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Abstract
Projected increase of global energy demand and the urgent need to stabilize
the atmospheric CO2 concentration by reducing CO2 emission requires
ultimately a transition of the world’s primary energy supply from fossil
fuels to renewable sources. Storing the dilute and intermittent solar
energy in the form of versatile energy carriers, e.g. solar fuel, represents
potentially a very important solution.
Solar-driven thermochemical cycles (STCs) based on redox materials like
ceria (CeO2) are a promising way to produce syngas (H2 and CO) from H2O
and CO2. The syngas can be upgraded to more versatile hydrocarbon fuels
by the Fischer-Tropsch (FT) process. Doping ceria with heterocations is a
commonly applied strategy to alter its physicochemical properties. The
performance of ceria, as a redox material for STCs and more generally as a
versatile catalyst, can be enhanced by incorporating certain dopants into the
ceria lattice to induce local structural modification.
The first focus of this thesis is to present in-depth physicochemical
characterization of Zn-modified ceria synthesized by coprecipitation. The
structural and chemical properties revealed are correlated with the
material’s activity for catalytic CO2 conversion via the reverse water-gas
shift (RWGS) reaction, and its activity for STCs (i.e. syngas productivity).
Zinc in the material after low-temperature synthesis is found to be
present in two different phases. Only a small fraction is incorporated in
the main ceria phase while the majority is present as a secondary ZnO
phase that is non-incorporated and X-ray amorphous. The secondary ZnO
exhibits a positive effect on the material’s activity for the RWGS reaction.
However, for STCs, a detrimental effect of this secondary phase is
identified by unravelling the material’s physicochemical changes that
occur during the cycles. While the effect of the secondary ZnO phase
varies from case to case, the zinc incorporated into the ceria lattice
exhibits a beneficial effect for both the RWGS reaction and STCs. These
results illustrate the complex role of a dopant and the importance of indepth knowledge of ceria’s structural characteristics in understanding its
catalytic activity.
The second focus of this thesis is to explore the concept of producing
hydrocarbon fuels instead of syngas directly from H2O and CO2 by
I
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incorporating the FT process into STCs. For this, ceria doped with a FT
catalyst is used. The primary role of the catalyst is not to induce structural
changes but to serve as catalytic sites during the reoxidation step to promote
the formation of organic molecules. Ni-doped ceria and Rh-doped ceria
prepared by coprecipitation are investigated for this concept. Both
materials, after being activated by H2 at 600 C, exhibit activity for
methane formation during their reoxidation by H2O and CO2 at 500 C.
However, only Rh-doped ceria is active after being thermally reduced at
the extreme temperatures of 1400 C and 1500 C. The long-term methane
formation activity of Rh-doped ceria with activation by thermal reduction
at 1400 C is evaluated. Although methane is produced in low quantities,
this study demonstrates for the first time that sustained production of
hydrocarbon fuels directly from H2O and CO2 by realistic STCs can be
achieved. Future research efforts shall be directed towards improving the
product selectivity to methane and potentially to other hydrocarbons,
preferably liquid hydrocarbons like oxygenates.

Zusammenfassung
Die zu erwartende Zunahme des globalen Energiebedarfs und die dringende
Notwendigkeit, die atmosphärische CO2 Konzentration zu stabilisieren,
indem der CO2 Ausstoss vermindert wird, erfordern zwingend den Übergang
von fossilen hin zu erneuerbaren Quellen um den globalen Bedarf an
Primärenergie bereitstellen. Die Speicherung verdünnter und unstetig
anfallender Solarenergie in Form von vielseitig einsetzbaren Energieträgern,
z. B. sogenannten solaren Brennstoffen, stellt eine wichtige Lösung dar.
Solar
getriebene
thermochemische
Zyklen
(STCs),
welche
auf
Redoxmaterialien wie Ceroxid basieren, stellen einen vielversprechenden
Weg dar, Synthesegas, eine Mischung aus H2 und CO, aus H2O und CO2 zu
gewinnen. Synthesegas kann via dem Fischer-Tropsch (FT) Prozess zu
vielseitig einsetzbaren Kohlenwasserstoffen veredelt werden. Ceroxid mit
Heterokationen zu dotieren, stellt eine oft angewandte Strategie dar, dessen
physikalisch-chemischen
Eigenschaften
zu
beeinflussen.
Die
Leistungsfähigkeit von Ceroxid, eingesetzt als Redoxmaterial in STCs oder
generell als Katalysator, kann verbessert werden, indem Dotierelemente in
dessen Kristallgitter eingelagert werden und so dessen Struktur lokal stören.
Der erste Schwerpunkt dieser Arbeit liegt auf der grundlegenden
physikalisch-chemischen Charakterisierung von Zink dotiertem Ceroxid,
welches als Ausfällung einer wässerigen Lösung erhalten wird. Die
strukturellen
und
chemischen
Eigenschaften
werden
in
einen
Zusammenhang gestellt mit der Aktivität des Materials als Katalysator für
die Rückreaktion der Wassergas-Konvertierungsreaktion (RWGS) oder dem
Einsatz in einem STC zur Synthesegasherstellung. Im Anschluss an die
Niedertemperatursynthese findet sich Zink in zwei verschiedenen Phasen.
Ein geringer Anteil ist in der Ceroxidphase eingebaut während der
Hauptanteil als sekundäre, d.h. nicht eingebaute und Röntgen-amorphe
Zinkoxidphase vorliegt. Diese Sekundärphase bewirkt einen positiven
katalytischen Effekt auf die RWGS Reaktion. Bei Verwendung in einem STC
bewirkt diese Sekundärphase einen negativen Effekt. Dieser konnte als Folge
physikalisch-chemischer Veränderungen, die während dem Zyklus ablaufen,
erklärt werden. Während der Einfluss der amorphen Sekundärphase somit
von Fall zu Fall variiert, wirkt eingebautes Zink sowohl in der RWGS als
auch in STCs positiv. Diese Resultate illustrieren die komplexe Rolle, die eine
Dotierung spielen kann, und streichen die Notwendigkeit heraus, detaillierte
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Kenntnisse hinsichtlich der Struktur der Ceroxide zu besitzen, um deren
katalytischen Eigenschaften zu verstehen.
Der zweite Schwerpunkt der Arbeit richtet sich auf das Konzept, anstatt
Synthesegas direkt Kohlenwasserstoffe aus H2O und CO2 herzustellen, indem
der FT Prozess mit dem STC kombiniert wird. Um dies zu erreichen, werden
mit einem FT Katalysator dotierte Ceroxide verwendet. Die Hauptrolle des
FT Katalysators ist es nicht die Struktur des Ceroxides zu beeinflussen
sondern die aktiven Zentren bereitzustellen, die während des
Reoxidationsschrittes die Bildung von organischen Molekülen katalysieren.
Nickel und Rhodium dotiertes Ceroxid wurden dazu verwendet. Nach
Aktivierung mit H2 bei 600 C kann mit beiden Materialien bei 500 C
Methan aus H2O und CO2 erhalten werden. Hingegen ist nur Rhodium
dotiertes Material dazu in der Lage, nachdem es bei einer Temperatur von
1400 C oder 1500 C thermisch reduziert wurde. In einem Dauerversuch mit
Aktivierung bei 1400 C wurde die Methanbildung mit Rhodium dotiertem
Ceroxid untersucht. Obwohl nur geringe Mengen an Methan erhalten
wurden, konnte zum ersten Mal unter realistischen Bedingungen wie sie in
einem STC auftreten die direkte Erzeugung eines Kohlenwasserstoffs aus
H2O und CO2 demonstriert werden. Zukünftig Forschungsanstrengungen
werden darauf abzielen müssen, die Produktselektivität zu verbessern und
mit Vorliebe flüssige Brennstoffe zu erhalten.
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General Introduction
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2 General Introduction

Abstract
In this chapter, the general background of the studies presented in this
thesis is presented. First, an overview of the world’s total primary energy
supply (TPES) for the past few decades is presented. Our heavy reliance
on fossil fuels and their contribution to the rapidly increasing
anthropogenic CO2 emission are presented. The consequences of
uncontrolled CO2 emission and general solutions to the energyenvironment challenge are discussed.
Solar energy, by far the largest exploitable source of renewables, would
need to play a pivotal role in the world’s energy and environmental
security in the 21st century. Scientific and technological innovations and
advancements will be required for the wide-spread utilization of solar
energy, in light of projected increase of energy consumption, depletion of
fossil fuels and the need to cut CO2 emission. However, due to the
intermittency of the insolation, the storage of solar radiation in various
forms is required if solar energy is to become our primary energy supply.
One attractive approach that will be discussed in this chapter is to store
solar energy, photons or heat, in the form of chemical bonds by producing
the so-called solar fuels, carbon-zero (i.e. H2) or carbon-neutral, from the
vastly available H2O and the “undesired and harmful” greenhouse gas
CO2. The photosynthetic route will be introduced. Emphasis will be
placed on the solar-driven high-temperature thermochemical route for
the production of synthesis gas (a mixture of H 2 and CO). A revisit will be
paid to the Fischer-Tropsch (FT) process that is used to convert synthesis
gas to higher grade fuels including CH4 and other hydrocarbons. Based
on these, an innovative concept of incorporating the FT process into
thermochemical cycles in order to synthesize hydrocarbon fuels (e.g. CH4)
directly from H2O and CO2 by utilizing concentrated solar radiation is
presented. The requirements from the perspective of the materials (ceria
doped with a FT catalyst) for this concept will be discussed. At last, the
role of structural properties of doped ceria in general catalysis is
discussed.
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1.1

The Energy and Environment Challenge

Largely driven by economic and population growth, the world’s energy
demand is projected to continue to increase in the foreseeable future. 1,2
The risk of long-term adverse climate changes due to increasing fossil
fuel consumption demands a transition of the energy supply to clean and
renewable energy sources. In this section, the global energy supply in the
past and its projection into the near future are reviewed in detail. Risks
associated with the consumption of fossil fuels as the primary energy
source to the environment security are discussed. Possible measures in
dealing with the energy-environment challenge are presented.

1.1.1

Total Primary Energy Supply

In 1971, the world’s total primary energy supply (TPES) was 231,440
petajoule (1015 J) or 5,527.8 Mtoe (million tonnes of oil equivalent),
according to a recent publication by the International Energy Agency
(IEA).3 As shown in Figure 1.1, as much as 86 % of the TPES came from
fossil sources, mainly coal, oil and natural gas. In 2012, four decades
later, the world’s TPES amounted to 559,818 petajoule or 13,371 Mtoe,
increased by 142% from the level of 1971. Despite some significant
growth of non-fossil energies such as nuclear power and renewables
(hydropower, biofuels and solar etc.) over this period,i still 82% of the
supply came from fossil sources.
Detailed fuel shares in the TPES of 2012 are shown as pie chart in
Figure 1.2. The contribution of oil, coal and natural gas was 31.4%, 29%
and 21.3%, respectively. The section “Bioenergy” (10%) includes
traditional and modern use of biomass and waste. The section “Other
renewables” (1.1%) includes the use of geothermal energy, solar energy,
wind energy and other renewable energy.

Nuclear power accounted for only 0.9% of the world’s TPES in 1973, about
55 Mtoe out of 6106 Mtoe. In absolute terms, it increased to 641.8 Mtoe in 2012,
accounting for 4.8% of the world’s TPES. In the same period, renewables also
grew significantly from 757.1 Mtoe to 1805.1 Mtoe, although its share stayed
nearly constant (from 12.4% to 13.5%) due to increased primary energy demand.
Data extracted from the reference.4
i
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Figure 1.1 Fossil and non-fossil breakdown of the world’s TPES in 1971 and
2012.3 Data shows significant increase of TPES and essentially unchanged %
from fossil sources over four decades.
Bioenergy
10.0%
Hydro
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29.0%
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Figure 1.2 Pie chart of the fuel shares of the TPES in 2012, totaling
13,371 Mtoe. Reproduced from the reference.4
Although globally the energy intensity of the economy (TPES per GDP)
has been gradually decreasing (by 27% from 1990 to 2012), 3 the world’s
demand for primary energy has been increasing significantly, mainly due
to the population growth and economic development.2,4 It is almost
certain that the global energy demand will maintain its steady upward
trajectory towards the mid and even end of this century.1,2,4 However, the

rate of increase in the world’s TPES and the evolution of the percentage
of each component in the primary energy mix will be determined by a
number of factors including the rates of population and economic growth,
technological innovations, energy efficiency gains, and governmental and
international policies. Under the “New Policies Scenario”, the central
scenario by IEA, the world’s primary energy demand is projected to
increase by about 4,900 Mtoe or 37% between 2012 and 2040, averaging
1.1% growth per year and reaching almost 18,300 Mtoe.2 Under “Current
Policies Scenario” in which no further government policies are assumed,
the demand will expand more rapidly at an average rate of 1.5% per year
reaching over 20,000 Mtoe in 2040, which is almost 50% higher than the
level in 2012.2 Under the more aggressive policies within the “450
Scenario”ii, global energy demand will grow at a much more modest pace
of 0.6% per year on average, up by 17% over the projected period.
Also interesting is the projection of fuel shares in the TPES mix over the
course of 2012 to 2040. Figure 1.3 presents the fuel shares of the TPES in
2020 and 2040 under the “New Policies Scenario”, the central scenario
considered by the IEA.2 Under this scenario, fossil fuels will still
contribute to over 79% of the total TPES in year 2020 (roughly 28% from
coal, 30% from oil and 21% from gas). This value is just 3 point
percentage lower than that in 2012, despite active policies to facilitate
the transition away from fossil fuels. In 2040, coal, oil, gas and lowcarbon fuels (including renewables, nuclear and bioenergy) share about a
quarter of the TPES, respectively. Under the aggressive “450 Scenario”,
the contribution from fossil fuels to the TPES in 2040 will be
significantly reduced to 59% according to the projection (not shown in the
chart). This is compensated by significant growth in the non- or lowcarbon based fuels: hydro and other renewables contributing 14%,
bioenergy 16% and nuclear 11%. Therefore, in the near-term future,
fossil fuels will still be a major energy source regardless of the scenarios,

The 450 Scenario pertains a set of governmental and international policies
that are assumed to be introduced in order to bring the world onto an energy
trajectory such that the greenhouse gas concentration in the atmosphere will
peak around the middle of the century at about 450 ppm (parts per million) in
volume CO2-equvilanent, providing a 50% chance of success to limit the longterm average global temperature increase to 2 degrees Celsius (°C). See
reference2 page 38 for details.
ii
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but gradually contribute less to the global primary energy mix if active
policies will be adopted.

2020: 14 978 Mtoe
2.6%
5.6%

10.4% 2.1%
28.1%

21.2%
30.0%

2040: 18 293 Mtoe
5.0%
2.9%

10.9%

6.6%
24.2%

24.3%

Coal
Oil
Gas
Nuclear
Hydro
Bioenergy
Other

26.0%

Figure 1.3 Pie charts of the projected fuel shares of the TPES in 2020 and
2040 under the New Policies Scenario. Source of data is from the reference.2

1.1.2

CO2 Emissions and Atmospheric concentration

The combustion of fossil fuels releases greenhouse gas (mainly CO2) into
the atmosphere. The heavy dependence on the fossil fuels for the
economic development of rapidly growing population since the industrial
revolution, especially over the past decades, has contributed to a steady
and recently very rapid increase of CO2 concentration in the atmosphere.
As seen in Figure 1.4, the atmospheric CO2 concentration mostly changed
in relation to the ice age cycles for the past 420 millennia with maximum
concentration not exceeding 300 ppm. However, the concentration
increased dramatically since the industrial revolution from the mid-18th
century to the levels likely unprecedented in the past 420,000 years. The
time spacing of the carbon dioxide samples obtained from the ice cores

can be as long as a few thousand years between two samples in the oldest
part of Vostok records. Therefore, in principle, abrupt excursions could be
possible and hidden from the presented data. However, based on our
current understanding of the rates of natural processes for creating and
removing carbon dioxide from the atmosphere, it is unlikely that any
positive excursions in carbon dioxide comparable to the one seen since
the industrial revolution had happened during the sparse sampling
intervals.

