nm. Accordingly, the
actual exposed 10PCO surface area is somewhat greater than the projected area;
the difference between actual and projected area is 10.5%. As these surface area
enhancement factors are relatively small in comparison to the typical range of kChem
values encountered in the literature for any given material [114], no correction is
made to account for this characteristic.

Relaxation studies were carried out at a temperature of 700 °C and selected oxygen
partial pressures between 10-2 and and 10-4 atm (Figure 4.8).

The step change in oxygen partial pressure, |∆ log(pO2 / atm)|, was limited to values
of 0.3 or less (or equivalently, a factor of 2 on the linear pO2 scale) to justify the
assumption of a linear response and a fixed kChem over the relaxation conditions.
At each oxygen partial pressure, 4 or 5 relaxation profiles were recorded. Both
forward and reverse steps were evaluated at each pair of pO2 levels. The gas flow
rate for all experiments was set to 200 sccm (standard cubic centimeter per minute),
implying a gas-phase velocity of 0.02 m/s at the film. The supplied flow rates
furthermore amount to gravimetric flow rates, normalized per unit mass of reactive
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Figure 4.6: AFM topography of 10PCO film in (A) height-imagingmode, (b) phase-
imaging mode, and (c) three-dimensional topography. Scanning area (i.e., projected
surface area): 400 µm2. Actual surface area: 442 µm2. RMS surface roughness:
260 nm

oxide, of 1.58 × 105 sccm/g. This flow rate is large enough to ensure that oxygen
depletion/accumulation in the gas phase due to the change in film oxidation state
does not impact the relaxation rate, as already discussed in chapter 3. Specifically,
we estimate, based on the surface reaction constants reported below, that a gas flow
rate of ∼3 sccm would be sufficient to operate in the regime in which the gas-phase
oxygen content is immune to oxygen release/uptake by the film, and hence the mea-
surement accesses the surface reaction constant.

The overall both the frequency and oxygen profiles are presented in Figure 4.8. Fig-
ure 4.9 shows a typical set of raw relaxation profiles for four relaxation responses,
i.e., two reductions and two oxidations.

Several features are noteworthy. Overall, the behavior is highly reproducible. Sec-
ond, the time scale for changing oxygen partial pressure within the reactor (∼2
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Figure 4.7: XRD patterns of 10PCO films with Pt electrodes after mass relaxation
characterization. The XRD pattern of the XRD holder is displayed as a black line
for reference.

Figure 4.8: Long term frequency profile of the piezocrystal with 10PCO film (black)
as well as the oxygen partial pressure (red) as a function of time, throughout the
entire measurement campaign.
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Figure 4.9: Crystal resonance frequency in Hz (left y-axis, black) and logarithmic
pO2 in atm (right y-axis, red) as a function of time throughout four relaxation
studies, i.e., two cycles of oxidation and subsequent reduction between oxygen
partial pressures of 0.0102 and 0.0057 atm. Temperature: T = 700°C

seconds) is substantially shorter than the time scale of the material response (∼20
seconds), indicating that the reactor characteristics are sufficient for measuring the
material behavior. [78] Third, the frequency response shows no baseline drift.
The normalized frequency relaxation profiles are well described by the exponential
form given in Equation (4.2). The quality of the fit is evident in Figure 4.10, a
representative case for the first oxidation change in Figure 4.9.

As reported in the inset table to Figure 4.10, the two kChem values for oxidation differ
by less than 1%, and the kChem values for reduction differ by less than 3%. The R2

values of all exponential fits (all the entire set of measurements) were larger than
0.998, implying the data are well described by the surface-limited solution to Fick’s
second law. The film is therefore thin enough that bulk diffusion contributions to
the mass relaxation behavior are negligible. A slight but statistically significant
asymmetry between the oxidation and reduction values of kChem is evident, with
kox

Chem > kred
Chem. Such asymmetry has received scattered attention in the literature.

[80, 82] Understanding the precise origin of the phenomenon in the case of 10PCO
awaits a future study, but it is likely related to the oxygen partial pressure dependence
of kChem described below. Of relevance here is that the asymmetry is small enough
that analysis of the relaxation behavior within the context of the linear approximation
remains valid (as indicated by the large R2 values).
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Figure 4.10: Normalized resonance frequency as a function of time, as well as fitted
relaxation profile in the surface reaction limited case. Extracted value averaged over
two reductions and oxidations, respectively: kChem = 1.76 × 10-4 cm/s. Lower pO2
= 0.0057 atm; Higher pO2 = 0.0102 atm; Temperature: T = 700 °C. The inset table
shows all extracted values of kChem for a swing between the indicated values of pO2.
All R2 values are > 0.998 for the respective fits

The complete set of surface reaction constants determined in this work is pre-
sented in Figure 4.11. The error bars shown in pO2 values reflect the span in oxygen
partial pressure values between oxidizing and reducing conditions (with the average
reported as the measurement pressure). The error bars in kChem values similarly
reflect the span in surface reaction constant extracted from the oxidation and reduc-
tion perturbations. The measured kChem values obey a clear power law dependence
on oxygen partial pressure, as evident from the linearity in the double-logarithmic
plot. The power law exponents (m in kChem ∝ (pO2)m) are 0.69 ± 0.02. Moreover,
the power law behavior holds over an oxygen partial pressure regime in which,
as reported by Bishop et al., [93] the concentration of the predominant negatively
charged species, [Pr′Ce], transitions at pO2 ∼ 10-3 atm from a fixed value, with
[Pr′Ce] = 2

[
V••O

]
≈ constant (below the transition pO2), to one that varies with oxy-

gen partial pressure, with [Pr′Ce] = 2
[
V••O

]
∝ pO−1/6

2 (beyond the transition pO2).
On increasing pO2 through this transition, the predominant positively charged de-
fect species changes from oxygen vacancies to holes in the Pr impurity band. The
surface reaction constant, as measured here, is apparently immune to these changes
in defect chemistry.
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Figure 4.11: Surface reaction constants measured as a function of pO2 (T = 700
°C). Straight line is a linear fit in the double-logarithmic scale (i.e., power law fit)
and number assigned with m is the power law slope.

The literature on the surface properties of PCO has been limited to date to electro-
chemical impedance measurements. Because this method yields a surface reaction
constant which cannot be directly compared to the kChem obtained from a relaxation
experiment, the present results cannot be readily validated against those from earlier
studies. At a minimum, one must know the thermodynamic factor of oxygen, wO

( d ln aO
d ln cO

, where aO is activity and cO is concentration of oxygen) in order to convert
from surface reaction rate constant from impedance to kChem(relaxation). [19] In
light of the complex defect chemistry of PCO [93] and the limited data collected
in this work, such an analysis is not attempted here. Nevertheless, it is noteworthy
that Chen et al. [111] have reported that k(impedance) in 10PCO increases with in-
creasing partial pressure, in broad agreement with the present results. However, the
behavior could not be described by a single power law exponent over the measured
pO2 range. The exponent was reported to change at 670 °C from 1.00 ± 0.04 to 0.33
± 0.01 at an oxygen partial pressure of 10-3 atm, coinciding with the oxygen partial
pressure at which the defect chemistry transitions. In addition to a likely influ-
ence of the thermodynamic factor in creating this difference between the behaviors
of k(impedance) and kChem(relaxation), differences may also arise because those
authors employed highly oriented and possibly epitaxial thin films grown on single-
crystal yttria-stabilized zirconia (YSZ), whereas the present studies were performed
using fine-grained polycrystalline PCO. A number of studies have revealed in recent
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years that grain boundaries can play a decisive role in gas-solid reactions. [68–70]
Furthermore, the surfaces in the two types of experiments (impedance spectroscopy
and mass relaxation) may be very different as a consequence of application of a
metal paste electrode in the former, whereas a bare surface is studied in the latter.
[19] Differences in apparent rate constants can also result because surface defect
concentrations, required in the conversion from interfacial conductance provided by
impedance measurements to rate constant directly obtained from relaxation meth-
ods, [111] are uncertain.

While the results obtained here cannot be directly compared to previous studies
of PCO, they can be viewed in the context of commonly studied p-type mixed ionic
and electronic conductors of the perovskite structure, such as (La,Sr)CoO3, [80]
considered for cathode applications in solid oxide fuel cells. The kChem measured
here for PCO falls within the general range of values observed for these materials.
Moreover, a positive value of the power law exponent, m, is typical in these oxides,
and values ranging from 0.14 to 0.82 have been reported under temperatures and
oxygen partial pressure ranges similar to those of this work. [83] In undoped ceria,
a rare example of an n-type conductor for which the surface reaction constant has
been determined through a relaxation experiment, a value of 0.84 ± 0.02 has been
measured at 1400 °C in chapter 3. Fleig et al. have presented a comprehensive
analysis for connecting macroscopic measurements of the power law exponent to
microscopic pathway.[86] Although the analysis was developed in the context of
the more commonly studied p-type materials, it applies, in principle, also to oxides
in which the electron carrier concentration exceeds the hole concentration (as in
10PCO). These authors have suggested that, when the hole concentration depends
on oxygen partial pressure according to a 1/4 power law exponent, as is the case
here, and the adsorbate coverage is low, as is typical of the high temperatures of
the present experiments, a value of m � 3/4 results when reduction in diatomic
oxygen from the superoxo (O−2,ad) to the peroxo (O2−

2,ad) species is the rate-limiting
step in oxygen incorporation from the gas into the solid phase. While it is prema-
ture to conclude that such a pathway definitively occurs in 10PCO, particularly in
light of the potential role of surface-terminating grain boundaries, the experimental
methodology outlined here enables further studies to fully elucidate the reaction
mechanism.
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4.5 Conclusions

In summary, we show that thin-filmmass relaxation studies by detection of frequency
response of gallium phosphate piezocrystals are feasible up to temperatures of 700
°C. The greatest challenge at this temperature is not the stability of the piezocrystal,
but rather the stability of the metal electrodes, particularly under oxidizing (pO2

> 10-4 atm) conditions. Measurements by this method up to the phase transition
temperature of GaPO4, 970 °C, are in principle possible. A key advantage of this
mass relaxation system is not only its applicability towards the measurement of
materials that change mass without changing other easily detected properties, such
as conductivity, but also that the high sensitivity of the microbalance implies that
only small samples are required. Consequently, the measurement chamber can also
be made extremely small, ensuring rapid gas exchange and thus access to very rapid
material processes. A potential disadvantage is that because materials to be studied
must be deposited as films on metal electrodes that are, in turn, deposited on the
gallium phosphate crystal, the oxide will in most cases be obtained in polycrystalline
form, likelywith small grain size. While a high grain boundary density inmany cases
enhances surface reaction rates, the inherent properties of boundary-free surfaces
become difficult to characterize. The behavior of 10PCO revealed here by mass
relaxation measurements is intriguing in that the rate constant appears insensitive
to qualitative changes in the defect chemistry. The measured kChem varies between
∼1×10-5 and ∼1.8×10-4 cm/s at 700°C over the pO2 range from 10-4 to 10-2 atm,
with a law exponent of 0.69 ± 0.02. Some of this surprising behavior may be due to
the nanocrystalline nature of the films, with grain size on the order of 60 nm. The
methodology developed here lays the groundwork for future comprehensive studies
of this and other materials. Moreover, the sensitivity of the gallium phosphate
microbalance system has the potential to enable absolute measurements of oxygen
nonstoichiometry in films of known thickness. The scatter in frequency response of
0.1 Hz corresponds to a scatter in mass of only 0.4 ng, suggesting accuracy in oxygen
nonstoichiometry at the level of 10-5 for sufficiently thick (several µm) films.
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C h a p t e r 5

THE EFFECT OF MAGNITUDE OF DRIVING FORCE ON
REDOX KINETICS

5.1 Introduction

The kinetic and mechanistic understandings of oxidation/reduction reactions in non-
stoichiometric oxides are significantly helpful to design the reactive components for
electrochemical and thermochemical energy related systems. In particular, for the
thermochemical fuel production system, the reactive medium (usually ceria / doped
ceria) experiences large oxygen nonstoichiometry changes along both reduction and
oxidation. In chapter 4, we have showed the validity of themass relaxation technique
using piezocrystal microbalance. Unlike the conductivity/conductance relaxation
method (chapter 2 and 3), the mass relaxation has the benefit in analysis of redox ki-
netics without the assumption of proximity to the equilibrium. Thus, we investigate
the redox kinetics, especially the oxidation reaction of 10% Pr doped ceria via mass
relaxation technique with respect to the magnitude of driving force, i.e. the size of
∆pO2. To understand that kinetic behavior, firstly we have investigated the possible
reaction mechanisms as well as rate determining steps, secondly the general reaction
rate expressions have been derived, and lastly the most probable rate determining
step has been suggested.

5.2 Experimentals

The all detail of the experimental system and the mass relaxation measurements
under small driving force (i.e. sufficiently small change in pO2, |∆log(pO2 / atm)| <
0.3) for extracting kChem were described in chapter 4. Here, the relaxations towards
oxidation under relatively large driving force, i.e. higher |∆pO2|, were systemati-
cally measured with three different magnitudes in ∆pO2 (small, medium, and large
sizes) and different initial and final pO2 values. More specifically, the initial and
final values of pO2 were controlled as i) different initial pO2s to identical final pO2,
having small, moderate, and large magnitudes of ∆pO2 and ii) identical initial pO2
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to different final pO2s, having also three magnitudes. The desired pO2 was obtained
by employing gas mixture of Ar/O2 at the total flow rate of 200 sccm.