CO2 Concentration [ppm]

400
400

(2008, 385.3)

Vostok
Law Dome (De08, DE08-2, DSS)
SIO Mauna Loa

350

300

(1832, 284.3)
AD

250

200

150
-400

-300

-200

-100

0

AD

Year [×1000]
1

Figure 1.4 Variation of the atmospheric CO2 concentrations over the past
420,000 years. All data are from Carbon Dioxide Information Analysis
Center, Oak Ridge National Laboratory. Original data published from the
Vostok ice core and Law Dome ice core can be found in the references.5,6
Since 1958, the atmospheric CO2 concentrations (blue line, triangle) were
measured from in-situ air samples collected at Mauna Loa, Hawaii, USA.
See [http://cdiac.ornl.gov/ftp/trends/co2/maunaloa.co2].
Human factors in the rapid increase of the CO2 concentrations in the
atmosphere since the industrial revolution are undisputable. Although
deforestation, burning of biomass such as trees and grass, and cement
manufacturing may have sizable contributions, the major source of CO 2
is the combustion of increasing amounts of fossil fuels, as shown in
Figure 1.1. In 2010, 76% of the global greenhouse gas emissions were
contributed by CO2, with CH4 and N2O being the major components of
the remaining emissions.3 Out of these CO2 emissions over 80% came
9
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CO2 emission [Gt]

CO2 concentration
[ppm]

from fossil fuels, which was 61% of the total greenhouse gas emissions.
Figure 1.5 shows the recent 1000-year record of atmospheric CO2
concentration (a) and the estimated amounts of CO2 emission from
various sources since 1750 (b). In the past 200 years or so, the
atmospheric CO2 concentration increased by 29% to about 375 ppm in
2004. According to the Scripps data obtained at Mauna Loa Observatory
in Hawaii, the monthly average of atmospheric CO2 has reached
403.7 ppm in May 2015. This dramatic increase since the industrial
revolution is correlated with the rapid increase of the estimated CO2
emissions from the combustion of fossil fuels as seen in Figure 1.5b.
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Figure 1.5 (a) Splined atmospheric CO2 concentrations over the past
1000 years. Source of data: the National Climatic Data Center, National
Oceanic and Atmospheric Administration. Original data is from the
reference.7 (b) Estimated CO2 emissions from the combustion of fossil fuels
since 1750. Source of data: Carbon Dioxide Information Analysis Center,
Oak Ridge National Laboratory.
Rapidly rising atmospheric CO2 concentration since the industrial
revolution raises serious concerns over its influence on the global climate
especially in the aspect of global average temperatures. The radiative or
climate forcing of CO2 in the atmosphere increased by about 86% from
1979 to 2014 (1.027 to 1.909 W m-2).8 Increased radiative forcing of CO2
due to increased atmospheric CO2 concentrations means that more heat
(infrared energy) radiated from the surface of the earth, in wavelength

not absorbed by other gases in the atmosphere, are re-absorbed by CO2.
According to the Climate Change 2014 Synthesis Report by IPCC
(Intergovernmental Panel on Climate Change),9 the globally averaged,
combined land and ocean surface temperature data shows a warming of
0.85 °C over the period 1880 to 2012, and the energy stored by the
warming of ocean accounts for more than 90% of the energy accumulated
between 1971 and 2010. The upper ocean near the surface (75 m) warms
up by 0.11 °C per decade over the period 1971 to 2010. The warming
trend has also been reflected by the observed shrinking of glaciers almost
worldwide and rising sea levels over the last few decades. These rapid
and significant climate changes, which could have a series of
unforeseeable and cascading effects on the global ecosystem and human
livelihood,10 have been largely attributed to the anthropogenic increase of
greenhouse gas concentrations in the atmosphere by many
climatologists.
On the other hand, the ocean covers almost 71% of the earth’s surface. It
is a natural sink for the greenhouse gases CO2 released by human on a
scale of tens of billions of metric tons per year.11 In fact, due to the sink
effect of the ocean (and the land) removing parts of the anthropogenic
CO2, the annual increment in atmospheric CO2 concentration is
substantially lower than the increment in anthropogenic emissions.11–13
According to the data presented by Canadell et al.,12 the average
anthropogenic carbon emission over the period 2000 to 2006 was 9.1
billion metric tons of carbon or approximately 30 billion metric tons of
CO2, only about 45% of which remained in the atmosphere. The rest 55%
were absorbed by land (31%) and ocean (24%). Although ocean uptake of
CO2 will help moderate future climate change, the consequent ocean
acidification and associated chemistry caused by the hydrolysis of CO 2 in
seawater may have significant and irreversible detrimental impacts on
marine ecosystems including the ecologically important coral reefs.14,15
The changes in sea level and ocean surface temperature may also have
adverse effects on the coral reef that has continued to deteriorate since
decades ago as a result of human influence.15–17
So far a detailed review of our dependence on fossil fuels in providing the
majority of the TPES to support the economic and population growth
since the industrial revolution has been presented. This dependence has
resulted in significant increase in the atmospheric greenhouse gas (CO2
being the dominant) concentration. Signs of climate change including
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increasing global average temperature, melting of glaciers and rising sea
levels are becoming evident as a result. Increasing uptake of CO 2 by the
oceanic sink shows adverse impact on the marine ecosystem. From
section 1.1.1, it is clear that the world’s TPES will continue to grow at a
steady pace while the share of fossil fuels will continue to be dominant
over the next three decades, regardless of the scenarios. Therefore, it is
virtually certain that the atmospheric concentration of CO 2 will continue
to rise from its present level of roughly 400 ppm. As stated in the IPCC’s
Synthesis Report in 2014, continued emission of greenhouse gases will
cause further warming and long-lasting changes in all components of the
climate system, increasing the likelihood of severe, pervasive and
irreversible impacts for ecosystems and human life. Due to thermal
inertia of the vast ocean and its role as carbon sink, the full impact of
climate change may not be fully evident for decades and even centuries.
Therefore, in order to limit the risks of climate change, it requires
substantial and sustained reductions in greenhouse gas emissions by the
implementation of various policies and technologies under joint global
efforts.

1.1.3

Towards Solving the Grand Challenge

To solve the grand challenge of energy and environmental security facing
humanity in this century, the atmospheric CO2 concentration must be
stabilized at acceptable levels. To achieve this, a combination of various
strategies, short or long term, in the forms of national and international
policies, as well as energy technologies must be developed and deployed.
1.1.3.1

Carbon Capture and Storage

In the short term, various carbon capture and storage (CCS) technologies
shall be developed and deployed, especially at large point emission
sources like coal- or gas-fired power plantsiii. Fossil fuel-fired power
plants are one of the main CO2 emitters by consuming fossil fuels,

It is also possible, in principle, to reduce CO2 concentration in the atmosphere
by extracting CO2 from ambient air. However, due to the much lower
atmospheric CO2 concentration in comparison to that from large point emission
sources, carbon capture from ambient air is much more energy-intensive and
cost-ineffective.
iii

contributing roughly 30% of the total emission. 18 The IEA projections are
that we have to continue to reply largely on fossil fuels for the
foreseeable future and that more power (electricity) will be needed. 2 CCS
technologies therefore, as a short-term solution, will play a vital role in
mitigating climate changes by reducing significant amounts of CO 2 that
would be otherwise emitted to the atmosphere,18–21 ensuring smoother
transition of world’s economy to a sustainable one in the long run.
However, for CCS technologies to be widely adopted in point CO 2
emission sources such as fossil fuel-based power plants, gas processing
sites and cement factories, the cost gap need to be closed and many
hurdles remain to be cleared. This ranges from the development of more
efficient materials and processes for carbon capture, 18,20 to the
introduction and implementation of facilitative international policies
such as phasing out fossil fuel subsidies and adopting carbon
pricing.19,21,22 However, on a more positive note, the world witnessed in
2014 the opening of the very first commercial-scale coal-fired power plant
fitted with CCS capability by SaskPower in Canada, marking a
significant milestone for CCS.23 According to IEA, CCS deployment will
take off after 2025 in electrical and industrial applications and a major
role of CCS in mitigating climate change is expected.22
1.1.3.2

Efficiency Gains and Renewables for TPES Mix

Widespread CCS deployment at large points of source emissions such as
coal- and gas-fired power plants may allow us to continue to use fossil
fuels in the short term without rapidly using up our carbon budget iv.
However it is essential to take an active approach and find ways to
reduce the emissions of CO2 without adversely impacting the global

Carbon budget consistent with a given limit in the degree of warming implies
that the cumulative CO2 emission in the future is a finite global resource.24
Estimated global carbon quota are 3500 and 3500 Gt CO2 for warming limits of
2 °C, with 66% and 50% chance of success, respectively. 25 Taking into account of
the cumulative CO2 already released between 1870 and 2014, the corresponding
remaining carbon budgets from 2015 are 1200 and 1500 Gt CO2, respectively for
the 66% and 50% chance of success. The emission already reached over 40 Gt
CO2 in 2014.
iv
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economic growth for a rapidly expanding population. These long term
strategies can be formulated as the following two points:
1. aiming to increase the overall efficiency of energy use in fuel
consumption sectors such as power generation, the transport sector
and industrial processes;
2. aiming to exploit alternative energy sources that are low- or zerocarbon emitting. This will require efficient technologies in
harvesting, converting and storing various renewable sources of
clean energy. This will be critical to allow us stay independent of
fossil fuels.
The effect of these two strategies (1 and 2) on reducing anthropogenic
CO2 emissions can be best understood by examining the driving factors of
CO2 emissions. The Kaya decomposition3,26,27 states that the global
emission of CO2 can be expressed as the product of four factors,

Etotal = P ×

GDP TPES
E
×
×
P
GDP TPES

(1.1)

where, the four factors are world’s population (P), per capita GDP
(GDP/P), primary energy use per unit of GDP (TPES/GDP), and carbon
emissions per unit of primary energy used (E/TPES). The last two
factors represent the energy intensity of global economy (associated with
strategy 1) and the carbon intensity of primary energy mix (associated
with strategy 2), respectively. From 1990 to 2012, the world’s population
growth, averaged at 1.3% per year, and the growth of per capita GDP,
averaged at 2.1% per year, were the driving force of 1.9% per year
increase of CO2 emissions, despite the average 1.4% decrease per year in
the energy intensity of the economy.3 The carbon intensity, however,
stayed essentially unchanged over this period. Projections are that the
world’s population and per capita GDP will continue to grow. Therefore,
we are left to work on the remaining two factors; that is to significantly
decrease the energy intensity and carbon intensity. This has to
counteract the rise of the other two factors, such that CO2 emissions will
be reduced in order to stabilize the atmospheric CO2 concentrations at
levels that are unlikely to cause dangerous and uncontrollable climate
changes. On a global level, both the energy intensity of GDP and the
carbon intensity of primary energy have to be reduced by 60% by 2050 in

order to achieve the goals set in the 2 °C Scenario (2DS), according to the
IEA.22
Strategy 1 Increase energy use efficiency (Reduce energy intensity of
economy)
According to the Energy Technology Perspectives (2015) by the IEA,
energy efficiency is crucial and will account for almost 40% of the
cumulative emissions reduction need to achieve in the “2 °C Scenario”.
The largest contributions by end-use efficiency gains will be from the
sectors of industry, transportation, buildings and other transformation
processes. Energy efficiency has been regarded as the “first fuel” with
very large untapped potential and multiple benefits of energy efficiency
can be realized to assistant national and international efforts in
achieving sustainability targets.28
Strategy 2 Decarbonize
intensity)

the

primary

energy

mix

(Reduce

carbon

As stated earlier, the carbon intensity of our primary energy mix has
been essentially constant over the past decades. 3,22 As a solution to tackle
the root of the emission problem, decarbonization of the primary energy
implies gradually reducing the use of carbon-intensive fuels such as coal,
replacing them by low-carbon fuels such as gas, and in particular
exploiting non-emitting renewable sources of energy. Certainly, a full
spectrum of energy innovation technologies will need to be researched,
developed, prototyped and scaled-up. They need to be cost-competitive
compared to current energies in order to make a significant contribution
to the primary energy mix. These technologies may include coal
gasification, generation of low-carbon electricity from gas and biomass,
nuclear electricity, conversion of wind and geothermal energy, and in
particular solar energy conversion into electricity and possibly storage as
solar fuels, to name a few. It is not my intention to go through and review
each of the technologies mentioned above, and present their contribution
to the decarbonization of the primary energy mix. However, it is
important to stress that the exploitation of renewable sources especially
solar energy, simply due to its shear abundance, for our use in the form
of heat (industrial and residential), electricity (photovoltaics and solar
thermal), and chemical fuels (hydrogen or carbon-neutral fuel) may be
the ultimate solution to our energy and environmental challenge.
15
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1.2
Source

Solar Energy as a Major Primary Energy

Solar energy is abundant. The average value of solar irradiance entering
the earth’s atmosphere, according to a recent study, 29 is at about
1,361 W m-2 at solar minimum. Assuming that the earth is spherical with
a radius of 6,371 km, a simple calculation tells us that on average
approximately 173.3 × 1015 J (173.3 PJ) of solar energy strikes the earth’s
atmosphere every second; that is on average 623,916 PJ every hour. To
put this number in perspective, the world’s total primary energy supply
(TPES) in 2012, as mentioned earlier in section 1.1.1, was 13,371 Mtoe or
559,818 PJ.3 In other words, the energy on average received by the earth
from the sun in one hour is over 10% more than the primary energy
demand of the world in an entire year currently. This virtually
inexhaustible source of energy does not emit carbon, and therefore has
the potential to satisfy our energy demand indefinitely without causing
drastic climate changes as fossil energies do.
Despite its abundance, solar energy is difficult to use at a large scale. Its
contribution to the global primary energy mix so far has been very
limited. As we have already seen in Figure 1.2, less than 1.1% of the
world’s TPES in 2012 came from solar energy. Scientific, technical,
economic and political constraints existing prevent its wide use. Unlike
fossil fuels, solar energy is dilute and intermittent, varying through days,
months and seasons; it also varies geographically and cannot be directly
stored and transported like fossil fuels. Certainly, direct use of solar
energy in some occasions like heating and cooling for buildings,
industries and services may help reduce fossil fuel use and thus carbon
emissions. For it to become a major primary energy source, it needs to be
converted and stored into easily transportable energy carriers that are
available when and where needed. These energy carriers should have
high energy density and ideally can be easily integrated into the existing
energy infrastructure. To accomplish this, appropriate technologies for
solar energy conversion and storage must be developed and deployed
worldwide. These technologies need to be cost-competitive in producing
the secondary energy carriers and require facilitation of supporting
economic and political policies.

1.2.1

Solar Electricity

One of arguably the most mature technologies to utilize solar energy is
solar electricity by photovoltaics (PV). It is currently the dominant
technology to utilize solar energy. The cost of PV is decreasing rapidly,
leading to its rapid expansion. According to a report by the IEA in 2014,30
global PV reached an daily installation rate of 100 megawatts (MW) in
2013, amounting 36 gigawatts (GW) in total. In the “2 °C Scenario highRenewable (2DS hi-Ren)” of this report, the share of PV electricity will
reach a significant level of 16% in the total electricity mix, following wind
and hydro power. This is particularly important when one considers that
the global growth in final electricity demand by 2050 is three times
higher than the growth in total final energy demand (electricity with the
largest share in final energy consumption, 26%).22
While solar PV only produces electricity during the day when the sun is
shining, solar thermal electricity (STE) technologies applied in parts of
the world where the solar radiation is plentiful could enable electricity
supply from the sun around the clock. This is extremely valuable when
one considers that the demand peaks after the sunset. The reason that
STE can be produced around clock is because concentrating solar thermal
powerplants are built with solar thermal energy storage capability.
However, for STE technologies to be widely deployed like PV,
accelerating the cost reduction is paramount and much effort is still
needed.
As mentioned earlier, electricity will be one of the most important energy
carriers, potentially accounting 26% of the world’s final energy demand
by 2050. Electricity generated from the sun by PV and STE technologies
combined may account for 27% of total electricity demand. 30 Despite the
significance of solar electricity in our future final energy demand, it is
important to point out that there lacks efficient and mature
technologies,31 capable of storing (especially for long term) large
quantities of surplus solar electricity for later use at locations near or far
away from where it is produced. In other words, there is no cost-effective
way currently to store the energy carried by electricity generated in the
Sahara desert in one year and use it in the cold winter of Montreal a year
later. In fact, the lack of efficient electricity storage capability at most
power plants means that there is a need to constantly balance the supply
of electricity with demand, which carries a certain cost. In addition, to
17
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secure reliability, the power plants and power system have to be
significantly over-designed and over-built to very high capacity to meet
the highest annual demand and load that only occurs in rare occasions.
The drawbacks of electricity, including the lack of efficient storage, and
large transmission loss if electricity is to be delivered over long distance,
are not to discourage solar PV and STE, but to encourage the quest for
alternative carriers of solar energy that are easily storable and
transported.

1.2.2

Solar Fuel and CO2 Conversion

The storage of solar energy in the form of chemical bonds in so-called
solar fuels is arguably one of the most attractive approaches. The term
“solar fuel”, as the name indicates, typically refers to a chemical fuel that
is produced artificially, either directly or indirectly from the sunlight
(solar energy) using very abundant feedstocks (i.e. H2O and CO2). The
process usually involves the reduction of protons to hydrogen, or CO2 to
CO or organic compounds. Although still in the early research stage,
solar fuel has an inherent advantage over solar electricity in that the
solar energy is converted to chemical bonds of the solar fuels, which are
easily stored for later use and transportable over long distances. This
essentially makes solar energy available when and where needed.
The advantage of solar fuel also lies in that it is non-emitting (i.e. solar
H2) or carbon-neutral (using greenhouse gas CO2 as a raw material).
These clean and sustainable fuels can be equivalent to fossil fuels, and
they are compatible with the current energy infrastructure. Especially
when one looks at the transportation sector, energy use in the past few
decades remains heavily dependent on oil products despite the
introduction of alternatives such as biofuels and electrification. In 2012,
out of the 102 EJ used for transportation, 95% came from oil products
and 1% from natural gas; the transportation sector accounted for as high
as 27% of the total final energy consumption.22 The transportation sector
thus accounted for nearly 23% of global energy-related CO2 emissions
(approximately 7.19 out of 31.73 Gt) in 2012,3 making it the second
largest emitter by sector. From this perspective, it is highly desirable
that carbon-neutral solar fuel could be eventually produced on an
industrial scale to drive our carbon-intensive transportation system.

Therefore, in light that solar fuel is dispatchable, and that it is a nonemitting or carbon-neutral fuel compatible with current infrastructures,
it is arguably one of the most attractive solar energy carriers. It is very
difficult to envision a sustainable energy and environment future without
having a major contribution from solar fuels. However, before that can be
realized, significant scientific and technological barriers need to be
overcome.
There exist both direct and indirect processes to produce solar fuel out of
H2O and CO2. With indirect processes, solar energy is firstly converted to
intermediate forms of energy carriers before they are used to produce the
ultimate solar fuel. The intermediate can be electricity from PV solar
cells, which drives water electrolysis to produce solar hydrogen. It can
also be biomass from natural photosynthesis, and solar fuel is then
derived from the biomass. The indirect processes may be in a more
advanced stage of development or deployment compared to direct ones.
However, the need to integrate several systems results in extra cost and
also efficiency loss due to a “detour” to the intermediates. The direct
processes that are used to produce solar fuel are often termed as
“artificial photosynthesis”. That is not entirely true. Artificial
photosynthesis, either in a molecular system or in a nanomaterials-based
system, is indeed one of the main direct processes for solar fuel
production (hydrogen or organic compound). Here, two very different
approaches to solar fuel production by direct processes are discussed:
artificial photosynthesis and solar-driven thermochemical cycles.
1.2.2.1

Artificial Photosynthesis

Natural photosynthesis is a very inefficient process, converting and
storing only less than 1% the incident solar energy into biomass, 1,32
which is clearly a carbon-neutral energy source. From this perspective,
an enormous area of land would be required to contribute significantly to
our total energy demand, which means less land would be available for
agriculture. In addition, further conversion is also required to produce
versatile fuels. Artificial photosynthesis, on the other hand, is a
potentially more efficient process,1 to convert the abundant H2O and CO2
to energy-rich molecules such as hydrogen and organic compounds (solar
fuel). These fuels are more versatile than biomass. For this, it requires
photo-catalysts that are efficient and cost-effective to reproduce the key
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steps of photosynthesis: from photon absorption and O2 evolution to H2
production and CO2 reduction.
One important process to produce solar fuel is photocatalytic water
splitting to produce H2. Such water-splitting system can be either
homogeneous or heterogeneous.32 A homogeneous system is relatively
simple as the catalysts and components are in the same compartment,
but it poses more stringent requirement on the catalysts as they must be
active for both the water oxidation (O2 evolution) and reduction (H2
evolution) processes. In addition, further separation of oxygen and
hydrogen is required. A heterogeneous system, however, has two
separate electrodes where two different catalysts can be used and each in
principle can be working under different conditions.
Artificial photosynthesis of CO and organic compound by CO2 reduction
is another approach to the production of solar fuel. This can be viewed as
a reversed combustion process. Ideally, methane and especially alcoholic
liquid fuel such as methanol and ethanol is directly produced. This is
extremely attractive as they are already compatible with existing energy
infrastructure. For example, Morikawa et al. recently demonstrated the
photocatalytic conversion of carbon dioxide into methanol using a reverse
fuel cell.33 Methanol was the major product formed from a layered double
hydroxide consisting of Zn, Cu and Ga under the flow of CO 2 and
irradiation of UV-visible light. If only CO is produced by this approach, it
can be further converted to liquid fuels by the Fischer-Tropsch process
with the use of renewable hydrogen.
A very different approach to artificial photosynthesis is photo-biological
production of hydrogen and carbon-neutral liquid fuels such as ethanol.
For example, genetically modified cyanobacteria cultured in sea water
can take up CO2 and make sugar (pyruvate) through photosynthesis and
then secrete ethanol from the cells into the sea water, according to
researchers from the company Algenolv. This process, however, can be

Algenol is a global industrial biotechnology company focusing on
commercializing its patented algae technology. It is projected to enable the
production of ethanol for around $1.00 per Gallon using sunlight, carbon dioxide
and saltwater, and targets commercial production of over 9,000 gallons of
ethanol per acre per year. It also produces diesel, gasoline and jet fuel.
v

viewed as a semi-direct one for solar fuel production. A major advantage
of artificial photosynthesis, comparing to solar-driven thermochemical
cycles discussed later, is that the fuel is produced at ambient or nearambient temperatures. However, artificial photosynthesis (i.e. based on
semiconducting materials) typically utilizes only part of the solar
radiation spectrum, mostly ultra-violet and visible light,33–35 due to
constraints of band structures. Photons from the solar radiation with
energy less than the material’s band gap energy (Eg) are not absorbed
and utilized, limiting the overall solar to fuel conversion efficiency. If the
photon energy is higher than Eg, excess energy from the absorbed
photons is dissipated as heat due to the relaxation (thermalization) of the
photo-excited state.36 This phenomenon further lowers the overall
conversion efficiency. In addition, the rate of fuel production can be
rather low. For example, the formation rates of methanol and H2 in the
study of Morikawa et al. were less than 0.05 and 1 µmol h−1 gLDH−1,
respectively.33 More efficient photo-catalysts without the use of noble
metals as co-catalysts are required.
1.2.2.2

Solar-driven Thermochemical Cycles (STCs)

Direct processes to synthesize solar fuel are not just limited to artificial
photosynthesis. An alternative way is the solar-driven thermochemical
cycles (STCs). Thermochemical cycles based on redox active materials
driven by concentrated solar radiation are an attractive and sustainable
pathway to produce clean and carbon-neutral chemical fuels such as H2 and
CO from H2O and CO2.37–40 The intense heat required to drive these cycles
are provided by concentrating the solar radiation hundreds to thousands
of times. Thus, STCs, unlike artificial photosynthesis, utilize the whole
spectrum of solar radiation as it is: every photon contributes to the high
temperature required, allowing higher overall solar to fuel conversion
efficiency (analogous to Carnot efficiency). Although three- or four-step
thermochemical cycles are demonstrated, the majority of the efforts are
put to two-step STCs using metal oxides due to simpler operation.
In a typical two-step STC, as illustrated in Figure 1.6, high temperatures
generated by concentrated solar radiation drives the endothermic
activation of a metal oxide. During activation, the material is reduced,
and O2 is released and removed by a constant flow of inert gas (i.e. Ar).
Depending on reaction temperature and the oxide used, the oxide is
reduced either to the corresponding metal, to a lower valent oxide, or to a
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non-stoichiometric phase. In the second non-solar exothermic step,
performed at lower temperatures, the reduced material is reoxidized by
H2O or by the greenhouse gas CO2. H2 or CO is produced as a result and
the material is converted to its original oxidized state. Syngas, a mixture
of H2 and CO, is produced if H2O and CO2 are used simultaneously. The
chemical yield, i.e. the amount of H2 or CO produced in one cycle per unit
mass of oxide material, depends largely on the degree of reduction
achieved during reduction (assuming full reoxidation). The complete
process can be summarized as follows.
Thermal reduction at high temperature (TH)
MeOx → MeOx-δ + δ/2 O2

(1.2)

Reoxidation with H2O at low temperature (TL)
MeOx-δ + δ H2O → MeOx + δ H2

(1.3a)

Reoxidation with CO2 at low temperature (TL)
MeOx-δ + δ CO2 → MeOx + δ CO

(1.3b)

Reactions 1.2 and 1.3a (or 1.3b) result in H2O (or CO2) splitting as the
net reaction 1.4a (or 1.4b) in a cycle, with inherent temporal separation
of the H2 (or CO) produced and the O2 evolved.
H2O → H2 + 1/2 O2

(1.4a)

CO2 → CO + 1/2 O2

(1.4b)

δ/2 O2

3000
× 3000

TH

MeO x

MeOx- δ
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δ H2O / CO 2
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δ H2 / CO

Figure 1.6
Schematic
illustration
of
two-step
solar-driven
thermochemical cycles based on a metal oxide (MeO x) for syngas (H2
and CO) production: thermal reduction at T H and reoxidation at TL.
The lattice in the centre of the figure represents a partially-reduced
fluorite-type oxide (e.g. CeO2-δ).

Higher temperature of reaction typically leads to much faster rates of
solar fuel production in the absence of precious metals. In comparison to
the direct thermolysis of CO2 and H2O, STCs lower the dissociation
temperatures significantly. Unlike in the direct thermolysis of H2O/CO2,
the H2/CO and O2 are formed in separate steps in STCs. Thus, their
recombination is avoided. The H2 produced by STCs, clearly renewable, can
be used directly as a fuel (such as in a fuel-cell), or as a reducing agent to
convert CO2 to CO by catalytic reverse water gas shift (RWGS) reaction.
Alternatively, the syngas (a mixture of H2 and CO) produced by STCs can be
further converted to more versatile hydrocarbon fuels by the Fischer-Tropsch
(FT) process. An overview of the FT process is given later in section 1.3.2.
The state-of-the-art metal oxides used for two-step STCs are mainly nonstoichiometric oxides including ceria and perovskites. With ceria, an
impressive 0.8% and 0.7% solar-to-fuel peak efficiency was reached for
CO2 and H2O splitting, respectively without heat recuperation.41 The
solar-to-fuel efficiency with STCs, especially when heat recuperation is
incorporated, can be far more superior compared to the photocatalytic
approaches.32,41,42 STCs, as one of the main focuses of this thesis, are
further discussed in detail in section 1.3 and 1.4.

1.2.3

Solar Energy for Other Processes

Solar energy, apart from it being converted to electricity and being stored
as chemical fuels, can be also used as an energy source for a number of
other processes. When combined together, application of solar energy in
these processes may contribute to significant reduction in CO2 emissions.
Certainly, solar energy can be used directly to heating and cooling of
buildings, as mentioned earlier. It can be also used for low temperature
industrial process heat,43 and for solar desalination of seawater to
produce fresh water.44 It is worthwhile to mention a few other potentially
important applications of solar energy as high temperature process heat
source. These applications include solar-driven CO2 dry reforming of
methane (DRM),45–48 the reverse water-gas shift (RWGS) reaction, and
solar-driven gasification of biomass and carbonaceous feedstocks.49–53
Both the CO2 DRM and the RWGS reactions are endothermic and
convert greenhouse gases CO2 into synthesis gas, the precursor of highgrade liquid fuels.52,54 Utilization of solar energy as the heat source for
these reactions not only avoids using fossil fuels for the process heat, but
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also helps to recycle greenhouse gases into value added carbon-neutral
fuels.

1.3

H2O and CO2 to Syngas and Hydrocarbons

Various native or mixed metal oxide redox materials have been
investigated for two-step STCs for syngas production. These materials
can be divided into two categories: volatile and non-volatile redox pairs.
Lots of attention has been devoted to thermochemical cycles with volatile
oxides such as the ZnO-Zn redox pair,55–59 due to its high redox capacity
and its potential of very high solar-to-fuel conversion efficiency.56,60,61 The
SnO2-SnO redox cycle is another example.62–64 However, the
disadvantage of volatile cycles lies in the need of rapid quenching with
inert gas,65,66 in order to supress the recombination of the metal or
reduced metal oxide with the oxygen from the reduction of the oxide. In
comparison, certain metal oxides remain in the solid state during STCs,
making the cycles simpler to operate, despite that the fuel yield can be
relatively restricted. Notable examples of non-volatile redox pairs
receiving considerable attention include Fe-based metal oxides,67–74 the
state-of-the-art ceria-based oxides,41,75–95 and very recently also
perovskites,96–104 the latter two being non-stoichiometric oxides.
Perovskite-type oxides have emerged very recently as promising
candidates for STCs due to their potential for relatively low temperature
operation and high oxygen storage capacities.96–104 However, as in the
case of Fe-based oxides, increased fuel production per cycle with
perovskites comes at the price of slower reoxidation rates due to reduced
thermodynamic driving force.39,40,96,101 Ceria (CeO2) is intensively
investigated for STCs due to the relative ease to remove oxygen from its
lattice and to refill the oxygen vacancies formed in response to changes in
temperature or oxygen partial pressure.105–107 Partly owing to its fast
reoxidation kinetics, ceria remains arguably the most promising metal
oxide for two-step STCs.41,87,90,91,93 In this thesis, STCs using ceria-based
oxides are one of the focuses. As discussed earlier, the produced syngas
via STCs can be converted to hydrocarbon fuels by the FT process.

1.3.1

Ceria-based Solar Thermochemical Cycles

1.3.1.1

Native Cerium Oxide

The first demonstration of STCs based on ceria (CeO2/Ce2O3 redox pair)
was reported by Abanades and Flamant.75 Ceria was thermally reduced
to Ce2O3 at 2000 °C under concentrated radiation at reduced pressures
(100–200 mbar). The reduced ceria was collected and reacted with water
producing H2. Due to the very high reduction temperature, significant
sublimation losses (~50 wt%) occurred. To avoid the extreme
temperature for reduction and to suppress sublimation, similar cycles
based on non-stoichiometric ceria were investigated later by Chueh et
al.41,93 and Furler et al.,87 showing great potential of ceria as a redox
material for STCs.
Concentrated solar radiation

Quartz window

Inert

ga s

H2O,

CO 2

Insulation
Porous ceria tube

Step 1 Reduction
Thermal activation: O2 evolution
H2, CO

Inert gas, O2

50 μm

Step 2 Oxidation
Solar fuel (H2 and CO) production

Figure 1.7 Schematic representation of the solar cavity-receiver reactor
for two-step solar thermochemical cycles based on non-stoichiometric
ceria. Figure adapted from the reference.41
Using a cavity-receiver reactor, the viability of STCs with nonstoichiometric ceria under realistic concentrated solar radiation and
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relevant conditions was demonstrated by Chueh et al. in 2010.41 The
schematic of the reactor used is presented in Figure 1.7. The reactor
consists of a thermally insulated cavity receiver, in which a cylinder of
porous monolithic ceria was contained. Through a glass window aperture,
the concentrated solar radiation could enter the reactor and impinge on the
redox material (ceria). Reacting gases flow radially across the porous ceria
toward the cavity inside, whereas product gases exit the cavity through an
axial outlet port at the bottom. The red arrows indicate the gas atmosphere
for thermal reduction of ceria (equation 1.5) and the red arrows reoxidation
(equation 1.6).
Thermal reduction by concentrated solar radiation
CeO2 → CeO2-δ + δ/2 O2

(1.5)

Reoxidation at lower temperature
CeO2-δ + δ H2O → CeO2 + δ H2

(1.6a)

CeO2-δ + δ CO2 → CeO2 + δ CO

(1.6b)

After stabilization of the porous material in the first ~100 cycles, the
rates of oxygen evolution and hydrogen production remained constant for
the subsequent ~400 cycles,41 indicating its stability and thus potential
for realistic applications for solar fuel production. This long-term
stability of thermochemical activity was also reported in another article
by the same authours.93
In comparison to ferrites, large chemical diffusion of oxygen in the ceria
lattice facilitates redox reactions, leading to enhanced redox kinetics.40
The sintering of ceria is not as severe as ferrites due to its higher melting
temperature, making ceria a relatively more superior material in terms
of stability. The stability of the ceria and its redox kinetics can be further
enhanced by fabricating porous ceramic structures out of ceria to alleviate
sintering, and facilitate mass and heat transfer.90,108,109 However, the
oxygen exchange capability of non-stoichiometric ceria is limited.
Typically very high temperatures above 1300 C and low oxygen partial
pressures are required to achieve an acceptable degree of reduction for
native ceria.

1.3.1.2

Doped Ceria

Very high temperature (typically 1400–1500 C) is required for thermal
reduction of native ceria. This is impractical from engineering perspectives.
In order to shift the reduction of ceria to lower temperatures (or increase
solar fuel production after thermal reduction at a given temperature), doping
ceria with heterocations for STCs has been investigated. By incorporating
certain heterocations into the lattice of ceria, the ability of ceria in
storing and releasing oxygen can be enhanced, as demonstrated by both
computational110–113
and
experimental
studies114–123
with
the
incorporation of alkaline, transition metal and rare earth metal cations.
The enhancement in the oxygen storage capacity of ceria by the
incorporation of certain heterocations is due to lattice and electronic
distortions caused by these alien cations. 110,111,113
In attempt to increase the fuel yield per cycle, ceria doped with various
metal cations has been extensively investigated with various degrees of
success.76–82,85,88,94,95,124 A notable example is Zr-doped ceria which was
shown to increase solar fuel production, 40,77,80,81,88,94,95 but again at the
price of slower reoxidation rates. The incorporation of trivalent
lanthanide cations (La, Sm and Gd) did not result in a better
performance than native ceria, according to Le Gal et al.79,81 However,
the addition of La or Gd to Zr-doped ceria resulted in an increased
thermal stability.79,81 Studies on ceria doped with alkaline metal
cations have also been reported. The activity of Ce 0.9M0.1O2-δ (M = Mg,
Ca, Sr, Sc, Y, Dy, Zr and Hf) for thermochemical H2O splitting was
investigated by Meng et al.124 Only Zr, Hf, and Sc doped ceria exhibited
larger H2 yield compared to native ceria.124 Scheffe et al. also observed an
enhanced CO2-splitting performance with Zr- and Hf-doped ceria.88 In
contrast, two recent studies by Kang et al. show that the addition of the
alkaline earth metal cations Ca2+ and Mg2+ into the lattice of ceriazirconia oxide promotes its thermochemical activity for CO 2 splitting.94,95
Most research efforts in designing redox materials for STCs so far have been
devoted to improving syngas production by screening different dopants (i.e.
the evaluation of the materials’ activity for STCs). The studies
mentioned previously illustrate the complex role of the dopants in
modifying ceria’s activity for STCs, which in many cases remains to be
fully understood. Very often, the material's performance quickly
deteriorates during the initial cycles due to a number of reasons
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including sintering and physicochemical changes at high temperatures.
However, very few studies attempt to monitor chemical and structural
changes of the materials despite their importance in understanding the
materials’ activity and the changes of the activity during these initial
cycles. Thus research efforts shall be also directed to understanding
the fundamentals (i.e. the physicochemical properties) of doped ceria
materials, and to obtain insights into their changes as cycling of the
materials progresses. These insights would allow more thorough
understanding the materials’ activity for STCs and lead to more
rational design of better-performing materials.