5.3 Results and Discussion
5.3.1 Redox kinetics with respect to the magnitude of driving force

The surface reaction rate constant (kChem) has been extensively investigated via
relaxation methods. The relaxation of oxygen concentration in the oxide driven by
a small oxygen partial pressure change of surrounding is tracked by measuring the
mass of the oxide or by measuring the total electrical conductivity, as discussed
in previous chapters. Here, we consider a case at which the surface reaction at
the gas/oxide interface governs equilibration kinetics toward new equilibrium, more
clearly, at which diffusion length of the oxide (thickness of the oxide film in this
study) � characteristic length (DChem/kChem). The very important experimental
condition here is a sufficiently small perturbation in gas phase oxygen chemical
potential (oxygen partial pressure), i.e. a sufficiently small driving force for redox
reactions. It makes the following approximations valid: the surface reaction rate
constant (kChem) is constant, and the oxygen flux across the surface of the oxide is in
the linearity regime with respect to the oxygen concentration, thereby the first order
correlation as below.

JO ≈ kChem
(
cO,eq − cO,S

)
(5.1)

where cO,eq is the oxygen concentration of the oxide at equilibrium with the gas
phase, and cO,S is the oxygen concentration just within the oxide surface(s). By
combining with continuity relation, the oxygen concentration obeys the ordinary
differential equation expressed in Eq. (5.2) with an already known initial condition,
and its solution is expressed as an exponential decay function (Eq. (5.3)). The
derivation is for the 1D case in which the thickness of sample is a and only one
surface is exposed to the atmosphere, for example, the thin oxide film on substrate.

dcO(t)
dt

=
kChem

a
[cO(∞) − cO(t)] ; cO(t)|t=0 = cO(0) (5.2)

cO(t) − cO(0)
cO(∞) − cO(0)

=
m(t) − m(0)

m(∞) − m(0)
≈

σ(t) − σ(0)
σ(∞) − σ(0)

= 1 − exp
(
−

kChem

a
t
)

(5.3)
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Figure 5.1: Surface reaction constants measured as a function of pO2 (T = 700 °C).
Straight line is a linear fit in the double-logarithmic scale (i.e., power law fit) and
number assigned with m is the power law slope.

As shown in Figure 5.1 (from chapter 4), kChem of 10PCO film at 700 °C has suc-
cessfully extracted from the mass relaxation profiles which follow Eq. (5.3).

With increasing the magnitude of driving force of redox reaction, i.e. ∆pO2 in
this case, the linear correlation of oxygen flux with the oxygen concentration change
(Eq. (5.1)) breaks down, therefore, the relaxation profile driven by this large ∆pO2

cannot be explained by simple exponential decay function if the rate limiting step
does not obey the first order reaction (Eq. (5.1)). This has been already pointed
out by many researchers, [18, 52, 82] and Jacobson group actually showed the
deviated kinetic behavior experimentally by conductivity relaxation methods. [56,
80] However, the experimental results according to the step size of pO2 assessed
by conductivity relaxation methods need to be carefully reconsidered. If the exper-
imental result under large driving force is obtained by total electrical conductivity
relaxation method for mixed ionic-electronic conducting (MIEC) oxides, i.e. if the
total conductivity is a sum of both non-negligible ionic and electronic partial con-
ductivities, or if the oxide contains transition metal and its effective charge affects
the overall charge neutrality in the bulk of oxide, the assumption that the normalized
conductivity is approximated to the normalized oxygen concentration as expressed
in Eq. (5.3) is not valid. Therefore, it does not necessarily mean that Eq. (5.1) is
not valid even though the linearity condition breaks down under large driving force,
because it could be possible that the rate limiting step obeys the first order reaction.
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Figure 5.2: Mass relaxation profiles: (a) from different to the identical pO2 and (b)
from identical to the different pO2.

In this study, we first exclude the effect of complicated correlation between normal-
ized conductivity and oxygen concentration by directly observing the mass change
which solely comes from the oxygen concentration change in the oxide. Then, we
examine the relaxation results to confirm whether it obeys the first order reaction of
the flux with the oxygen concentration.

As shown in Figure 5.2, the mass change under different ∆pO2 conditions were
measured via piezocrystal mass balance. The first set of measurements was from the
different initial to the identical final pO2 values (Figure 5.2(a)), and the second set
was from the identical initial to the different final pO2 values (Figure 5.2(b)). In the
assumption that the rate determining step (RDS) obeys the first order reaction (Eq.
(5.1)), two probable cases can be considered as shown in Figure 5.3(b): (i) kChem
in Eq. (5.2) is determined by final pO2 as a constant value which can be calculated
from the correlation between kChem and pO2 in Figure 5.1 or (ii) kChem is determined
by the internal oxygen concentration at a time of t, cO(t), which can be calculated
from the mass of 10PCO. Even if the exact oxygen concentration of 10PCO film is
not known, the oxygen concentration at a certain time of t can be calculated from
the equilibrium oxygen concentration in bulk 10PCO reported by Bishop et al. [93]
Based on the initial and final equilibrium oxygen concentration corresponding to
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Figure 5.3: Schematic of oxygen concentration in bulk and pO2 during redox
reaction: (a) pO2 and change and the oxygen concentration change at time of t.
c(0) and c(∞) are the values equilibrated at pO2(0) and pO2(∞), respectively; (b)
two plausible cases of how kChem is defined; and (c) mass relaxation profiles from
experiments (symbols) and simulation (lines) in case II in (b).

the initial and final pO2, respectively, the normalized mass profile can be directly
converted to the absolute oxygen concentration profile. For the first case, the Eq.
(5.2) can be solved to the Eq. (5.3) in the same manner with the case under small
driving force, because kChem is fixed as the value at the final pO2. Accordingly the
normalized relaxation profiles should be the same if the final pO2 is the same regard-
less of the initial pO2. However, the experimental results in Figure 5.2(a) measured
from different initials to the same final pO2, show deviated relaxation profiles as the
magnitude of ∆pO2 changes, and thus the first case is not true. For the second case,
we calculated the expected relaxation profiles by solving Eq. (5.2) (or the equation
in Figure 5.2(c)) numerically. Here, we already know the initial value of cO, and also
know the kChem with respect to cO from the correlations between the equilibrium cO
vs. pO2 [93, 115] and between kChem vs. pO2 (chapter 4); thus the full relaxation
profiles of cO are calculated by solving the ordinary differential equation (Eq. (5.2))
via 4th order Runge-Kutta method (see Appendix). The calculated results in Figure
5.3(c) show large deviation from the experimental results, and the discrepancy gets
bigger as ∆pO2 change gets larger. Therefore, the RDS does not obey the first order
reaction. Actually, the relaxation profile driven by large ∆pO2 change was not well
fitted to the simple exponential decay function, whereas the profile under small large
∆pO2 change perfectly was (Fig. 5.4). It implies that the first order approximation
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Figure 5.4: Normalized mass relaxation profiles and the fitted results to Eq. (5.3)
under (a) large ∆pO2 and (b) small ∆pO2 conditions.

breaks down when ∆pO2 change is large in this study.