1.3.2

Beyond Syngas: Fischer-Tropsch Process

Synthesis gas or syngas (a mixture of H2 and CO) produced by STCs, by
using CO2 and H2O as the materials input and solar energy as the energy
input, can be further converted to more versatile hydrocarbon fuels. The
upgrade of syngas to hydrocarbon fuels (as well as petrochemical
substituents) can be achieved by the well-established Fischer-Tropsch
(FT) process. In 1923, Franz Fischer and Hans Tropsch discovered the
conversion of a mixture of CO and H2 to hydrocarbons using an iron
catalyst.125 In fact, the first syngas conversion to hydrocarbon was
reported by Sabatier and Senderens in 1902.126 Methane was produced
from CO and H2 over nickel or cobalt catalysts under atmospheric
pressure. Depending on the catalyst used and the conditions applied, the
products of the FT synthesis include gaseous hydrocarbons like methane,
and liquid hydrocarbons such as gasoline, diesel, oxygenates and jet fuel.
Generally, the FT process is operated in the temperature range of 150–
350 °C and at pressures typically ranging from one to a few tens of
atmospheres. Higher temperature results in faster reaction kinetics
and higher conversion rates, and favours methane formation. Higher
pressure favours the formation of long-chain hydrocarbons but adds to
the cost due to the use of high-pressure equipment. These fuels derived
from syngas produced by STCs are compatible with current energy
infrastructure. When they are consumed by end users, they provide
energy for work and release H2O and CO2, closing the materials cycle.
The following equations summarize the main reactions during the FT
synthesis.
Alkane production
(2n + 1) H2 + n CO → CnH2n+2 + n H2O

(1.7)

Alkene production
2n H2 + n CO → CnH2n + n H2O

(1.8)

Water-gas shift reaction
CO + H2O ↔ CO2 + H2

(1.9)

Alcohols production
2n H2 + n CO → CnH2n+2O + (n − 1) H2O

(1.10)

Boudouard reaction
2 CO → C + CO2

(1.11)

A critical component of FT synthesis is the catalyst used. The
dominant catalysts for FT synthesis are iron-, cobalt-, ruthenium- and
nickel-based catalysts.127 Typical FT catalysts and their product selectivity
are summarized in Table 1.1.
Table 1.1 Typical FT catalysts and corresponding product selectivity. Adapted
from the reference.128
Catalyst

Product selectivity

1. Group VIII metals
Fe
Co
Ni
Ru
Rh
Pd
Pt

Hydrocarbons (alkanes/alkenes) and oxygenates
Linear hydrocarbons (alkanes/alkenes)
Methane and hydrocarbons
Methane and hydrocarbons
C2+ oxygenates
MeOH
MeOH

2. Oxides
Th oxide
Cr oxide
Cu/Zn oxide
CuCoCr0.8K0.09Ox

Branched alkanes and oxygenates
MeOH and branched alcohols (C4)
MeOH
Branched higher alcohols

3. Mo-Based Catalysts
Mo
Alkali–Mo sulfide
K–Co–Mo

Hydrocarbons
C1–C5 linear, primary alcohols
C1–C4 alcohols
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Iron-based catalysts are mostly used in high-temperature FT process
producing mainly lower chain hydrocarbons while cobalt-based catalysts are
used in the low-temperature process producing diesel, paraffin and even wax
products. Ru-based catalysts are extremely active in very low temperature
ranges. For the synthesis of ethanol and higher oxygenates, the most
selective catalyst so far has been Rh-based catalysts,128,129 which are also
active in producing significant amounts of methane as a side product. In
addition, nickel-based catalysts strongly favor methane formation due to its
activity for CO dissociation and hydrogenation. 130–132

1.4

Direct Hydrocarbon Fuels from H2O and CO2

With collaborations of academic and industrial organizations under the EU
research project SOLAR-JET, the world's first jet fuel was produced from
H2O, CO2, and simulated sunlight (Figure 1.8). The researchers have
successfully demonstrated the entire production chain for renewable
kerosene for the first time.

Combining the two steps in one reactor
Solar Reactor

Fischer-Tropsch (FT) Reactor

Syngas
H2 + CO

Hydrocarbons

FT
catalyst
CxHyOz

H2 O + CO2
Redox material:
CeO2

+

FT catalyst:
Fe, Co, Rh, Zn, Cu…

Figure 1.8 Combining the STCs and the FT process: direct hydrocarbon fuel
production from H2O and CO2 using concentrated solar energy. The
schematic of the process chain is adapted from the EU program SOLAR-JET.
The whole Solar-to-Jet production chain consisted of two processes. In the
first process, H2O and CO2 were converted to syngas via thermochemical
cycles using a metal oxide activated by concentrated solar radiation in a
solar reactor (see Figure 1.7 for details). The produced syngas was stored
and transported to Shell Global Solutions and management partner ARTTIC

for the second process: conversion to Kerosene by the Fischer-Tropsch
process. Although at experimental stage, combining the STC and FT
processes has the potential to provide various kinds of secure, clean and
sustainable fuels including jet fuel, diesel and gasoline in future. Here the
concept of merging the STCs and FT processes in to one single process is
presented. The redox material for STCs and the catalyst for FT process are
combined, as illustrated in Figure 1.8.

1.4.1

Motivation of Merging STC and FT process

Directly producing hydrocarbon fuels from H2O and CO2 in one step by
merging the STCs and FT (or broadly, catalytic) process can potentially
achieve higher solar-to-fuel efficiency. Such concept, if high selectivity for
hydrocarbons is achieved, inherently bypasses the separate FT process. This
could potentially make the solar fuel production chain much more
economical. In addition, storage and transportation of syngas would not be
required.

1.4.2

Concept of Merging STCs and the FT process

With the aim to generate hydrocarbon such as methane and even liquid
fuels directly from H2O and CO2 via thermochemical processes, the
strategy proposed here is to incorporate the FT (or broadly, catalytic)
process into a thermochemical cycle by doping ceria with a catalyst.
Conceptually, the catalysts incorporated in the ceria lattice plays two
roles and the hydrocarbon solar fuel production cycle functions as the
following:
1. The ceria doped with a catalyst is thermally reduced under
concentrated solar radiation, and the reduction extent is hopefully
enhanced by the presence of the catalyst cations in the ceria
lattice, thus increasing the fuel production;
2. For reoxidation, the temperature is maintained at 500 °C or lower.
Then H2O and CO2 are introduced simultaneously to react with the
reduced ceria. The second role, the primary role, of the catalyst
(specifically in Figure 1.9, a FT catalyst) in the ceria lattice is to
serve as catalytic sites during reoxidation to drive the formation of
organic molecules, ideally at high selectivity. Details of the
reoxidation step are illustrated further in Figure 1.9.
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Figure 1.9 Schematic illustration of direct hydrocarbon (CxHyOz) formation
from H2O and CO2 during the reoxidation of reduced ceria doped with a
Fischer-Tropsch (FT) catalyst.
The formation of the organic molecules (hydrocarbon fuels) can be either
from the conversion of the synthesis gas generated by H2O/CO2 splitting, or
directly from H2O/CO2 without the intermediate formation of syngas, or from
a combination of both. By incorporation instead of impregnation of the
catalyst, sintering of the catalyst at extreme temperatures required for
thermal reduction can potentially be alleviated greatly.

1.4.3

Materials Requirement

Three tentative requirements for the properties of the materials used for
this concept are formulated. This “requirement triangle” is summarized
in Figure 1.10. The very first is that the FT catalyst should be initially
incorporated into the lattice of ceria, or finely dispersed on ceria. The
incorporation or fine dispersion, in principle, increases the reaction sites
for hydrocarbon formation. This would also allow an intimate contact
between the cerium cations and the catalyst. Since H2 and CO (or the
intermediate species containing hydrogen and carbon) are formed at
cerium sites by the oxidation of Ce3+, they need to migrate to the catalyst
sites for further conversion to hydrocarbons. Thus the intimate contact
between the cerium cations and the catalyst could be crucial in
facilitating the direct formation of hydrocarbon from H 2O and CO2 during
the reoxidation step. The second requirement is the material’s structural
stability at temperatures of 1400 °C or even higher. In the event of phase
segregation potentially occurring during high temperature thermal
reduction of STCs, the catalyst should remain well-dispersed instead of
quickly clustering together. If severe sintering happens, the

thermochemical activity will be decreased. This is detrimental to the
long-term cycling ability of the materials. High-temperature sublimation
of the catalyst is another issue of concern. The last requirement is that
the catalyst, incorporated or finely dispersed, must be active in
catalyzing the formation of hydrocarbons. Thus one focus of this thesis is
to explore this new concept of producing hydrocarbon fuels directly in the
reoxidation steps of STCs. In this thesis Rh-doped and Ni-doped ceria are
evaluated as starting materials from the perspective of these intended
requirements.
Hydrocarbon
formation activity

FT
FT

Incorporation
or fine dispersion

Structural stability
Min. sublimation

Figure 1.10 The “requirement triangle” of the material used for the
concept of direct production of hydrocarbons from H2O and CO2 by STCs
based on ceria doped by a catalyst (e.g. FT catalyst).

1.5

Doped Ceria for General Catalysis

Apart from recently being used for STCs, ceria-based oxides have been
intensively studied for a wide range of applications, particularly in
catalysis.133 Ceria-based oxides can be used as electrolytes for solid oxide fuel
cells (SOFCs),134–140 and notably as efficient catalysts to remove toxic
pollutants from automobile exhausts including CO,116,119,141–146 volatile
organic compounds,147 NOx,148–151 and soot particulates.114,117,118,152–154
The widespread application of ceria in catalysis is due to, as discussed
earlier, its relative abundance and especially its oxygen storage capacity
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(OSC).106,155 As mentioned in section 1.3, doping ceria with heterocations
is a commonly applied strategy to alter its structural and chemical
properties, including its oxygen storage capacity. By introducing certain
heterocations into the lattice of ceria, the physicochemical properties of ceria
can be improved. A lot of efforts have been devoted to this. Doping ceria with
aliovalent cations such as Ca2+, Sr2+, Y3+, Sm3+, and Gd3+ was shown to
significantly increase its ionic conductivity,134 which is required for the
electrolytes of SOFCs. Enhanced OSC and lattice oxygen mobility of ceria by
doping Pr3+ and La3+ promote their catalytic activities for soot114,117,118 and
CO oxidation.115,116 In fact, many studies have shown that the three-way
catalytic activities of ceria-based materials are intricately linked to their
OSCs,116,117,119,149 which can be enhanced by incorporating rare earth and
transition metal ions into the ceria lattice.
Evident from first-principles calculations, the enhancement of the OSC of
ceria is closely related to structural modification of the ceria lattice by the
dopants.110–112 By incorporating divalent ions such as Zn2+, Cu2+ and Pd2+,
structural distortion to the ceria lattice is induced, creating weakly- or
under-coordinated oxygen ions that are more easily removed than in native
CeO2.110 Therefore the oxygen vacancy formation energy of ceria is
significantly reduced. Ahn et al. also show that lattice distortion caused by
the incorporation of multivalent praseodymium increases oxygen vacancy
defects and thus enhances the mobility oxygen ions, leading to a higher OSC
than native CeO2.112 These computational and experimental studies clearly
reveal a link between the structural properties of doped ceria and its
chemical reactivity including its OSC and catalytic activities.
Therefore, it is very important to have an accurate picture of the
structural characteristics of the synthesized ceria doped with other metal
cations, including its correct phase composition. On the other hand, it is
also important to establish structure-activity relationships in order to
develop more efficient catalysts rationally. However, for the majority of
the dopants studied, whether a monophasic solid solution is formed or
not is typically determined only by standard X-ray diffraction (XRD).
This can be sometimes combined with a few other characterization
techniques including Raman spectroscopy and transmission electron
microscopy (TEM). But a combination of these commonly applied
techniques may not be sufficient to offer in-depth structural
characterization of the doped ceria, including its phase composition. This
can be especially true in cases where the synthesis is carried out at low

to medium temperatures, typically below 800 °C for most studies. This is
to avoid severe sintering and loss of surface area. However, in case X-ray
amorphous dopant oxide exists in the synthesized material, it could stay
undetected by these standard characterization techniques, which may
hinder our understanding of the observed catalytic activity. Thus it is
very important to gain in-depth knowledge in the structural
characteristics of the working catalysis by combining standard and
advanced characterization techniques, and to correlate these insights to
the material’s activity. This is the other focus of the thesis. The
structural characteristics of dual-phase Zn-modified ceria are evaluated
against its catalytic activity for the RWGS reaction for CO2-to-CO
conversion, soot oxidation and STCs.

1.6

Summary

The world’s total primary energy supply (TPES) is projected to increase
towards the mid of this century regardless of the scenarios considered,
largely driven by worldwide economic and population growth. We have
been heavily dependent on fossil fuels and it is likely to remain like this
for the next few decades. Reducing CO2 emission in order to stabilize the
atmospheric CO2 concentration at acceptable levels that will not lead to
catastrophic global warming and climate change is a daunting challenge
for mankind. This has to be achieved by not jeopardizing the increasing
demand of energy that is necessary to keep up the pace of global
economic and population growth. Solving this energy and environmental
challenge requires a wide range of political, economic and technological
measures implemented worldwide. Energy efficiency increase and
decarbonize our energy supply are the two major goals and the ultimate
solutions. For the latter, carbon capture and storage technology would be
the short term solution, allowing us to continue using fossil fuels
especially in places of large emissions. In the long term, significant
portion of the TPES has to come from renewable sources including
biomass, wind, hydro and solar energy.
Solar energy is essentially an inexhaustible source of renewable energy
that has the potential to meet our energy demand indefinitely. However,
competitive and cost-effective solar conversion and storage technologies
have to be developed and deployed worldwide. Solar energy can be
converted to electricity and chemical fuel, the advantage of the latter
being its dispatchability. Apart from artificial photosynthesis, a very
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attractive alternative that has the potential of high solar-to-fuel
conversion efficiency and high rates of fuel production is the two-step
solar-driven thermochemical cycles (STCs) for the production of syngas
(H2 and CO). The syngas can be further converted to higher grade
hydrocarbon fuels by the established Fischer-Tropsch process.
Among the redox materials for STCs, ceria (CeO2) is a promising candidate
due to its oxygen storage capacity (the relative ease to remove oxygen from
its lattice and to refill the oxygen vacancies formed), its fast redox kinetics
and relative abundance. By incorporating certain heterocations (dopants)
into the lattice of ceria, the ability of ceria in storing and releasing
oxygen can be enhanced. This is the strategy employed by many studies
in attempt to increase the solar fuel (H2 and CO) yield per cycle, leading to
various degrees of success. The role the dopants in modifying the activity of
ceria for STCs is complex and remains to be fully understood. To understand
the activity, it is critical to understand the fundamentals (i.e. the
physicochemical properties) of doped ceria materials, and to obtain
insights into their physicochemical changes as thermochemical cycling
of the materials progresses. In addition, ceria-based metal oxides have also
been used in a number of other catalytic applications. Again, the oxygen
storage capacity of ceria-based metal oxides (i.e. doped ceria) and their
catalytic activities are closely linked to the structural properties of the
materials and the structural modification induced by the dopants. Thus, it is
also very important to have an accurate picture of the structural
characteristics of the ceria-based metal oxides after synthesis and its
change after catalytic reactions.
In addition, the concept of producing hydrocarbon fuels (instead of H 2
and CO) directly from H2O and CO2 by incorporating the FT or a
catalytic process into the reoxidation steps of STCs has been discussed.
To achieve this, ceria doped with a FT catalyst would be used as the
starting redox material for STCs. If high selectivity to hydrocarbons can
be achieved, storage and transportation of syngas as well as the
subsequent FT plant would not be required. This could potentially make
the whole solar fuel production chain much more economical. The
tentative requirements for the materials based on this concept have been
presented.

Aims and Outline
The first aim of this thesis is to demonstrate the importance of in-depth
insights into the structural characteristics and chemical properties of
ceria-based metal oxides for better understanding of their activities for
chemical reactions of environmental importance. Three of these reactions
are presented: 1) the reverse water-gas shift (RWGS) reaction for the
conversion of greenhouse gas CO2 into value-added fuel or fuel precursor
CO, 2) soot oxidation for reduced particulate matter pollution from diesel
engines, and 3) solar-driven thermochemical cycles (STCs) for syngas
production from H2O and CO2. Zn-modified ceria synthesized by
coprecipitation is the material under evaluation.
The second aim of this thesis is to explore the concept of producing
hydrocarbon fuels directly from H 2O and CO2 by incorporating the
Fischer-Tropsch (FT) process, or more broadly a catalytic process into the
reoxidation steps of STCs. A catalyst is added to ceria to catalyze direct
formation of hydrocarbon fuels during the reoxidation steps. The
materials of interested are evaluated against the three tentative
requirements formulated based on this concept: catalyst incorporation or
dispersion, structural stability and hydrocarbon formation activity.
This thesis is organized as the following. Chapter 1, as presented
previously, sets the scene and gives an overview the general background
of the thesis. Details on the energy-environment challenge including the
primary energy demand, greenhouse gas emissions, global warming and
climate changes are provided for a larger pool of readers. Solutions to
this challenge, especially solar energy utilization, are discussed in detail.
Storage of solar energy as chemical fuels by artificial photosynthesis is
briefly discussed. Emphasis is placed on the STCs for syngas production
using ceria-based metal oxides as the redox materials. Following that,
the concept of producing hydrocarbon fuels directly from H 2O and CO2
by STCs is presented. Lastly, the role of structural properties of doped
ceria in general catalysis is discussed. Chapter 2 explains the methods
that are employed to thoroughly characterize the structural and chemical
properties of all materials studied in this thesis. The methods include Xray diffraction and spectroscopic techniques, as well as non-X-ray
techniques such as TEM, Raman spectroscopy and thermogravimetric
analysis (TGA). Details on the materials synthesis, the experimental
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setup used and the procedures for the investigation of catalytic activities
are provided. Chapter 3 presents an in-depth study of the structural and
chemical changes of Zn-doped ceria upon annealing at ultra-high
temperatures, using both standard and advanced structural and
chemical characterization techniques. The presence of substantial
amounts of X-ray amorphous ZnO that is not incorporated into the ceria
lattice after low-temperature synthesis is evidenced by high-temperature
XRD. Implications of these findings for catalysis are briefly discussed.
Chapter 4 presents the further characterization of the materials that
are reported in Chapter 3. Their catalytic activities for the RWGS
reaction and soot oxidation are evaluated. A comprehensive and
systematic correlation between the structural characteristics of Znmodified ceria (i.e. Zn-induced structural modification and oxygen
vacancy defects), and its chemical reactivity (i.e. dynamic OSC and
catalytic activities) is established. In addition, the effect of the second
phase, namely the non-incorporated X-ray amorphous ZnO, on the
catalytic activity, and unknown to many previous studies, is elucidated
in detail. Chapter 5 presents an investigation of the same materials for
their activity for STCs. To elucidate the unexpected increase of activity in
the first few cycles, changes of the material’s physicochemical properties
during the initial cycles, revealed by X-ray fluorescence and synchrotron Xray diffraction, are analyzed in detail. Chapter 6 presents the potential of
Rh-doped ceria as an effective redox material for STCs to produce
hydrocarbon fuels (methane) directly from H2O and CO2. The
incorporation of rhodium in the ceria lattice, the phase stability of Rhdoped ceria and its oxygen storage capacity are also discussed.
Chapter 7 presents the conclusive evidence of direct methane formation
during the reoxidation steps of thermally reduced Rh-doped ceria. The
longer-term stability of the material is also discussed. The application of
Ni-doped ceria for this purpose is also briefly analysed.

Chapter 2
Methodology and Experimental
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Abstract
This chapter first summarizes the basics and working principles of the
techniques employed in this thesis to thoroughly characterize the
structural and chemical properties of the ceria-based metal oxides used.
The physicochemical properties are of vital importance to their catalytic
applications including solar-driven thermochemical cycles for the
production of solar fuel from H2O and CO2. Three categories of
techniques are be introduced: 1) X-ray diffraction (standard XRD, hightemperature XRD and synchrotron XRD), 2) X-ray spectroscopy (EXAFS,
XRF and XPS), and 3) non-X-ray methods (e.g. TEM, Raman and TGA
etc.). Experimental details are given. These include the procedures of
materials synthesis, the details for materials characterization, and the
setup and conditions for catalytic activity tests.
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2.1

Methods and Theory

2.1.1

Powder X-ray Diffraction

X-ray transmits through or interacts with matter. One form in which this
interaction takes place is scattering by the electrons contained in the
matter. According to the classical approach to the scattering event, the
electric component of an incident electromagnetic wave, in this case Xray, exerts a force on the charged particle such as an electron. Under the
electric field, the electron accelerates and radiates the scattered wave. If
the wavelength of the scattered wave is the same as that of the incident
one, the scattering is elastic and called Rayleigh scattering. However,
inelastic or Compton scattering may happen. In this case energy is
transferred to the electron from the incident X-ray photon. As a result,
the scattered photon has less energy and the scattered wave has a longer
wavelength. The elastic scattering of X-ray by electrons provides the
basis for the investigation of the structure of materials. When the
intensity of scattered wave at many different scattering angles is known,
one can in principle deduce the electron densities within the matter, thus
determining its structure.
(a) Bragg's Law
λ = 2dsin θ

(b) Laue Condition
|G|=|Q|= 2k × sinθ
(1,0)

(1,1)

˿

θ

θ

θ

θ
θ
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Figure 2.1 Comparison of Bragg’s law (a) and Laue condition (b) for Xray diffraction peaks. Adapted from the reference. 156
It can be perceived that X-ray diffraction occurs when X-ray is scattered
by a periodic array of atoms with long-range order, i.e. a crystal,
producing constructive interference at some specific angles. This is how
the Bragg’s law can be derived. In an exact manner, X-ray diffraction is
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observed when the Laue condition is satisfied; meaning that the
scattering vector Q coincides with the reciprocal lattice vector G.
Figure 2.1 shows the equivalency of Laue condition and Bragg’s law with
a two-dimensional square lattice. Figure 2.1a shows the reflection
analogue of a scattering event. When the extra path taken by the second
incident wave at the bottom lattice plane (indicated as two bold black
lines) is an integer number of the incident X-ray wavelength, the two
outgoing waves are in phase and constructive interference is observed,
giving rise to a diffraction peak. This can be expressed as the Bragg’s
law,
n λ=2 d sinθ

(2.1)

where, n is the order of reflection, λ is the incident X-ray wavelength, d is
the spacing of lattice plane, and θ is half scattering angle (or angle
between incident X-ray and lattice plane). The following equations can be
deduced from Figure 2.1b.

  
Q = k - k'

q = Q = 2k × sin θ

(2.2)
(2.3)

2π
λ

(2.4)

 2π
g=G=
d

(2.5)

k=

It is thus easy to deduce the Bragg’s law from Laue condition of q=g.

2k sin θ = 2

2.1.1.1

2π
2π
sin θ =
⇒ λ = 2d sin θ
λ
d

(2.6)

Standard X-ray diffraction

Powder X-ray diffraction is used widely in determining the phase
composition and lattice dimension of polycrystalline materials. One of the
diffractometers used in this thesis to characterize the materials is the θ-θ
Bragg-Brentano geometry using conventional X-rays. In this geometry
setup, the sample is fixed; the X-ray source and detector both rotate
towards each other at the same rate while the diffraction vector, which

bisects the incident and scattered beam, is always normal to the sample
surface. By recording the intensities of scattered beam across a range of
scattering angles (2θ), one obtains a diffractogram with a number of
distinct peaks. By analysing the diffraction peak positions, one can
calculate a series of inter-planar spacing and determine the crystal unit
cell (lattice) and its size. By the peak intensities one can calculate the
structure factor and derive the arrangement of atoms within the unit
cell.
The broadening of diffraction peaks contains various kinds of information
including the average crystallite size. The Scherrer equation relates the
size of sub-micrometer crystallites in a solid to the broadening of a
diffraction peak. It can be written as the following,

D=

kλ

(2.7)

β cos θ

where,







D is the mean size of the crystallites (ordered crystalline domains);
k is a dimensionless shape factor with a typical value of about 0.9,
varying according to the actual crystal shapes; for cubic crystal it is
0.94;
λ is the wavelength of the incident X-ray;
β is the peak broadening at half the maximum intensity in radians,
after instrumental broadening is subtracted;
θ is the Bragg angel, half the scattering angle.

In this thesis, standard powder X-ray diffraction is used for routine
room-temperature structural characterization of all the materials after
synthesis and after heat treatment or chemical reactions.
2.1.1.2

Synchrotron X-ray Diffraction

Powder diffraction can be also carried out with synchrotron radiation as
the X-ray source. As mentioned earlier, charged particles (electrons or
positrons) undergoing linear or radial acceleration emit electromagnetic
radiation. When electrons traveling at relativistic speeds are radially
accelerated (i.e. moving along curved trajectories), synchrotron radiation
with frequencies from microwave to hard X-rays is generated. The radial
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acceleration required is achieved by using bending magnets or
undulators. Synchrotron radiation has its unique properties compared to
conventional lab-based X-rays, and a few of them are summarized in the
following,





Photon energy or wavelength tuneable for specific experiments
over a wide spectral range;
Very high photon energy or wavelength resolution (very low value
of ∆λ/λ on the order of 10-4 or less);
Very high photon flux (number of photons passing per unit area
per unit time), at least 5 orders of magnitude higher;
Very high spectral brilliance (photon flux per solid angle of
radiation cone per unit spectral bandwidth) and collimation
(divergence less than 20 μrad).

With these unique characteristics, powder X-ray diffraction using
synchrotron radiation has a few advantages over the conventional Xrays. For example, tuneable wavelength over a wide range significantly
increases the applicable domain of diffraction experiments including
large biological molecules. High wavelength resolution and high degree of
collimation (derived from high brilliance) significantly increase the
angular resolution (∆2θ) of the diffraction pattern, allowing the
characterization of complex structures with very close or overlapping
reflection peaks, and structures with subtle difference. Very high photo
flux and intensity (1013 photon s-1) drastically lowers the detection limits.
This allows the detection of trace phases or poorly crystalline phases that
could be otherwise missed by using conventional X-rays. In addition,
when high photon flux is combined with ultra-fast photon detectors, very
fast measurements can be accomplished, making it feasible to conduct insitu kinetic studies on the structural changes of the materials under
investigation.
Synchrotron X-ray diffraction is used in this thesis to characterize
selected materials for trace phases that are difficult to detect with
conventional methods.
2.1.1.3

High Temperature X-ray Diffraction

The rational development of materials for catalysis with optimized
physical and chemical properties requires the knowledge of chemical and

structural changes occurring during its synthesis and under reacting
conditions. Power X-ray diffraction at varying non-ambient conditions
(i.e. temperature, pressure and atmosphere) offers the possibility to study
the structural changes and phase transformation of the materials under
elevated temperatures and controlled atmospheres. When the rate of
diffractogram collection is high enough, the kinetics of these changes can
be evaluated. Thermal expansion and chemical expansion (or
contraction) can be also estimated using high-temperature powder X-ray
diffraction. In this thesis, ceria materials doped with other metal cations
will undergo cycles of high temperature reduction and oxidation. Their
structural and phase stability is crucial and high-temperature X-ray
diffraction is a very useful tool for this purpose. For example, the
structural changes of Zn-modified ceria at high temperatures and its true
phase composition after synthesis are revealed by in-situ high
temperature XRD studies in this thesis.
Instrumentation can be achieved using diffractometers with either
conventional or synchrotron X-rays combined with a heating chamber
(furnace or current-carrying metal strip). When a strip-heater is used,
the sample under investigation in powder form can be directly applied on
top of the strip (e.g. Pt). A very often observed error with this system of
high-temperature X-ray diffraction is called sample displacement error.
This error occurs when the sample is not at the height of the center of the
focusing circle, and the diffracted beam does not converge at the correct
position of the detector (see Figure 2.2). The observed peak positions are
shifted either toward larger or smaller 2θ angles, corresponding to a
positive or negative sample displacement vi. The relation between the
sample displacement and peak shift (observed 2θ value minus actual 2θ
value) can be constructed as following.
Applying the Law of Sines in the triangle AOO’ highlighted in Figure 2.2,
it is straightforward to obtain the equation,

AO
OO'
=
sin( π 2 - θ ) sin(θ - θ obs . )

(2.8)

A positive sample displacement indicates that the sample is above the focusing
circle, or higher than the correct sample height. Naturally, a negative sample
displacement indicates a sample position lower than the correct height.
vi
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AO = R

(2.9)

OO' = s = -s

(2.10)
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where, R is the radius of the circle along which the X-ray source and
detector moves, θ is the actual incident angle that causes diffraction, and
θobs. is the observed or recorded incident angle.
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s < 0,
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Figure 2.2 Schematic explanation of the discrepancy between observed
incident angle θobs. and the actual diffraction incident angle θ due to
sample displacement.
From these three equations, the relation of the peak shift ∆2θ, defined as
the difference between the observed peak position and actual peak
position related to the planar spacing, and the displacement s can be
determined as the following.

sin (θ - θ obs . ) = -

s cos θ
R

(2.11)

Since ∆2θ is typically very small in value, using the approximation
θ =sinθ (θ → 0) the following is established (∆2θ in radians).

Δ 2θ = 2(θobs . - θ ) ≈- 2 sin (θ - θobs . ) =

2 s cos θ
R

(2.12)

From the equation above, it is easy to understand that if the sample is
below the correct height (s < 0), one observes a negative peak shift
(∆2θ < 0), meaning that the observed or recorded peak position is lower
than the correct position. Naturally if the sample is above its correct
height, the observed peak position is higher than the correct peak
position. It is thus important to correct these peak shifts using some
internal standard before any meaningful calculation of unit cell sizes can
be carried out. Platinum can be used as the strip-heater and can serve as
an internal reference as its unit cell size at room temperature is known
and its thermal expansion coefficient over wide range of temperatures is
documented.157

2.1.2

Spectroscopy based on X-ray Absorption

Another form of interaction between X-rays and matter, apart from
scattering, is the absorption of X-ray photons. The schematics of this
process and its subsequent events are presented in Figure 2.3.
When an X-ray photon is absorbed by an atom, its energy is transferred
to a core electron, which is ejected from the atom, leaving it ionized. This
is known as photoelectric absorption, and the electron expelled from the
atom is called photoelectron. The hole created by ejecting an electron in
the inner shell is not stable. It is quickly filled by an outer-shell electron
with a higher energy, creating an X-ray fluorescence photon with a
characteristic energy that is the same as the difference between the two
energy levels. Based on these two processes, as summarized in
Figure 2.3, three X-ray spectroscopic techniques will be discussed in this
section, namely X-ray photoelectron spectroscopy (XPS), X-ray
fluorescence spectroscopy (XRF) and X-ray absorption spectroscopy
(XAS).
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Figure 2.3 Schematic energy diagram of an atom (Ar in this case) and
photon absorption. The photoelectric absorption of a photon with energy
hν by a K-shell electron and its ejection to the continuum (becoming a
photoelectron) are followed by the filling of the hole with an L3 electron,
generating a Kα1 photon.
2.1.2.1

X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is based on the photoelectric
effect. The ejected photoelectron, as shown in Figure 2.3, has a kinetic
energy that is determined by the incident photon energy and the binding
energy of the electron. This can be formulated as,

Ek = hν - Eb - φ

(2.13)

where,





Ek is the kinetic energy of the photoelectron;
hν is the energy of the absorbed incident photon;
Eb is the binding energy of the core electron before it is ejected;
φ is the work function, which is dependent on the spectrometer.

Through this equation, the binding energies of various core electrons can
be determined by measuring the kinetic energies of all photoelectrons. By
measuring the kinetic energy Ek and the number of photoelectrons

entering the detector, an XPS spectrum is obtained with peaks being
observed at some particular values of Ek, which correspond to discrete
bands of binding energy Eb. A survey scan allows rapid identification of
chemical elements present because each element has characteristic core
electron binding energies. High-resolution scans allow accurate
determination of binding energies, providing information on the
oxidation states and the chemical environment of the elements (known as
the chemical shiftvii). The relative intensities of the photoelectron lines
are directly related to the population of the electrons of the elements at a
given electronic state within the sampling volume, allowing the
quantification of the elements present. For a homogeneous sample, the
intensity Ie is given by the following,

I e = I 0 σ ( E ) n λ( E ) T ( E ) cos θ

(2.14)

where,







I0 is the intensity of the incident primary photons;
σ(E) is the photoemission cross-section; calculated values are
tabulated in the reference;158
n is the density of the considered atomic species;
λ(E) is the energy-dependent mean free path of photoelectron;
T(E) is the energy-dependent spectrometer transmission function;
θ is the exit angle relative to the surface normal.

Since the escape depth of photoelectrons is very limited, X-ray
photoelectron spectroscopy is a surface characterization technique and
requires high or ultra-high vacuum. While XPS is typically probing up to
the top 10 nm surface layers of the sample, a depth profile of the sample
can be obtained by combining a sequence of ion gun etching cycles
interleaved with XPS measurements. This method is destructive but
provides information of the sample at different depths from the surface.

Chemical shift is the change in the binding energy of a core electron of an element
due to a change in the chemical bonding environment of the element. The core
binding energy is determined by the electrostatic interaction between the electron
and its nucleus which can be reduced by electrostatic shielding of the nuclear
charge from all other electrons in the atom. It can be also influenced by inter-atomic
interactions (chemical environment).
vii
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For methods to improve the reliability of XPS surface analysis including
binding energy calibration and proper measurements of binding energies,
chemical shifts and photoelectron intensities, the readers are referred to
the work of Powell,159 and the references cited therein.
2.1.2.2

X-ray Fluorescence

As mentioned at the beginning of section 2.1.2, core level electrons from
an element can be ejected by absorption of photons from a primary X-ray
source. The positive core hole can be quickly (within 10 -15 s) filled by
electrons from upper levels, leading to the emission of secondary X-ray
photonsviii that are characteristic of the element (see Figure 2.3). These
characteristic X-ray photons are measured with energy- or wavelengthdispersive detectors, which record the numbers of photons at a given
energy. X-ray fluorescence spectroscopy is ideally suited for routine
elemental characterization of solid catalysts. Both qualitative and
quantitative analyses are possible, with a wide range of detection
capability from major element up to 100% to minor element down to
0.001–0.01%. For quantitative XRF analysis, the sample may need to be
fused and a calibration curve has to be determined with standard
materials. Usually semi-quantitative analyses are sufficient.
X-ray fluorescence spectroscopy can also be carried out using a microsized incident X-ray beam. This allows the mapping of the chemical
composition in a region of interest (ROI) for all elements present in the
solid sample simultaneously. When micro-focusing capability is combined
with high flux primary X-rays such as synchrotron radiation, elemental
distribution in ROI of a sample with very high spatial resolution can be
obtained. An example is the MicroXAS beamline at the SLS of Paul
Scherrer Institute in Switzerland. In this thesis, XRF and XRF mapping
are used to study the chemical stability and elemental mobility of doped
ceria samples upon annealing or thermochemical cycling at ultra-high
temperatures.