There is one important report by Merkle andMaier which treated the relaxation pro-
files under large driving force by optical spectroscopy. [82] They assumed that one
reaction step in the overall redox reaction is rate determining and the pre/post steps
are in quasi-equilibrium state, and then derived the reaction rate of the probable rate
determining step(s) from the simple chemical reaction expression. The detail of this
approach was well explained in Maier’s paper. [18] They aimed to understand the
mechanism of redox kinetic process by using the method of initial rate, and hence
used very initial part of relaxation profiles under large driving force. Despite they
did not try to analyze the kinetics over the whole time, their approach which uses
reaction rate expression for discrete reaction steps is a reasonable approach to adjust
in our study.

5.3.2 Probable intermediates and mechanisms

The overall oxygen incorporation reaction is expressed as

O2 + 2V••O + 4e′ = 2O×O (5.4)

It can be separated to the sequential discrete reaction steps accompanying the relevant
intermediate species: adsorption of oxygen molecule on the oxide surface, charge
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transfer of electronic species to the adsorbed, dissociation of oxygen molecule to the
(charged) single oxygen, and incorporation with oxygen vacancy in the oxide. At
oxide surfaces, O2

- superoxide, [116, 117] O2
2- peroxide, [118, 119] and O- radicals

[120–123] are the most frequently detected intermediates. However, their stability is
expected to depend on the interaction with surface characteristics of the oxide, and
the report for 10PCO system is quite sparse. Thus, we consider all possible cases
for those three intermediates, respectively, and condense them into the five probable
sequential mechanisms (Table 5.1). Regarding the first steps in each mechanism, it
is not clear whether the oxygen adsorption sites at the surface should be addressed
to be same with the oxygen vacancy of bulk (V••O ) by assuming the topmost surface
as the extended of bulk, or should be accounted for just favorable sites due to the
different bonding nature from the termination at the surface. Furthermore, the oxide
is polycrystalline in this study, which implies that it consists of several different
termination planes wherein the oxygen vacancy exists in different concentration.
[124, 125] Therefore, we consider the two different cases: the oxygen vacancy is
considered as i) one of point defects or ii) just the favorable adsorbed site, not as the
point defect.

In Table 5.1, the reaction rates are expressed, where kf and kb are forward and
backward reaction constants, respectively. Under the assumption that preceding and
succeeding steps of single RDS are in quasi-equilibrium states, the concentration of
the intermediate is converted to the combination of the concentrations of relatively
well-defined species. In careful consideration of those reaction rate expressions, it
is found that the reaction rate expression of RDS can be categorized into 9 cases
according to what the preceding steps are as well as which point defect species
(electron, oxygen vacancy) is incorporated in RDS. The case #3 corresponding to
(IV-1), for example, indicates that the RDS is the incorporation of electron with
adsorbed O2, and the case #4 corresponding to (IV-2) and (IV-3) means that the
RDS is whether i) the incorporation of electron with O2

- followed by incorporation
of electron with O2 or ii) the dissociation of O2

2- to two O- species. Accordingly,
instead of considering the specific reaction mechanisms described in Table 5.1 (in
reference [126], they even introduced 22 possible reaction mechanisms composed
of 66 discrete reaction steps), we will consider the generalized 9 reaction rate ex-
pressions in Table 5.2, which covers all possible scenario for an efficient study.
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5.3.3 Reaction rate expression

The rate expression can be generalized as

RO(t) =
dcO(t)

dt
= A · pO2

ω[V••O ]
αnβ − B · [V••O ]

α′nβ
′

[O×O]
γ (5.5)

where ω, α, α’, β, β’, γ are the exponents of pO2 and defect concentrations (listed
in Table 5.2), and A and B are pre-factors for the forward and backward reactions. If
all parameters in Eq. (5.5) are known, one can anticipate the oxygen concentration
profiles over time. Thus, we consider how to determine pO2, each defect concentra-
tion over time, and A, B constants.

First, the method of initial rate is applied to determine pO2 and its exponent.
As shown in Fig. 5.2, pO2 is changed to the final pO2 extremely fast, accordingly
we assume that the pO2 is constant as the final pO2. The oxygen concentration is
correlated with the mass of the oxide as below:

RO(t) =
dcO(t)

dt

= (cO(0) − cO(∞)) ·
d

(
cO(t)−cO(∞)
cO(0)−cO(∞)

)
dt

∝ (m(0) − m(∞)) ·
d (normalizedmass)

dt

(5.6)

For the oxidation reaction from the identical to the different final pO2 values at the
very initial of relaxations (near t ≈ 0), only forward reaction dominates the overall
reaction, so that the reaction rate is expressed as

log (RO |t≈0) = log
(
(m(0) − m(∞)) ·

d (normalizedmass)
dt

����
t≈0

)
+ const.

≈ log
(
A · pO ω

2, f [V
••
O ]

α
i nβi

)
= log

(
A · [V••O ]

α
i nβi

)
+ ω log pO2, f

(5.7)

where subscripts i and f indicate initial and final states. The m(0) and m(∞)
are obtained at the initial and final equilibrated states, and log

(
A · [V••O ]

α
i nβi

)
is a

constant because the oxygen vacancy and electron concentrations are fixed as the
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Figure 5.5: The correlation between reaction rate at the very initial and pO2,f from
Eq. (5.8)

initial values due to their much slower change than pO2. From the pO2,f dependence
of reaction rate, the exponent of pO2, ω, can be determined.

d log (RO |t≈0)

d log pO2, f
=

d log
(
(m(0) − m(∞)) · d(normalizedmass)

dt

���
t≈0

)
d log pO2, f

= ω (5.8)

Fig. 5.5 shows that the slope (ω) in (reaction rate at t ≈ 0) vs. (pO2,f ) is 1, and it
means that the case #1-8 described in Table 5.2 are satisfactory to be RDS whereas
#9 is not.

For the second parameter in Eq. (5.5), the defect concentrations, one needs to know
the concentrations of oxygen vacancy, neutral oxygen, and electron as a function of
pO2 at 700 °C. Bishop et al. reported the equilibrium constants in 10PCO system at
700 °C, [93] thus by combining with i) charge neutrality condition and ii) mass/site
conservation conditions, the concentrations can be calculated as shown in Fig.
5.6. The calculated results show good agreement with the experimentally obtained
oxygen vacancy concentrations for bulk 10PCO by Bishop [93] and Davenport
[115]. However, the defect concentrations at the surface layer are actually related
to the surface reaction kinetics, and those are expected to differ from those in bulk.
Furthermore, they are not easy to identify. At the surface or interface (e.g., grain
boundary), the difference in the free energies of formation of cation and anion
vacancies lead to the formation of a surface electrical potential, associated with
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Figure 5.6: Defect concentrations in 10PCO as a function of pO2 at 700 °C

an excess of surface ionic charge. This space charge potential cuases the defect
concentrations to deviate from those in the bulk. [127] For doped ceria system,
it has been reported that the Mott-Schottky model where the dopant concentration
does not vary along the position, i.e. the dopant concentration at surface is identical
with that in bulk, was valid to explain the results of electrochemical study. [128–
130] Thus, if we assume that our system obeys the Mott-Schottky model, the defect
concentrations are expressed as [52]

[Pr×Pr]s = [Pr×Pr]∞

quad

[Pr′Pr]s = [Pr′Pr]∞

[V••O ]s = [V
••
O ]∞ · exp

(
−

2e∆φs
kBT

)
[O×O]s =

(
2 − [V••O ]s

)
=

(
2 − [V••O ]∞ · exp

(
−

2e∆φs
kBT

))
≈ [O×O]∞

ns = n∞ · exp
(

e∆φs
kBT

)
(5.9)

where subscripts s and ∞ indicate surface and bulk, respectively, and ∆φs is the
space charge potential at the surface relative to the bulk. If the space charge potential
is independent of pO2, the reaction rate expression can be rewritten as below:

RO(t) = A · pO2
ω[V••O ]

α
s nβs − B · [V••O ]

α′

s nβ
′

s [O×O]
γ
s

= A′ · pO2
ω[V••O ]

α
∞nβ∞ − B′ · [V••O ]

α′

∞nβ
′

∞[O×O]
γ
∞

(5.10)
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where A’ and B’ are the pre-factors composed of equilibrium constants of preceding
or succeeding steps and space charge potential related term. Since the terms relevant
to the space charge potential are included in the pre-factors as a constant, the defect
concentrations in bulk can be used.

Lastly, the remaining parameter, A’ and B’ pre-factors, will be calculated from
the result of the equilibrium surface reaction rate constant (kChem following the cor-
relation of log [kChem / cm·s-1] = 0.69 × log [pO2 / atm] - 2.30). For conciseness, we
first show how the reaction rate of model reaction A + B
 C + D can be simplified
near the equilibrium condition. First, the reaction rate can be expressed as a function
of the driving force (Λ).

R = k f [A][B] − kb[C][D]

= k · e−∆Go
f
/RT
[A][B] − k · e−∆Go

b
/RT [C][D]

= k · e−∆Go
f
/RT
[A][B]

(
1 − e(∆Go

f
−∆Go

b
)/RT [C][D]
[A][B]

)
= k · e−∆Go

f
/RT
[A][B]

(
1 − e∆Go

rxn/RT [C][D]
[A][B]

)
= k · e−∆Go

f
/RT
[A][B]

(
1 − e−Λ/RT

)
(5.11)

where k is pre-exponential factor, ∆Go
f and ∆Go

b are the difference between Gibbs
free energy of the reactant/product and the transition state along forward/backward
directions, respectively, and ∆Go

r xn is ∆Go
f - ∆Go

b. It has been shown that 15-20%
Sm, Gd, and Y doped ceria obey the ideal solution behavior. [131–133] Similarly if
10PCO system shows the ideal solution behavior, the driving force (Λ) is expressed
as −Λ = ∆Go

rxn + RT ln [C][D]
[A][A] , and thus the reaction rate is finally expressed as

below:
R = k · e−∆Go

f
/RT
[A][B]

(
1 − e−Λ/RT

)
(5.12)

At equilibrium, the reaction rate as well as the driving force are zero, and thus

k f [
_

A][
_

B] = kb[
_

C][
_

D] =
√

k f kb[
_

A][
_

B][
_

C][
_

D] (5.13)

Λ = 0 = ∆G0
rxn,eq + RT ln

[
_

C][
_

D]

[
_

A][
_

B]
(5.14)

where the arc on the concentration terms indicates the equilibrium quantity. Thus,
at near equilibrium, the driving force is
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−Λ = (∆G0
rxn − ∆G0

rxn,eq) + RT ln
[C][D]/[

_

C][
_

D]

[A][B]/[
_

A][
_

B]

≈ RT ln
[C][D]/[

_

C][
_

D]

[A][B]/[
_

A][
_

B]

(5.15)

and the reaction rate is

R ≈ R0

(
1 −
[C][D]/[

_

C][
_

D]

[A][B]/[
_

A][
_

B]

)
(5.16)

where R0 =

√
k f kb[

_

A][
_

B][
_

C][
_

D].

Based on the derivation above, let us consider the case #2 in Table 5.2 as an
example under small driving force.

RO =
dcO(t)

dt

= A · pO2[V••O ]
2 − B ·

[O×O]
2

n4

≈
√

AB

√
pO2, f [

_

V
••

O ][
_

O
×

O]

_n
2 ·

1 −
[O×O]

2

[
_

O
×

O]
2
[
_

V
••

O ]
2

[V••O ]
2

_n
4

n4


(5.17)

For simplification, all defect concentrations are converted to the oxygen nonstoi-
chiometry (δ) based on the following equations:

[V••O ]

[
_

V
••

O ]
=

δ

δ∞
;
[O×O]

[
_

O
×

O]
=

2 − δ
2 − δ∞

n
_n
≈

(
2δ

(0.1 − 2δ)KPr

)/ (
2δ∞

(0.1 − 2δ∞)KPr

)
=
δ (0.1 − 2δ∞)
δ∞ (0.1 − 2δ)

(5.18)

from the defect equilibrium condition
(
[Pr ′Ce]
[Pr×Ce ]n

=KPr

)
, the charge neutrality condition

in the thermodynamic condition
(
[Pr′Ce] � 2[V••O ]

)
, and the mass balance condition(

[Pr′Ce] + [Pr×Ce] = 0.1
)
. Finally, the reaction rate is

RO ≈
√

AB

√
pO2, f [

_

V
••

O ][
_

O
×

O]

_n
2 ·

[
1 −

δ∞
6(2 − δ)2(0.1 − 2δ)4

δ6(2 − δ∞)2(0.1 − 2δ∞)4

]
(5.19)
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In surface reaction limited regime, the kChem and reaction rate are correlated as Eq.
(5.20) at specific oxygen nonstoichiometry (δ∞) or specific pO2:

kChem

a
= lim

δ→δ∞

RO

δ − δ∞
(5.20)

where a is a diffusion length, i.e. thickness of 10PCO in this study. Since the
equilibrium defect concentrations (with arc) are already known at the specific pO2

where the δ is δ∞, those values are constants.

kChem = a
√

AB

√
pO2, f [

_

V
••

O ][
_

O
×

O]

_n
2 · lim

δ→δ∞

[
1 −

δ∞
6(2 − δ)2(0.1 − 2δ)4

δ6(2 − δ∞)2(0.1 − 2δ∞)4

]
(5.21)

In Eq. (5.21), all the concentrations are already known (Fig. 5.6), and the term in the
limit function can be numerically calculated at the given δ∞, which is determined
by pO2,f , and thus the value of A×B is obtained as a function of pO2. Furthermore,
since the reaction rate is equal to zero at equilibrium state, A/B value is obtained as
below:

RO = 0 = A · pO2, f [
_

V
••

O ]
2 − B ·

[
_

O
×

O]
2

_n
4 (5.22)

A
B
=

[
_

O
×

O]
2

pO2, f [
_

V
••

O ]
2
_n

4
(5.23)

By solving the simultaneous equations relevant to A×B and A/B, the values of A and
B are obtained, respectively.