Certainly the emitted fluorescence photon can be absorbed and eject another
high-lying electron. This electron is called Auger electron. But it is out of the
scope of this thesis.
viii

2.1.2.3

X-ray Absorption Spectroscopy (XAS)

The attenuation of X-ray photons passing through a material with
certain thickness is determined by the absorption characteristics of the
material being irradiated. The intensity of the X-ray transmitted through
the material with a thickness x is given by the Lambert’s law:

It = I0 e

-μ( E) x

(2.15)

where, It is the intensity of transmitted X-rays, I0 is the incident X-ray
intensity and μ(E) is the material’s linear absorption coefficient which is
photon energy (E) dependent.
The absorption of X-ray by a material generally decreases with
increasing photon energy. However, when the energy of the incident Xray photons increases to a level high enough to excite core level electrons
to a vacant excited state or especially to the continuum (same as the
process seen in Figure 2.3), sharp rise in the photon absorption is
observed. The photon energy at which the sharp rise occurs is known as
the absorption edge and can be denoted as Eedge. Beyond this energy, the
photoelectron carries the excess energy as kinetic energy as formulated
similarly as equation (2.13):

Ek = hν - Eb

(2.16)

where, Ek is the kinetic energy of the photoelectron and Eb is the binding
energy of the core electron. The outgoing photoelectrons from the
absorbing atom can be seen as a propagating spherical wave with a
wavevector k defined as the following:

k=

2π
= 2π
λ

2mEk 2π
=
h
h

2m( E - Eedge )

(2.17)

where, h is the Planck constant, m is the electron mass, E is the photon
energy and Eedge is the absorption edge energy. This outgoing spherical
wave can be scattered by the bound electrons of the same absorbing atom
and by the neighboring atoms.
The linear absorption coefficient μ(E) is proportional to the transition
probability of the photoelectric event, which is a function of the initial
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and final state wavefunctions (within the dipole approximation), 160,161
and is given by Fermi’s golden rule:
μ(E) = C|〈ψf|êr|ψi〉|2 δ(Ef − Ei − hν)

(2.18)

where, ê is the electric field polarization vector of the photon and r is the
coordination vector of the electron. The final state wavefunction consists
of the outgoing electron wave and the backscattered electron wave.
Interference between these two final-state wavefunctions causes a
modulation of the final wavefuction resulting in a modulation of the
photo-absorption probability. This modulation gives rises to the observed
fine structure of X-ray absorption spectra: the oscillations or “wiggles” of
the measured linear absorption coefficient ix above the absorption edge,
which can be described as following:

μ total ( E ) = μ free ( E ) (1+ χ AX ) (1+ χ EX )

(2.19)

where, μfree represents the free atomic background, χAX describes an
oscillation (low frequency) of the absorption due to the scattering of the
outgoing electron off the absorber atom electrons (Atomic XAFS or AXAFS)
and χEX of the neighboring atoms electrons (Extended XAFS or EXAFS).It is
known that the fine structure is due to the interference between the outgoing
and backscattered waves. Therefore, the energy dependent function χ(E), a
measurable quantity, contains information about the local structure around
the absorbing atom, including type of atoms, coordination numbers, radial
distances and disorder. From equation (2.19), the measurable term χ(E) can
be expressed as the following.

χ = χ AX + χ EX =

μ total - μ free
μ free

(2.20)

With proper data processing including pre-edge subtraction, edge
determination, post-edge background determination and normalization (see
reference161 for details), χ values as a function photoelectron wavevector k is

The linear absorption coefficient can be measured either in transmission or
fluorescence mode. In transmission mode, it can be measured as μ(E) ∝ ln(It /I0).
In fluorescence mode, the absorption is proportional to X-ray fluorescence
photon yield, and is thus measured as μ(E) ∝ If/I0.
ix

obtained. Solving the local structure around the absorbing atoms is a process
of properly fitting the measured function χ(k) using EXAFS theory.
When the atomic radii are much smaller than the interatomic distance, the
outgoing spherical electron wave can be approximated as a plane wave at
high k values. Under this approximation and assuming single scattering
events meaning that the photoelectron is scattered only once before it
returns to the absorbing atom, the EXAFS quantity χ(k) can be simplified as
a summation of all interference patterns scattered off all neighboring atoms:
Shell

χ ( k ) = ∑A j ( k ) sin Φ j ( k )

(2.21)

j =1

where, j is the number of coordination shell defined as type of atoms and
their distance from the absorbing atom, Aj(k) is the scattering amplitude and
Φj(k) is the phase shift due to the scattering. The latter two can be further
expanded as the following two equations, for a given shell j:

A j (k ) =

Nj
kR j

2

2

S0 F j ( k ) e

- 2k 2σ

j

2

sin Φ j ( k ) = sin[ 2kR j + φ j ( k )]

-2 R j

e λ(k )

(2.22)
(2.23)

where,









Nj is the coordination number of j shell;
Rj is the distance from the scattering atom in the j shell to the
absorbing atom;
Fj(k) is the scattering amplitude of the j shell atoms and its value
is element specific;
σj is the structural disorder reflecting the fluctuation of Rj due to
thermal motion or inherent disorder in the j shell;
S02 is an amplitude reduction factor accounting for the relaxation
processes after the photoionization event; 162
λ is the mean free path of the photoelectron and the exponential
term containing it accounts for the limited lifetime of the excited
state;
φj(k) in equation (2.23) is given by the φj(k) = 2φabsorber(k) + φscatterer(k).

55

56 Methodology and Experimental

Using equation (2.21) to (2.23) and proper EXAFS spectra of proper reference
samples, one can obtain useful information on the local coordination
environment, including shell distance, coordination number and structural
disorder from the observed spectra of a catalyst. This information may be
critical to understand the observed catalytic activities.
Besides EXAFS, an XAS spectrum also has the XANES (X-ray absorption
near edge structure) region. Multiple scattering of the photo-electron is
significant in this range and the spherical photoelectron wave cannot be
treated as a plane wave at low k values. XANES theory is therefore much
more complicated. However the shape of the XANES spectra and the
intensity of the white line reflect the density of vacant states to which the
core electrons can be excited. Using linear combination fitting with reference
spectra, XANES spectra may provide information on the oxidation states of
the element of interest.
In this thesis, XPS is used to quantify the surface chemical compositions and
element oxidation states of Zn-modified ceria samples. XRF is used to
determine the elemental distribution and the relative element concentration
in the bulk of selected materials after synthesis and after catalytic reactions.
XAS is used to characterize selected materials subjected to different number
of thermochemical cycles for syngas production from H2O and CO2.
Qualitative analysis of the XAS spectra is presented in this thesis.
X-ray based techniques used in this thesis are summarized in Table 2.1.
Table 2.1 Summary of X-ray based techniques used in the thesis
Technique

Detection

Probe depth

Information

Powder X-ray
diffraction (XRD)

primary
photons

bulk

unit cell, crystal-domain
size, defects, strains

X-ray photoelectron
spectroscopy (XPS)

photoelectrons

surface

chemical composition,
oxidation state

X-ray fluorescence
(XRF)

fluorescence
photons

bulk

elemental concentration
and distribution

X-ray absorption
spectroscopy (XAS)

primary or
fluorescence
photons

bulk

electronic states,
coordination environment

2.1.3

Non-X-ray Methods

2.1.3.1

Thermogravimetric Analysis

Thermogravimetric analysis or TGA is a thermal technique widely used to
characterize certain physical and chemical properties of a substance by
monitoring its mass change when it is subjected to a controlled temperature
program in a controlled atmosphere. Information on physical and chemical
phenomena that are accompanied with mass loss or mass gain during
heating or cooling may be provided by TGA. These phenomena include
vaporization, sublimation, adsorption, absorption, desorption, dehydration,
chemisorption, decomposition and solid-gas reactions (i.e. reduction and
oxidation). In the category of solid-gas reactions, TGA has been widely used
as a well-suited technique to evaluate the performance of ceria-based
materials for catalytic soot combustion.114,117,123,152,163 In the context of
chemically storing concentration solar energy, TGA has been used recently to
characterize the non-stoichiometric ceria-based oxides,76–81,88,90,94,95 and
perovskites96,97,99,100,103,104 for their activity for thermochemical CO2 or H2O
dissociation. In this thesis, TGA is used for various solid-gas reactions of
environmental importance, including ceria-based catalytic soot combustion
(Chapter 4), catalytic reverse water-gas shift reaction for CO2-to-CO
conversion (Chapter 4), and thermochemical cycles for CO2 splitting
(Chapter 5). It is also used to characterize the dynamic oxygen storage
capacity (OSC) of selected materials.
A TGA instrument consists of a support for a sample holder made of ceramic
material (e.g. alumina) or metal (e.g. platinum). The support is attached to a
precision balance. The sample holder is housed in a furnace, which provides
controlled heating and cooling during the experiment. The mass variation is
monitored during the experiment. A protective purge gas, usually inert,
passes into the precision balance and flows into the furnace chamber.
Another purge gas, which may be inert of reactive, passes directly into the
furnace chamber. The reaction atmosphere is controlled by the type of gases
selected and their flow rates. Reactions with the sample in the crucible can
happen at solid-gas interface and the resulting effluent gases exit through
an exhaust and may be analyzed online by gas chromatography or mass
spectrometry. A more detailed description on the TGA technique can be
found in the report of a master semester thesis that was carried out within
the scope of the project for this thesis.164
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2.1.3.2

Electron Microscopy

Electron microscopy makes images of a solid catalyst at spatial resolution
ranging from the micrometer scale (10-6 m) down to the angstrom or atomic
scale (10-10 m), depending on the actual technique used. When sampled on a
representative basis, these pictures provide accurate and valuable
information on the structure and morphology of the catalysts, which are
often linked to their catalytic activity. For example, Peumetti et al.
established a link between the soot combustion activity of nanostructured
ceria-based catalysts and their surface morphology and sensitivity with the
help of electron microscopy.153 The information that can be provided by
electron microscopy not only includes structure and morphology, but also
includes elemental composition and electronic structure of a solid catalyst.
All these are made possible by the way a beam of high energy primary
electrons interacts with a specimen as presented in Figure 2.4.
Incident electron beam
Backscattered electrons
(SEM)

Cathodoluminescence

Secondary electrons

X-ray (fluorescence)

Auger electrons

(EDS)

(AES)

Specimen

(ED/HAADF TEM)

Diffracted electrons
Transmitted electrons
(TEM/EELS)

Figure 2.4 An illustration of the interactions between high energy
electrons and matter. Figure is adapted from the reference.165
The interaction leads to a number of results. These include the primary
electrons transmitting through the sample, electrons diffracted to a higher
angel to the normal of specimen surface, electrons backscattered, secondary

electrons from the excitation of the core-level electrons by the incident
primary electrons, X-ray photons due to filling of the core hole created, and
Auger electrons etc. Transmitted electrons can be used for TEM
(transmission electron microscopy) and EELS (electron energy-loss
spectroscopy). Diffracted electrons can be used for HAADF TEM (highangle annular dark field) and electron diffraction (ED). Secondary and
backscattered electrons can be used for SEM (scanning electron
microscopy), and X-ray fluorescence can be used for determining
elemental composition and distribution (mapping), which is known as
EDS (energy-dispersive spectroscopy). Auger electrons can be used for
AES (Auger electron spectroscopy). For brevity detailed description of how
these techniques work is not presented here. Interested readers are referred
to a book section by Datye et al.165 However, it must be pointed out that
great care should be exercised with electron microscopy to ensure
representative sampling of a catalyst. This is in particular true for catalysts
with heterogeneity in composition and structure. Other characterization
techniques yielding average information over much larger length scales can
be used in combination with electron microscopy.
2.1.3.3

Other Methods

Several other methods occasionally used in the thesis are very briefly
introduced here. Raman spectroscopy, complementary to infrared
spectroscopy, is an effective method to fingerprint molecules. The application
of Raman spectroscopy originates from the inelastic scattering (Raman
scattering) of monochromatic photons (i.e. from a laser). This technique is
used to identify the low-frequency modes, the vibrational and rotational
modes of molecules or polarizable bonds. For some of the impinging laser
photons on the specimen under investigation, the interaction with molecular
vibrations leads to a shift of the energy of scattered photons to a higher
(anti-Stokes) or lower value (Stokes). The change of the photon energy
indicates the energy difference between two vibrational states of the
molecule (bond), thus allowing the identification of molecules. In this thesis,
Raman spectroscopy is used to characterize the structural modification of the
ceria lattice by the incorporation of other metal cations for selected
materials. The technique is particularly effective in characterizing the
oxygen vacancy concentrations within a ceria-based material by comparing
the intensities between the LO mode at Raman shift of about 590-595 cm-1
and the F2g mode at about 465 cm-1. Explanation for related terminology and
details on Raman spectroscopy for ceria can be found in these
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references.112,120,123,166–170
Besides
Raman
spectroscopy,
H2-TPR
(temperature programmed reduction) is used in this thesis to characterize
the redox property of selected materials. BET surface area measurements
are carried out by measuring N2 adsorption-desorption isotherms. ICP-OES
(inductively coupled plasma optical emission spectrometry) is used to
identify the bulk chemical compositions of selected materials after synthesis.
Mass Spectrometry (MS) and Gas Chromatograph (GC) are the two
methods for gas analysis required in the catalytic activity tests. For brevity,
details on these techniques are not presented here.

2.2

Experimental Details

2.2.1

Materials Synthesis

Zn-doped ceria, Ni-doped ceria, Rh-doped ceria and un-doped native ceria
were synthesized by a modified co-precipitation method. Analytical grade
cerium nitrate Ce(NO3)3·6H2O (99.99%), zinc nitrate Zn(NO3)2·6H2O
(99.99%), nickel nitrate Ni(NO3)2·6H2O (99.99%) and rhodium nitrate
Rh(NO3)3·xH2O (99.99%) from Sigma Aldrich were directly used as
precursors without further purification. Table 2.2 lists all the materials
synthesized and their abbreviations.
Table 2.2 List of materials synthesized by coprecipitation
Sample name

Nominal composition

Quantification methods used

Ceria

CeO2

—

5Zn

Ce0.95Zn0.05O2-δ

ICP-OES

10Zn

Ce0.90Zn0.10O2-δ

ICP-OES, XRF

20Zn

Ce0.80Zn0.20O2-δ

ICP-OES, XRF

Ni-doped Ceria

Ce0.90Ni0.10O2-δ

—

Rh-doped Ceria

Ce0.99Rh0.01O2-δ

—

In a typical synthesis, desired quantities of the precursors were dissolved in
an excess amount of de-ionized water and stirred continuously for a few
minutes to achieve complete dissolution. Diluted aqueous ammonia solution
(28 vol%) was then added drop-wise to the precursor solution under vigorous
stirring until the pH was stabilized at 9 (except for the synthesis of Zn-doped
ceria, which was at 10). The precipitates were aged for 24 h under stirring

and then allowed to settle for another day. After the clear supernatant was
decanted, the precipitates were filtered and rinsed several times using a
Büchner funnel until a pH below 7 was reached. The filter cake was then
dried at 80 C in static air for about 12 h. The dry cake was crushed in an
agate mortar, and the powder sample was calcined in air for 5 h at 500 C.
Native ceria was also synthesized following the same procedure. The
materials after calcination are designated as “as-prepared” or “fresh” in this
thesis.
For the testing of certain catalytic activities (Chapter 4), samples of 10 mol%
of cobalt oxide supported on native ceria and on 10Zn were also synthesized
by a simple and modified impregnation method. Cobalt nitrate hexahydrate
Co(NO3)2·6H2O from Fluka was used as the precursor. About 58 mg of the
precursor salt was mixed with 302 mg of native ceria or 293 mg of 10Zn
(sieved, under 200 µm) before about 10 ml of de-ionized water was added.
Under mild heating (below 100 C) and stirring the water was vaporized
leaving black-grey fine powders. To obtain the final materials, the powders
were then calcined at 500 C for 3 h under air. In order to remove the nonincorporated X-ray amorphous ZnO from the materials (see Chapter 3 for
details), 20Zn and 10Zn (roughly 300 mg each) were dispersed in about 30 ml
of ~0.1 M citric acid solution in two separate glass bottles at ambient
temperature. The mixtures were set aside for 2 days and then the
supernatant solutions were decanted. About 20 ml of DI water were added to
each of the two bottles containing the settled particles. The milky colloidal
solutions were let to settle for another 2 days and then decanted. The
leached particles were collected by evaporating the water under a pressure of
~50 mbar at 200 C. The obtained powder materials were finally calcined at
500 C for 2 h to decompose the remaining acid and nitrates. One native
ceria sample was treated in the same way for comparison.