5.3.4 Numerical simulation

The oxidation profiles for case #1-8 in Table 5.2 under small, medium, and large
pO2 changes were computed solving the reaction rate equations numerically. The
in-house Mathematica code was used to solve those ordinary differential equations
(Table 5.2) in a stepwise manner via Runge-Kutta 4th order method (see Appendix).
Since this method is to find the numerical approximations to the solutions by cal-
culating the slope, dcO/dt, the smaller step-size of t is preferable to find the true
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Figure 5.7: Mass relaxation profile from numerical calculation with respect to step
size of time for case #3 under small pO2 change.

solution. Therefore, the convergence with respect to the step-size was always
checked for all cases. As an example, for case #3 under small pO2 change, the
numerical solution was converged to where the step size was less than 0.005 sec
(Fig. 5.7). Fig. 5.8 shows the deviation between the computed and the experi-
mental profiles as a function of time. In consideration of all results with respect
to the experimental conditions in ∆pO2, the reaction step of case #3 corresponding
to the reduction of diatomic oxygen from neutral oxygen molecule to superoxide is
expected to the most probable RDS. The relaxation profiles of case #3 (Fig. 5.9)
from calculation and experiments show good agreement (for the other cases, please
see the supplementary information). This result implies that if one knows RDS step,
correlation between equilibrium kChem and pO2, and defect concentrations, then the
redox kinetic behavior can be anticipated.
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Figure 5.8: Derivation of the computed result from the experimental result as a
function of time for all cases. The experimental condition is described in the plot
(the marked arrow).

Figure 5.9: Comparison of computed result based on model case #3 with the
experimental results: the pO2 conditions are (a) from different to the same condition
and (b) from same to the different conditions.
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5.4 Conclusions

Relaxation behavior of oxygen concentration within oxides under large driving
force (large ∆pO2) in material-kinetic limit, especially in surface reaction limit, is
a result of convolution of surface reaction rate constants and rate determining step
(RDS) of oxidation reaction. From the comparison between relaxation profiles from
experiments and from calculation based on the reaction rate expression, the most
probable RDS can be determined. In this study for 10% Pr doped ceria at 700 °C,
the reduction of diatomic oxygen from neutral oxygen molecule to superoxide is the
probable RDS in oxidation reaction, and from this finding, we have successfully
explained the oxidation kinetics under large driving force.
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Table 5.1: Possible reaction mechanisms

Case I.

O2 + V••O ↔ (O2 · · ·V••O )

RO = 2RO2 = 2k f · pO2[V••O ] − 2kb · [(O2 · · ·V••O )]

= 2k f · pO2[V••O ] − 2 kb
K2K3

2 ·
[O×O]

2

[V••O ]n
4

K1 =
[(O2···V••O )]

pO2[V••O ]

(O2 · · ·V••O ) + V••O ↔ 2(O · · ·V••O )

RO = 2RO2 = 2k f · [(O2 · · ·V••O )][V
••
O ] − 2kb · [(O · · ·V••O )]

2

= 2k f K1 · pO2[V••O ]
2 − 2 kb

K3
2 ·
[O×O]

2

n4

K2 =
[(O···V••O )]

2

[(O2···V••O )][V
••
O ]

(O · · ·V••O ) + 2e′↔ O×O
RO = k f · [(O · · ·V••O )]n

2 − kb · [O×O]
= k f
√

K1K2 · n2[V••O ]
√

pO2 − kb · [O×O]
K3 =

[O×O]
[(O···V••O )]n

2

Case II.

O2 + V••O ↔ (O2 · · ·V••O )

RO = 2RO2 = 2k f · pO2[V••O ] − 2kb · [(O2 · · ·V••O )]

= 2k f · pO2[V••O ] − 2 kb
K2K3

2 ·
[O×O]

2

[V••O ]n
4

K1 =
[(O2···V••O )]

pO2[V••O ]

(O2 · · ·V••O ) + V••O + 2e′↔ 2(O− · · ·V••O )

RO = 2RO2 = 2k f · [(O2 · · ·V••O )][V
••
O ]n

2 − 2kb · [(O− · · ·V••O )]
2

= 2k f K1 · pO2[V••O ]
2n2 − 2 kb

K3
2 ·
[O×O]

2

n2

K2 =
[(O−···V••O )]

2

[(O2···V••O )][V
••
O ]n

2

(O− · · ·V••O ) + e′↔ O×O
RO = k f · [(O− · · ·V••O )]n − kb · [O×O]
= k f
√

K1K2 · n2[V••O ]
√

pO2 − kb · [O×O]
K3 =

[O×O]
[(O−···V••O )]n
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Case III.

O2 + V••O + e′↔ (O−2 · · ·V
••
O )

RO = 2RO2 = 2k f · pO2[V••O ]n − 2kb · [(O−2 · · ·V
••
O )]

= 2k f · pO2[V••O ]n − 2 kb
K2K3

2 ·
[O×O]

2

[V••O ]n
3

K1 =
[(O−2 ···V

••
O )]

pO2[V••O ]n

(O−2 · · ·V
••
O ) + V••O + e′↔ 2(O− · · ·V••O )

RO = 2RO2 = 2k f · [(O−2 · · ·V
••
O )][V

••
O ]n − 2kb · [(O− · · ·V••O )]

2

= 2k f K1 · pO2[V••O ]
2n2 − 2 kb

K3
2 ·
[O×O]

2

n2

K2 =
[(O−···V••O )]

2

[(O−2 ···V
••
O )][V

••
O ]n

(O− · · ·V••O ) + e′↔ O×O
RO = k f · [(O− · · ·V••O )]n − kb · [O×O]
= k f
√

K1K2 · n2[V••O ]
√

pO2 − kb · [O×O]
K3 =

[O×O]
[(O−···V••O )]n

Case IV.