2.2.2

Materials Characterization

2.2.2.1

Standard Characterization

To identify the crystalline phases, the samples as-synthesized, after heat
treatment and after catalytic reactions were characterized using a
PANalytical X’Pert X-ray diffractometer with Cu Kα radiation (λ = 1.5405 Å)
operated at 45 kV and 20 mA. The intensity was recorded stepwise at every
0.05 in a continuous scanning mode typically in the 2θ range of 20 to 80.
An acquisition time of 5 s per step was set for all measurements unless
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indicated otherwise. Qualitative phase analysis was performed by comparing
the peaks of diffractograms with reference data using the PANalytical
HighScore software package.
Raman spectra were recorded with a Horiba Jobin Yvon HR 800 Raman
spectrometer at ambient conditions. The samples were excited by an Ar+
laser (633 nm). An optical microscope was used to focus the laser on the
samples. Three different spots were measured for Zn-doped ceria samples.
TEM images of selected samples were recorded with JEOL JEM 2010
transmission electron microscope equipped with a LaB6 filament and a slow
scan CCD camera (Gatan Inc.) at an acceleration voltage of 200 kV. Each
sample was prepared by depositing a droplet of sample and isopropanol or
ethanol suspension on a copper grid coated with lacey carbon. SEM images of
selected samples were recorded with a Zeiss Supra VP55 high resolution
field emission scanning electron microscope at 3 kV.
X-ray fluorescence (XRF) results presented in Chapter 3, 4 and 5 were
obtained using an EDAX ORBIS micro x-ray fluorescence analyzer. It was
equipped with a rhodium anode and a solid-state multi-channel photon
detector. It was operated at 35 kV and 400 μA. For spectra collection, the
beam size was set to 2 mm in diameter and the collection time to 100 s. For
elemental mapping, a dwell time of 300 ms was selected unless indicated
otherwise, and the beam size was set to 30 µm.
XPS results presented in Chapter 3 were measured using a KRATOS ESCA
model AXIS 165 spectrometer with Mg Kα (1253.6 eV) radiation as the
excitation source. Chemical shifts caused by the charging of the samples
were corrected by using the binding energy of the adventitious carbon (C 1s)
at 284.6 eV as internal reference. The XPS measurements presented in
chapter 4 were performed in UHV with base pressures on the order of 10 10 mbar (i.e. 10-9 mbar with X-rays on), using a XR3 Twin Anode (Thermo
Scientific) with Al Kα radiation as the X-ray source. The anode power was
set to 300 W, with a corresponding acceleration voltage and emission current
of 15 kV and 20 mA. The analyzer is a PHOIBOS 100 Hemispherical Energy
Analyzer from SPECS coupled to a HSA 3500 power supply. The
measurements have been carried out in fixed analyzer transmission (FAT)
mode with a pass-energy of 50 eV. Depth profiling was performed with a
Penning Ion Source IQP 10/63 from SPECS. Ar is ionized at low pressure
with electrons generated by a cold cathode. The sputtering pressure, which is

adjusted by a leak valve, allows the chamber to remain in high vacuum (~106 mbar). Discharge currents and voltages were typically around 7 mA and
700 V, with an acceleration potential of 5 kV and currents up to 3.5 µA
measured on the specimen surface. For overview spectra, 1 scan was
recorded, while 10 scans were recorded for the high resolution regions. The
energy step was set to 0.3 eV for all measurements. The XPS data were
acquired by the SpecsLab software, while they were processed by the
CasaXPS software. The binding energy calibration was based on the usual
C 1s peak at 285 eV.
To study the effect of zinc incorporation on the reducibility of ceria, H2-TPR
was carried out with a home-made test stand which will be explained later in
section 2.2.3. The sample (particle size smaller than 200 µm) was loaded in a
quartz tube with an inner diameter of 3 mm. In order to form a proper
packed-bed, 500 mg of sample were used. This larger amount would also
result in a better TPR signal-to-noise ratio due to increased H2 consumption.
Quartz wool was used to plug both sides of the sample bed and a K-type
thermocouple was placed in the middle of the bed to record its temperature
during heating. The sample was heated to up to 930 C under a flow of
10 vol% H2 in Ar at a total flow rate of 100 Nml min-1. The H2 consumption
was determined by measuring the ion current of m/z = 18 (water vapor)
using a Pfeiffer Vacuum D-35614 Asslar mass spectrometer (model: GSD 301
O1). Before H2-TPR measurement, the sample was heated to ~600 C under
a flow of 20 vol% O2 in Ar (total flow rate 100 Nml min-1) in order to
eliminate the adsorbed water and hydrocarbons on the sample surface.
Although the state of the calcined samples may have been slightly changed
by the brief excursion to a higher temperature than the calcination
temperature of 500 C, all samples were subjected to the same procedure and
thus the H2-TPR results were comparable.
The dynamic OSC of selected samples were determined using a
Thermogravimetric analyzer (Netzsch TA409). About 100 mg of each sample
was loaded in alumina crucible. The sample was exposed alternatively to
reducing (10% H2/Ar) and oxidizing conditions (10% O2/Ar) at 500 C for 4
cycles while the weight was recorded. Each condition lasted for 10 min. To
compensate the buoyancy effect, a blank run was measured.
BET surface areas of selected samples were obtained by measuring the N 2
adsorption-desorption isotherms using a Micromeritics Tristar II 3020
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apparatus at liquid nitrogen temperature (77 K). The samples were degassed
for a day at 250 C before the measurements.
2.2.2.2

Advanced Characterization

To study the phase stability of the materials, in-situ high temperature XRD
patterns of selected samples were collected in ambient air with the same
aforementioned diffractometer equipped with an HDK2.4 chamber. Samples
were deposited on resistively heated platinum strips, which were under
mechanical tension to minimize buckling caused by thermal expansion. The
position of recorded platinum peaks at given temperatures combined with its
known thermal expansion157 can be used as an internal reference to correct
possible peak shift as described earlier (see Figure 2.2 and the equations
derived thereafter).
To elucidate the structural changes, materials subjected to different number
of H2O-splitting cycles were characterized using spatially-resolved
synchrotron micro X-ray powder diffraction (µ-XRD) and X-ray absorption
spectroscopy (XAS), both coupled with µ-XRF. The combination of these
techniques allows the identification of potential trace phases within the
materials, the structural changes during the initial cycles, and potential
structural inhomogeneity within a chemically inhomogeneous sample. The
characterization was carried out at the microXAS beamline of the Swiss
Light Source. Samples were prepared by pressing pellets from of a mixture of
finely ground sample powder and a hydrocarbon-based binder. For µ-XRF
and µ-XRD studies, monochromatic X-ray of 10 keV was focused by a
Kirkpatrick-Baez mirror system to a beam size of approximately 5 × 5 µm2.
The fluorescence photons from the irradiated sample were detected with a
Ketek Si side-drift detector (SDD) at an angle of approximately 90 to the
incoming X-ray beam. The sample was mounted vertically on a motorized
sample stage that allows its displacement on three axes with sub-micrometer
resolution. Combined with a micro-sized beam, high-resolution mapping of
the chemical compositions can be achieved. Typically, an overview of the
cerium and zinc elemental distribution was recorded first. Two regions of
interest were then selected for high resolution mapping with a longer dwell
time and higher spatial resolution. A Pilatus area detector was positioned
behind the sample to record simultaneously the µ-diffraction patterns (4 s of
integration time per pattern). The same setup was used to collect XAS data
in fluorescence mode. Unless indicated otherwise, a big-beam configuration
was used for XAS measurements. The XAS spectrum reported for a given

sample is the sum of typically 10 to 20 individual spectra collected
repeatedly. The results are presented in Chapter 5. The µ-XRD coupled with
µ-XRF is also used to identify trace ZnO phases within the Zn-modified ceria
samples after annealing at very high temperatures. The results are
presented in Chapter 3.

2.2.3

Setup and Catalytic Activity Tests

2.2.3.1

CO2 Splitting, Soot Oxidation and the RWGS Reaction

TGA was used as the setup of a number of experiments presented later in
this thesis, including determining the dynamic oxygen storage capacities of
ceria-based materials, soot oxidation and reverse water-gas shift reaction
(Chapter 4), and thermochemical CO2 splitting (Chapter 5). For simplicity,
the setup is explained once here in the specific case of CO2 splitting, which is
extracted from the semester thesis by Wismer.164 For the other cases, only
gas supply or analysis was modified, each with unique temperature
programs. Details will follow.

MFC
Valve

CO2

15'

1400
1000

Outlet

Exhaust

35

35

CO 2

Ar

Furnace

Ar

T / oC

Exhaust

Purge gas

Protective gas
m/%
Balance
GC
MFC

Figure 2.5 Schematic illustration of the TGA setup used to carry out
thermochemical CO2 splitting experiments of selected materials using a
two-position valve and GC (gas chromatograph). The gas condition inside
the furnace is synchronized with the temperature program. Figure is
adapted from the reference.164
Figure 2.5 shows a schematic illustration of the TGA setup used for CO 2
splitting. Argon at a flow rate of 75 NmL min-1 was used as protective gas
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fed through the balance to the furnace where the sample was housed in an
alumina crucible. The purge gas fed directly to the furnace was chosen by a
2-position valve (VICI AG Valco Europe, Switzerland) from one of the two
inlets supplying argon and carbon dioxide, each at a flow rate of
25 NmL min-1. When argon was selected as the purge gas, reducing condition
was simulated. When carbon dioxide was selected, it was mixed with argon
from the protective gas line and oxidizing condition was simulated. In other
words, thermal reduction was carried out under 100 NmL min-1 argon, and
oxidation under 25 vol% CO2/Ar (total flow rate also 100 NmL min-1). The
temperature was controlled by the furnace the TGA (Netzsch TA409). As
shown in the top right corner of Figure 2.5, reduction was carried out at
1400 °C for 45 min and oxidation at 1000 °C for 15 min, with heating rate of
20 °C min-1 (except first section at 30 °C min-1) and cooling rate of 30 °C min1. This temperature program was synchronized with the gas conditions by
switching the 2-postion valve. The mass change was continuously recorded
with the balance. A typical sample mass was about 200 mg unless indicated
otherwise. Part of effluent gas from the furnace outlet was diverged to a CP4900 Micro Gas Chromatograph (Varian Inc., Palo Alto, USA) for online gas
composition analysis at a time interval of approximately 2 min. The
measurement program was calibrated for N2, O2, H2, CO and CH4 in one
channel with the injector temperature set to 100 °C, column temperature to
110 °C and column pressure to 140 kPa. The program was calibrated for CO2
in the second channel with injector temperature was set to 100 °C, column
temperature to 90 °C and column pressure to 120 kPa. In some experiments,
a mass spectrometer was also used (Pfeiffer Vacuum D-35614 Asslar GSD
301 O1).
Soot oxidation and the reverse water-gas shift (RWGS) reaction were carried
out using the same TGA setup as presented in Figure 2.5, except that the
gas condition was different and constant, and that the temperature program
was also changed accordingly. To evaluate the performances of the materials
for soot oxidation, carbon black from Degussa (Printex-U) was used as the
model soot. The measurements were performed by heating approximately
30 mg of the soot–catalyst mixtures in synthetic air (total flow rate
100 NmL min-1) in the TG analyzer at a heating rate of 10 °C min-1 from
35 °C to 1000 °C. In order to achieve a tight contact between the soot and the
materials (weight ratio ~1:4), the mixtures were ground with a pestle in an
agate mortar. The soot conversion was evaluated by determining the relative
weight losses between 200 °C and 700 °C.

For the RWGS reaction, a gas mixture of H2 and CO2 (10 Nml min-1 each)
balanced with Ar (80 Nml min-1) was used. The temperature was increased
to 400 °C, 600 °C and 800 °C, and maintained for 1 h at each temperature.
As in CO2 splitting experiments, the concentrations of CO, CO2, H2 and CH4
in the effluent gases were quantified by the micro gas chromatographer at a
time interval of approximately 2 min. Meanwhile the relative weight
changes at the isothermal segments were recorded. Approximately 100 mg
sample was used for each measurement. A blank run was measured using
the same gas conditions and temperature programs for buoyancy correction
and determining reaction baseline.
Besides, the CO2 methanation experiment with Rh-doped ceria presented in
Chapter 6 was carried out in the TGA reactor. The total gas flow was
25 Nml min-1, which was comprised of 5 Nml min-1 Ar through the balance,
5 Nml min-1 CO2 and 15 Nml min-1 H2 directly into the furnace. The
temperature was increased step-wise from 350 °C to 700 °C. The effluent gas
was analyzed and quantified by the gas chromatograph (GC), which
measures the concentrations of H2, CO, CO2, CH4, O2 and N2 at a time
interval of about 2 min every measurement. For comparison, native ceria
was also studied at temperatures between 350 °C to 500 °C. Approximately
100 mg of each sample was used.
The TGA setup was also used for a series of experiment on direct
hydrocarbon fuel generation by thermochemical cycles using Rh-doped ceria
at various H2O to CO2 molar ratios. Details can be found in section 2.2.3.3.
2.2.3.2

Thermochemical H2O Splitting

Thermochemical H2O-splitting experiments with Zn-modified ceria
presented in Chapter 5 were carried out using a home-built setup. The
details of this setup will be presented later in section 2.2.3.3. The thermal
reduction was carried out at about 1300 °C under a flow rate of 80 Nml min-1
Ar. The reoxidation was performed at 1000 °C under a mixture of Ar at
80 Nml min-1 and H2O at 1 g h-1 (equivalent to 20.7 Nml min-1). A tube
furnace (Heraeus Thermicon P) was used. Due to the limit of the furnace,
rapid heating or cooling is not possible. About 250 mg of Zn-modified ceria
was used in each test. The concentration of the H2 evolved was continuously
monitored by a mass spectrometer (Pfeiffer Vacuum D-35614 Asslar GSD
301 O1) at a time resolution of a few seconds.
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2.2.3.3

Direct Hydrocarbon Fuel Generation by STCs

A home-built setup was used to carry out thermochemical cycling
experiments for direct hydrocarbon fuel generation with Ni-doped ceria and
Rh-doped ceria as the redox materials. The results are presented in
Chapter 7. The schematic of the setup is shown in Figure 2.6.

H2O Ar CO2
MFC

Reduction: T H 600 ºC
or 1300–1500 ºC
TH
TL

Oxidation: TL 500 ºC

evaporator
furnace

exhaust
2-position
valve

c

exhaust
MS

Ar

alumina tube

Figure 2.6 Schematic of the setup used for thermochemical cycling. The
reacting conditions are regulated by mass flow controllers (MFCs) and a 2position valve. H2 is used in case of chemical reduction at 600 C. Thermal
reduction is carried out at 1400 C or 1500 C (TH), and oxidation at 500 C
(TL). The effluent gas is monitored by mass spectrometry.
The whole setup consists of three major parts. The first part is a gas delivery
system with four or five digital mass flow controllers (Bronkhorst), a
temperature-controlled evaporator (Bronkhorst), and a two-position valve
(Vici). This valve allows quick switches between reducing and oxidizing
atmospheres. The second part is an alumina tube passing through a
programmable infrared tube furnace (Ulvak VHT E44). Rapid heating and
cooling can be achieved. The last part is a gas analysis system with a mass
spectrometer (Pfeiffer Ominstar GSD 320). Typically, unless otherwise
indicated, about 150 mg of material in the form of a pressed pellet was used
in each test. The sample pellet was contained in an alumina sample holder
placed inside the alumina tube. Activation of the material was achieved by
thermal reduction for 10 min at 1400 C or 1500 C under Ar at a flow rate of
100 Nml min-1. The reoxidation was carried out at 500 C for typically
15 min unless indicated otherwise. The reoxidation gas condition was varied
by mixing Ar (100 Nml min-1) with one or both of the two oxidants: CO2 at
6.2 Nml min-1 and H2O at 0.6 g h-1 (12.4 Nml min-1). The concentrations of

H2, O2, CO2, CO and CH4 in the effluent gases were continuously monitored
by the mass spectrometer at a time resolution of a few seconds. The heating
rate was set to 50 C min-1 and cooling rate was set to 100 C min-1.
In the preliminary studies presented in Chapter 7, 10 mol% H2/Ar at a total
flow rate of 100 Nml min-1 was used to chemically reduce ceria at 600 C.
The reoxidation was carried out with a gas mixture of Ar (70 Nml min-1),
CO2 (10 Nml min-1) and H2O (1 g h-1). 500 mg of each material diluted with
1000 mg sea sand in the form of loose powder was used to form a packed-bed
in a quartz tube. The slow furnace (Heraeus Thermicon P) was used. For the
preliminary thermochemical studies presented in Chapter 6, the exact
reaction conditions were slightly different. The experimental setup was same
as the one shown in Figure 2.6, but again with the slow furnace. The thermal
reduction was carried out at 1300 C under Ar at a flow rate of 80 Nml min-1,
and reoxidation at 500 C by a mixture of Ar at 80 Nml min-1 Ar, H2O at
1 g h-1, and CO2 at 10 Nml min-1. An alumina tube is used. About 200 mg of
Rh-doped ceria was used in the form of loose powder in an alumina boat
placed inside the alumina tube. In the preliminary studies presented in both
chapters, the H2 concentration was continuously monitored and recorded
using the mass spectrometer used for thermochemical H2O splitting
experiments as introduced in section 2.2.3.2.
Part of the data presented in Chapter 7 (i.e. Figure 7.10) was obtained by
using the TGA setup as shown in Figure 2.5. Slight modification was made: a
temperature-controlled water bubbler was inserted in the gas supply system;
the GC was replaced by a mass spectrometer (Pfeiffer Vacuum D-35614
Asslar GSD 301 O1). Approximately 400 mg of fresh Rh-doped ceria sample
were used in the form of loose powder for each experiment at a given
H2O/CO2 molar ratio. As usual with the TGA setup, the sample was placed
inside an alumina crucible supported by an alumina rod, which houses a
thermocouple and is atop the balance. The total flow rate was set to
100 Nml min-1. The reduction was carried out at 1450 °C in argon and
oxidation at 500 °C. The partial pressures of carbon dioxide and water, listed
in Table 2.3, were adjusted by changing the flow rate of CO2, the flow rate of
Ar passing through a bubbler (with controlled temperatures at 10 °C, 18 °C
or 22 °C), and the flow rate of the balancing Ar. Three cycles were measured
for each fresh sample at a given molar ratio. For the second to forth ratios
(highlighted Table 2.3), the water partial pressures were kept same or very
close.
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Table 2.3 List of H2O and CO2 partial pressures tested with the TGA setup. The
results are presented as Figure 7.10.
p_H2O/p_CO2 [-]

p_H2O [mbar]

p_CO2 [mbar]