O2 + e′↔ O−2
RO = 2RO2 = 2k f · pO2n − 2kb · [O−2 ]

= 2k f · pO2n − 2 kb
K2K3K4

2 ·
[O×O]

2

[V••O ]
2n3

K1 =
[O−2 ]
pO2n

O−2 + e′↔ O2−
2

RO = 2RO2 = 2k f · [O−2 ]n − 2kb · [O2−
2 ]

= 2k f K1 · pO2n2 − 2 kb
K3K4

2 ·
[O×O]

2

[V••O ]
2n2

K2 =
[O2−

2 ]

[O−2 ]n

O2−
2 ↔ 2O−

RO = 2RO2 = 2k f · [O2−
2 ] − 2kb · [O−]2

= 2k f K1K2 · pO2n2 − 2 kb
K4

2 ·
[O×O]

2

[V••O ]
2n2

K3 =
[O−]2

[O2−
2 ]

O− + V••O + e′↔ O×O
RO = k f · [O−][V••O ]n − kb · [O×O]
= k f
√

K1K2K3 · n2[V••O ]
√

pO2 − kb · [O×O]
K4 =

[O×O]
[O−][V••O ]n
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Case V.

O2 + V••O ↔ (O2 · · ·V••O )

RO = 2RO2 = 2k f · pO2[V••O ] − 2kb · [(O2 · · ·V••O )]

= 2k f · pO2[V••O ] − 2 kb
K2K3K4K5

2
[O×O]

2

[V••O ]n
4

K1 =
[(O2···V••O )]

pO2[V••O ]

(O2 · · ·V••O ) + e′↔ (O2 · · ·V••O )
−

RO = 2RO2 = 2k f · [(O2 · · ·V••O )]n − 2kb · [(O2 · · ·V••O )
−]

= 2k f K1 · pO2[V••O ]n − 2 kb
K3K4K5

2 ·
[O×O]

2

[V••O ]n
3

K2 =
[(O2···V••O )

−]

[(O2···V••O )]n

(O2 · · ·V••O )
− + e′↔ (O2 · · ·V••O )

2−

RO = 2RO2 = 2k f · [(O2 · · ·V••O )
−]n − 2kb · [(O2 · · ·V••O )

2−]

= 2k f K1K2pO2[V••O ]n
2 − 2 kb

K4K5
2
[O×O]

2

[V••O ]n
2

K3 =
[(O2···V••O )

2−]

[(O2···V••O )
−]n

(O2 · · ·V••O )
2− + V••O ↔ 2(O− · · ·V••O )

RO = 2RO2 = 2k f · [(O2 · · ·V••O )
2−][V••O ] − 2kb · [(O− · · ·V••O )]

2

= 2k f K1K2K3pO2[V••O ]
2n2 − 2 kb

K5
2 ·
[O×O]

2

n2

K4 =
[(O−···V••O )]

2

[(O2···V••O )
2−][V••O ]

(O− · · ·V••O ) + e′↔ O×O
RO = k f · [(O− · · ·V••O )]n − kb · [O×O]
= k f
√

K1K2K3K4 · n2[V••O ]
√

pO2 − kb · [O×O]
K5 =

[O×O]
[(O−···V••O )]n



109

Table 5.2: Generalized expression of reaction rates and its relevant rate determining
step(s).

# Reaction rate Relevant RDS

1 RO = A · pO2[V••O ] − B
[O×O]

2

[V••O ]n
4 (I-1, II-1, V-1)

2 RO = A · pO2[V••O ]
2 − B ·

[O×O]
2

n4 (I-2)

3 RO = A · pO2n − B ·
[O×O]

2

[V••O ]
2n3 (IV-1)

4 RO = A · pO2n2 − B ·
[O×O]

2

[V••O ]
2n2 (IV-2, IV-3)

5 RO = A · pO2[V••O ]n − B ·
[O×O]

2

[V••O ]n
3 (III-1, V-2)

6 RO = A · pO2[V••O ]n
2 − B ·

[O×O]
2

[V••O ]n
2 (V-3)

7 RO = A · pO2[V••O ]
2n − B ·

[O×O]
2

n3 (none)

8 RO = A · pO2[V••O ]
2n2 − B ·

[O×O]
2

n2 (II-2, III-2, V-4)

9 RO = A · n2[V••O ]
√

pO2 − B · [O×O]
(All the final steps,

I-3, II-3, III-3, IV-4, V-5)
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Supplemental Information of Ch.5

Bulk defect chemistry of Pr0.1Ce0.9O2-δ

Defect chemistry of bulk 10PCO is well established by Bishop et al. [93] In the
high pO2 range (pO2 > 10-5 atm) treated in this study, the following defect reactions
with equilibrium constants, charge neutrality, mass and site conservation conditions
are valid.

Pr×Ce + e′↔ Pr′Ce : [Pr ′Ce]
[Pr×Ce ]n

=KPr

nil ↔ e′ + p• : np=Ke

O×O ↔ V••O + 2e′ + 1
2O2 : [V••O ]n

2pO2
1/2

[O×O]
=Kred

[Pr′Ce] + [Pr×Ce] = 0.1[Ce0.9Pr0.1O2−δ]

[V••O ] + [O
×
O] = 2[Ce0.9Pr0.1O2−δ]

[Pr′Ce] � 2[V••O ]

From all the parameters of defect equilibria at 700 °C reported in ref. [93], defect
concentrations are calculated as a function of pO2.
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Computed relaxation profiles

Figure 5.10: Computed and experimental mass relaxation profiles for case #1-8.
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Figure 5.10: continued.
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The issue with final pO2 in experiments under small driving force

As introduced in the main part, Wang et al.[80] investigated the effect of the mag-
nitude of pO2 change on the relaxation behavior, and pointed out that the surface
reaction rate constants are deviated in which ∆pO2 is larger than the certain size.
However, solid understanding on the maximum magnitude of ∆pO2 to obtain true
material-kinetic parameters, especially the surface reaction rate constants. In this
chapter, we have derived a reaction rate equation which consists of the final ∆pO2

and defect concentrations:

RO(t) =
dcO(t)

dt
= A · pO2,f

ω[V••O ]
αnβ − B · [V••O ]

α′nβ
′

[O×O]
γ (5.24)

Here, it is clear that the reaction rate is dependent on the RDS and the pO2 depen-
dencies of point defects. Let us consider the situation that in certain thermodynamic
condition the change of pO2 is much larger than the absolute change of defect con-
centrations, in other words, the term related with defect concentrations has the weak
pO2 dependence. Then, the overall reaction rate will be dominated by ∆pO2, and
accordingly the relaxation profile would not be strongly dependent on the magnitude
of ∆pO2. However, it apparently means that in the opposite case the smallest ∆pO2

should be applied to obtain the true surface reaction rate constants.

The pO2 dependencies of defects are changed in many cases as temperature and
pO2 change. Furthermore, RDS is not readily unveiled. Thus, as discussed in
chapter 3, the smallest driving force is always strongly recommended. If the total
conductivity or mass are not changed significantly against pO2, thus one should
apply relatively large ∆pO2, it should be shown that the relaxation profiles under
different initial and identical final pO2 are exactly identical.
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C h a p t e r 6

CONCLUSION AND FUTURE OUTLOOK

6.1 Summary

Chemical redox kinetics of nonstoichiometric oxides, especially ceria system, was
investigated with respect to thermodynamic (temperature, oxygen partial pressure,
water vapor partial pressure) and non-thermodynamic (gas flow rate, morphology
of material) parameters via relaxation methods in electrical conductance and mass.
We found the following:

1. In thermodynamic conditions where the oxides have relatively large changes
with respect to pO2, generally in high temperature and/or low pO2 regime,
the redox kinetics driven by atmospheric pO2 change is limited by capacity of
sweep-gas to supply/remove oxygen to/from the oxides.

a) The relaxation profiles of oxygen concentration within oxides driven by
sufficiently small ∆pO2 under both of gas-phase and surface-reaction
limits follow identical functional form, a simple exponential decay func-
tion.

b) In gas-phase limit, the relaxation time is dependent only on the material
thermodynamic properties and the normalized gas flow rate, without
the influence of pore architecture and material kinetic properties. In
the material-kinetic (specifically surface-reaction) limit, it is exactly
opposite.

c) The transition between material-kinetic and gas-phase limits is shifted to
higher temperatures as specific surface area is decreased or normalized
gas flow rate is increased.

2. In humidifed atmosphere, total oxygen flux at the interface of gas/solid is
a simple sum of each flux sourced from O2 and H2O, where the material
can thermodynamically dissociate H2O, and thus surface reaction rate con-
stant (kChem) in the humidified conditions consists of a sum of kChem,O2 and
kChem,H2O.
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3. Relaxation behavior of oxygen concentrationwithin oxides under large driving
force (large∆pO2) in material-kinetic limit is a result of convolution of surface
reaction rate constants and rate determining step (RDS) of oxidation reaction.

a) From the comparison between relaxation profile and reaction rate ex-
pression based on non-equilibrium thermodynamics and transition state
theory for possible RDSs, the most probable RDS can be known.

b) For 10% Pr doped ceria at 700 °C, reduction of diatomic oxygen from
neutral oxygen molecule to superoxo is the probable RDS in oxidation
reaction.

6.2 Recommendation for Future investigations

1. Oxidation kinetics in thermochemical two-temperature cycle
In actual two-temperature thermochemical cycle, kinetics during oxidation
which is an incorporation of H2O/CO2 into the reduced oxide at around
800 °C is still not well understood due to its complexity: (i) oxygen for the
oxidatin of the oxide is sourced only from H2O/CO2, therefore the surface
reaction rate as a function of pO2 as well as pH2O should be known in that
thermodynamic regime, (ii) the effective pO2 is changed from very low (∼
10-25) to high (∼ 10-8) values, i.e. very large ∆pO2 is applied on the oxide,
and (iii) the thermodynamic power for dissociating H2O/CO2 is decreased
as the oxidation proceeds, in other words, the actual utilization amount of
H2O/CO2 per total amount of supplied H2O/CO2 is continuously decreased
as the oxygen nonstoichiometry of the oxide is decreased along the oxidation,
and therefore, there may be a transition from material-kinetic to gas-phase
limits after a certain time period.
kChem study as a function of pO2 and pH2O in reduced atmosphere might be
worth to try. Furthermore, the effect of large ∆pO2 in this regime needs to
be studied. From these studies if i) one figures out probable RDS and ii)
can perfectly anticipate the reaction rate under surface reaction limit for given
pO2 change condition, theoretical calculation relevant to the transition from
material-kinetic to gas-phase limits can be done based on the thermodynamic
information of equilibrium δ vs. pO2 and based on the reaction extent of H2O
dissociation as a function of pO2. This calculation will show whether the
transition exists or not.
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2. Impedance relaxation technique
Electrical conductance relaxation method enables one to measure each or both
the chemical diffusion coefficient and surface reaction rate constant for oxide
materials showing a measurable change in conductance against pO2. Mass
relaxation method has wider applicability even for such oxides showing pO2

independent conductance behavior. Another powerful tool is elecrochemical
impedance spectroscopy. Its merits include being able to separate several
resistance components such as bulk, grain boundary, and electrode resistances,
which means that the redox kinetics (or hydration/dehydration kinetics in
certain case) for bulk and grain boundary can be separated by tracking the
impedance change driven by ∆pO2 (or ∆pH2O) along time. To my best
knowledge, no one has reported an comparison between the redox kinetics of
bulk and that of grain boundary.
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A p p e n d i x A

RUNGE-KUTTA METHOD FOR SOLVING ORDINARY
DIFFERENTIAL EQUATION

Let’s consider the numerical methods for ordinary differential equations (ODEs). It
is used to find numerical approximations to the solutions of ODEs by evaluating the
function f at points between xi and xi+1.
Let an initial value problem be specified as follows:

dy
dt
= f (x, y); y(x0) = y0 (A.1)

where y is an unknown function of time t, which we would like to approximate. The
dy
dt , which is the rate at which y changes, is a function of t and of y itself.

The formula for the Euler method is [134]

yn+1 = yn+1 + h · f (xn, yn) (A.2)

which advances a solution from xn to xn+1 ≡ xn+h. It advances the solution through
an interval h, but uses derivative information only at the beginning of that interval.
That means that the step’s error is only one power of h smaller than the correction,
i.e. O(h2) added to Equation (A.2). Euler’s method is not commonly recommended
for practical use because the method is not very accurate compared to other methods
run at the equivalent stepsize, and neither is it very stable. Instead, we can consider
the use of a step like Equation (A.2) to take a "trial" step to the midpoint of the
interval. And then use the value of both x and y at that midpoint to compute the
"real" step across the whole interval. In the equations,

lk1 = h · f (xn, yn)

k2 = h · f
(
xn +

1
2

h, yn +
1
2

k1

)
yn+1 = yn + k2 +O(h3)

(A.3)
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As indicated in the error term, this symmetrization cancels out the first-order error
term, making the method second order. In fact, (A.3) is called the second-order
Runge-Kutta method.
By adding up the right combination along this approach, we can eliminate the error
terms order by order. This is the basic idea of the Runge-Kutta method. By far the
most often used is the classical fouth-order Runge-Kutta formula, as follows:

k1 = h · f (xn, yn)

k2 = h · f
(
xn +

1
2

h, yn +
1
2

k1

)
k3 = h · f

(
xn +

1
2

h, yn +
1
2

k2

)
k4 = h · f (xn + h, yn + k3)

yn+1 = yn +
1
6
(k1 + 2k2 + 2k3 + k4) +O(h5)

The fourth-order Runge-Kutta method is often, perhaps even usually, superior to
the lower order method such as Euler method; however, the high order does not
always mean high accuracy. It therefore means that the convergence should always
be checked for different stepsize, h.
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