2.53E-03

2.056

800

1.03E-02

6.17

600

1.53E-02

6.1

400

5.17E-02

7.4

143

2.88E-01

14.4

50

2.35

23.5

10

Chapter 3
X-ray Amorphous ZnO in Zn-doped Ceriax

Material from this chapter has been published in: Fangjian Lin, Ivo Alxneit and
Alexander Wokaun, Structural and chemical changes of Zn-doped CeO2
nanocrystals upon annealing at ultra-high temperatures, CrystEngComm, 2015, 17,
1646–1653. DOI:10.1039/c4ce02202e
x
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Abstract
The structure of doped ceria plays an important role in its chemical
reactivity and catalytic performance. However, for the majority of the
dopants studied, whether a monophasic solid solution is formed or not is
typically determined only by standard X-ray diffraction (XRD). In-depth
structural characterization is lacking. Presented in this chapter is an indepth investigation of the structural and chemical changes of Zn-doped ceria
upon annealing at ultra-high temperatures. X-ray photoelectron
spectroscopy (XPS) shows that the material is chemically inhomogeneous
with zinc enrichment in the surface layer. X-ray fluorescence (XRF) reveals
significant compositional inhomogeneity of the material after annealing in
air at 1300 °C for 24 h. The standard structural characterization of this
material with room temperature XRD and transmission electron microscopy
(TEM) fails to reveal its correct phase composition. Based on clear evidence
from in-situ high temperature XRD it is shown that, after calcination at
500 °C, the material is not monophasic as it appears to be. Substantial
amounts of the zinc in the material exist as non-incorporated X-ray
amorphous ZnO. The X-ray amorphous ZnO crystallizes at 800 °C and
undergoes second-stage incorporation at even higher temperatures. This
second-stage incorporation is not complete after annealing and trace
amounts of ZnO remain according to synchrotron XRD. These results provide
valuable insight into the incorporation mechanism of zinc into the ceria
lattice, and in particular, raise some doubts on the phase compositions
reported in many previous studies on doped ceria.
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3.1

Introduction

Ceria (CeO2) is one of the most important functional rare earth oxides. It is
widely used in a number of technological applications including solid oxide
fuel cells and catalysis. A key feature of ceria is its oxygen storage capacity
(OSC), resulting from its reversible and relatively easy reduction to the nonstoichiometric CeO2−δ. Ceria and related oxides are applied as catalysts or as
support oxides, notably in three-way catalytic converters.
A lot of effort has been devoted to improving the physicochemical properties
of ceria by introducing heterocations into its lattice. DFT (density functional
theory) calculations have shown that the incorporation of heterocations can
introduce structural distortions in the lattice and thus enhance the OSC of
ceria,110,111 revealing a close link between the structure of doped ceria and its
chemical properties.
Despite the important role of the structure of doped ceria, the focus of the
reports in the literature is mostly on its chemical properties and catalytic
activities. For the majority of the dopants studied, whether a single-phased
solid solution is formed or not is typically determined only by X-ray powder
diffraction (XRD). In-depth structural characterization is lacking. For
instance, among the few available reports on Zn-doped ceria, the focus has
been on its UV shielding property,171 and its activity for CO
oxidation.167,172,173 A doping level of 56.1% has been reported based only on
standard XRD.171 This number is very high in the view of very different
charge and radius of Zn2+ with respect to Ce4+. Recently, Schmale et al.
estimated a solubility limit of 3 ± 0.7% of Zn2+ in ceria, also based on XRD.174
Thus, a clear picture of the incorporation of Zn2+ into the ceria lattice is still
missing. It also seems that the standard characterization of doped ceria by
room temperature XRD (often coupled with TEM) is not sufficient to
determine its true phase composition.
In this chapter, in-depth characterization of Zn-doped ceria nanocrystals
synthesized by coprecipitation is presented. The standard characterization of
the material by room temperature XRD and TEM fails to reveal their correct
phase composition. Based on clear evidence from in-situ high temperature
XRD, it is shown that, after calcination at 500 °C, the materials are not
monophasic: significant amounts of X-ray amorphous ZnO is present within
the materials. The amorphous ZnO crystalizes at 800 °C and undergoes
second-stage incorporation at even higher temperatures. These results also
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raise some doubts on the phase compositions reported in many previous
studies on doped ceria.

3.2

Results and Discussion

3.2.1

Standard Characterization

In Figure 3.1a room temperature XRD patterns for two samples as-prepared
are reported. For simplicity, results for 5Zn and 10Zn are not included.
Diffraction patterns for all samples exhibit only reflections characteristic of
cubic ceria. It thus appears that Zn2+ is completely incorporated into the host
lattice even at a doping level of 20 mol%. Zn-doped samples also exhibit
lower reflection intensities and increased peak widths relative to native
ceria, indicating reduced crystallinity. Estimation of the crystallite size using
the Scherrer equation reveals a decrease from approximately 11.9 nm (ceria)
to 7.7 nm (20Zn) (Table 3.1). To evaluate the thermal stability of Zn-doped
ceria, the as-prepared samples were annealed at 1300 C in air for 24 h. The
corresponding XRD patterns are presented in Figure 3.1b. Again, ZnO
cannot be detected. Thus, it seems that Zn-doped ceria is structurally stable
in air at least up to 1300 C. As is evident from the narrower peaks, the
crystallinity of the samples after annealing is increased.
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a
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Figure 3.1 XRD patterns of Ce1-xZnxO2-δ (a) as-prepared and (b) after
additional annealing in air at 1300 C for 24 h.

Table 3.1 Crystallite sizes (d) and surface zinc concentrations (mol%) of CeO2,
5Zn, 10Zn and 20Zn as-prepared and annealed.
Sample

As-prepared

Annealed

Name

bulk zinca
[mol%]

db
[nm]

surface zincc
[mol%]

d
[nm]

surface zinc
[mol%]

CeO2

—

11.9 ± 0.7

—

49.6 ± 2.2

—

5Zn

4.97

8.8 ± 1.0

17.44

50.1 ± 2.4

25.19

10Zn

9.53

8.4 ± 1.1

25.56

50.1 ± 2.4

26.18

20Zn

—

7.7 ± 0.7

29.05

53.0 ± 5.4

38.11

Zinc concentrations in the bulk of the materials are the actual compositions as
determined by ICP-OES. b Crystallite sizes are calculated from 3 or 4 peaks in the
diffraction patterns using the Scherrer equation, where the shape factor K = 0.94
for cubic crystals. c Zinc concentration in the surface layer is quantified from XPS
spectra.
a

As-prepared
Annealed

a [Å]

5.420
5.415
5.410
5.405
0.00

0.05

0.10
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0.20

x in Ce 1-x Zn xO2-δ
Figure 3.2 Lattice constants calculated based on XRD patterns of Ce1xZnxO2-δ: x = 0 for native ceria, x = 0.05 for 5Zn, x = 0.1 for 10Zn and x = 0.2
for 20Zn.
Lattice parameters presented in Figure 3.2 are calculated based on the
positions of the first three to four peaks. In general, doped samples exhibit
lattice contraction compared to native ceria. After the annealing a small
increase of the lattice constant with increasing doping level is suggested.
This is consistent with the results reported previously.171,174 It was proposed
that Zn2+ (90 pm) can be incorporated via two mechanisms: 1) substitution of

77

78 X-ray Amorphous ZnO in Zn-doped Ceria

Ce4+ (97 pm) leading to lattice contraction and the formation of charge
compensating oxygen vacancies, and 2) Zn2+ occupying interstitial lattice
sites, which causes the lattice to expand.171 However, further evidence is
required to verify this.

a
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(111)
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b
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0.29 /15
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Figure 3.3 TEM images of 20Zn as-prepared (upper row): (a) low
magnification, inset (a1) electron diffraction pattern from selected area, (b)
high resolution image showing lattice fringes with lattice spacing (d = D/N)
calculated over multiple lattice planes. TEM images of 20Zn annealed (lower
row): (c) bright field image, inset (c1) SAED pattern, and (d) dark field image
showing clusters of larger crystals.
The nanocrystalline nature of the as-prepared samples is confirmed by TEM.
Figure 3.3a shows a representative image of 20Zn at lower magnification.
Crystallites of a relatively uniform size around 10 nm are easily recognized,
in agreement with the value calculated using the Scherrer equation. All the
calculated sizes of crystal domains are included in Table 3.1. The selected
area electron diffraction (SAED) pattern shown as inset a1 confirms the
presence of polycrystalline cubic ceria. However it shows no evidence of ZnO,
consistent with the observation from the X-ray diffraction measurements
shown in Figure 3.1a. Figure 3.3b shows a typical high resolution TEM

image for 20Zn. Lattice fringes with a spacing of about 0.30 nm, indexed as
the ceria (111) planes, are clearly visible in the image. The increased
crystallinity of 20Zn after annealing, evident from the narrower diffraction
peaks seen in Figure 3.1b, is also observed by TEM. Figure 3.3c shows a
much larger grain with a diameter of a few hundreds of nanometers. Here in
the image individual single crystals cannot be distinguished anymore. The
two images (Figure 3.3a and 3.3c) are roughly at the same magnification.
The growth of crystals is further evidenced by the electron diffraction
pattern (inset c1) exhibiting only bright discreet spots instead of rings, and
by the dark field image showing clusters of crystals as seen in Figure 3.3d.
Note that the two electron diffraction patterns in Figure 3.3 were obtained
from sample areas of similar sizes.

3.2.2

Chemical Inhomogeneity

To check for possible changes in the chemical composition of Zn-doped ceria
caused by annealing, cerium 3d and zinc 2p XPS spectra for 05Zn, 10Zn and
20Zn were collected. The results of the quantification of surface zinc are
presented in Table 3.1. The concentration of zinc in the surface layer of the
as-prepared samples probed by XPS is about 2 to 3 times as high as the bulk
concentration measured by ICP-OES. This suggests enrichment of zinc at
the surface. This chemical inhomogeneity is further enhanced by annealing
at 1300 C, after which the concentration of zinc in the surface layer is up to
5 times as high as the bulk concentration. This increase in chemical
inhomogeneity suggests bulk-to-surface migration and thus high mobility of
zinc in ceria.
The high mobility of zinc in ceria is observed not only in the nanometer
range but also on the scale of microns. Figure 3.4 shows the cerium and zinc
XRF maps of 20Zn for an area of approximately 2.3 × 1.8 mm2. For 20Zn asprepared, the distribution of zinc inside the material is very homogeneous,
as seen in Figure 3.4b. However, once the sample is annealed at 1300 C for
24 h, Zn-rich patches on the order of 10 µm in diameter become clearly
visible (see Figure 3.4d, plotted in the same scale as Figure 3.4b). According
to XRF measurements (Figure 3.5), the spectra of 20Zn as-prepared and
after being annealed at 1250 C for 48 h essentially overlap. This suggests
that ZnO sublimation in air at temperatures between 1200 C and 1300 C
for extended period of time is negligible. Thus it is reasonable to assume that
Figure 3.4b and 3.4d show the same average zinc concentration (nominally
20 mol%), which is supported by the observation that both maps overall
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show a green tone. Therefore, the Zn-rich regions clearly seen in Figure 3.4d
must correspond to an even higher zinc concentration. However, surprisingly
no ZnO is detected by the standard XRD (Figure 3.1b) with an illuminated
area of about 10 × 10 mm2. In contrast, the distribution of cerium is very
homogeneous and is not influenced by annealing.
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Figure 3.4 Cerium XRF maps of 20Zn (a) as-prepared and (c) annealed,
plotted in same color scale. Zinc XRF maps of 20Zn (b) as-prepared and (d)
annealed, plotted in the same scale.
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Figure 3.5 X-ray fluorescence spectra of Zn-doped ceria 20Zn as-prepared,
and after heat treatment in air at 1250 C for 48 h.

3.2.3

High Temperature X-ray Diffraction

To verify the structural stability of Zn-doped ceria and to shed light on the
lattice expansion of 20Zn observed after annealing (Figure 3.2), in-situ high
temperature XRD studies in air were performed. At first, diffraction patterns
were recorded at every 200 C at temperatures in the range 200–1400 C for
20Zn. The results are presented in Figure 3.6. At temperatures below 800 C
only peaks attributed to ceria and the substrate platinum are observed.
However, at temperatures between 800 C and 1200 C new features close to
the ceria (200) peak are observed. Careful examination on the positions of
these new features relative to ceria (200) reveals that they originate from
wurzite ZnO. ZnO then disappears while the pattern at 1200 C is being
recorded (second ZnO peak at about 35 is not observed). This suggests its
incorporation into the ceria lattice, as ZnO sublimation in air at 1200 C is
negligible (Figure 3.5). ZnO is also observed at 1400 C. The incorporation of
the intermediately formed ZnO phase could be the cause of the observed
lattice expansion of 20Zn after annealing shown in Figure 3.2. The origin of
the intermediate ZnO is from either phase segregation above 800 C or the
crystallization of X-ray amorphous, non-incorporated ZnO present after
calcination at 500 C.
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Figure 3.6 In-situ high temperature XRD patterns of 20Zn (x = 0.2) in air
from 200 C to 1400 C.
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Figure 3.7 In-situ high temperature XRD patterns of 20Zn in air for 2 cycles
of heating from 800 C to 1200 C: (a) 1st cycle and (b) 2nd cycle.
In order to confirm the formation of ZnO at 800 C to 1200 C, and to
determine its origin, a more detailed high temperature diffraction study for
20Zn was carried out. The sample was subjected to two consecutive heating
cycles, each with isothermal segments at 800 C, 1000 C, and 1200 C
(heating rate 60 C min-1). To increase the signal-to-noise ratio and to obtain
a better angular resolution, the integration time was increased to 7 s and the
step size was decreased to 0.01. The 2θ range was limited to 30–42,
covering the reflections of CeO2 (200), ZnO (100), (002), (101) and Pt (111).
Four consecutive patterns were collected at each temperature. The results
are presented in Figure 3.7. In the first heating cycle ZnO is present at
800 C and 1000 C. Once the sample is further heated to 1200 C ZnO
disappears during the collection of the first pattern (red pattern in a-1200)
within about 60 min. Again, the disappearance of ZnO can only be due to its
incorporation into the ceria lattice since ZnO sublimation in air at 1200 C is
negligible (Figure 3.5). Once the sample is cooled to 800 C the second
heating cycle starts. During this cycle no ZnO is detected. The irreversible
disappearance of the intermediately formed ZnO at about 1200 C strongly
suggests that the origin of the ZnO is not due to phase segregation but due to
the crystallization of the non-incorporated X-ray amorphous ZnO present
after synthesis. More than 40% of Zn2+ seems to be initially present as the X-

ray amorphous ZnO, based on the ratio of ZnO (101) and ceria (200) areas
(pattern at 1000 C) in comparison to a calibration performed with known
mixtures of native ceria and ZnO.
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Figure 3.8 Comparison of ceria (200) peak positions of 10Zn at the same
temperature between two rounds of heating from 800 C to 1200 C: (a)
800 C, (b) 1000 C and (c) 1200 C.
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Figure 3.9 In-situ high temperature XRD patterns of 5Zn in air in the first
heating cycle at 800 C, 1000 C and 1200 C. Traces of ZnO are detected at
800 C and 1000 C. This intermediate ZnO is not detected at 1200 C. In the
second round of heating (data not shown), no ZnO is detected.
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Similar results with high temperature XRD are obtained for 10Zn
(Figure 3.8) and 5Zn (Figure 3.9). Briefly for 5Zn, only traces of ZnO could be
observed at 800 C and 1000 C (Figure 3.9). This is to be expected as much
less zinc is present in 5Zn compared to 20Zn. For simplicity, only patterns in
the first round of heating from 800 C to 1000 C are presented for 5Zn. Here
the focus is given to the high temperature XRD patterns obtained for 10Zn
(Figure 3.8).
Further evidence for the incorporation of the ZnO at high temperatures
above the calcination temperature (500 C) is obtained by comparing the
positions of the ceria (200) peak in 10Zn diffraction patterns recorded at the
same temperature but in different heating cycles (Figure 3.8). At each
temperature the positions of the ceria (200) peak recorded during the second
cycle are shifted to lower angles compared to the first cycle, indicating an
expansion of the lattice. The shift becomes smaller with increasing
temperatures. At 1200 C the positions roughly coincide. From Figure 3.2,
we know that the lattice constant of doped ceria after annealing increases
with increasing doping level. Based on the findings presented in Figure 3.8,
a clear picture can be obtained. During the first heating cycle the nonincorporated X-ray amorphous ZnO that is present after synthesis (calcined
at 500 C) crystallizes around 800 C and becomes visible in the diffraction
patterns. This ZnO is partly incorporated into the ceria lattice by a solidsolid reaction between 800 C and 1000 C, thus increasing the doping level
of the sample. The incorporation of ZnO is nearly completed at 1200 C.
Thus, the doping level of 10Zn increases during the first cycle as the
temperature is increased and incorporation proceeds, but it remains constant
during the second cycle as no more ZnO is available for incorporation. Thus,
at 800 C the patterns of samples with different doping levels are compared
and the shift in peak positions is observed (Figure 3.8a). Since nearly
complete incorporation of the ZnO is achieved by the end of the first heating
cycle, samples with nearly identical doping levels are compared at 1200 C
(Figure 3.8c). Thus nearly identical positions of the ceria (200) peak are
expected in this case. The fact that the shift of the ceria peak positions
between the two heating cycles decreases with increasing temperatures
suggests that incorporation of the ZnO already starts between 800 C and
1000 C. Thus far, clear evidence suggests that only a fraction of the Zn2+ is
incorporated into the ceria lattice after calcination at 500 C. The remaining
is present as non-incorporated X-ray amorphous ZnO in substantial
quantities. Temperatures of 800–1200 C or higher is required for its
seemingly complete incorporation.

3.2.4

X-ray Absorption Spectroscopy

To confirm the existence of X-ray amorphous ZnO, the short-range
local coordination environment of zinc in the as-prepared 10Zn and
20Zn was investigated with Zn K-edge X-ray absorption spectroscopy
(XAS). The XANES spectra and Fourier transformed (FT) EXAFS
spectra are presented in Figure 3.10. Also included in the figure are the
published spectra of ZnO particles with two very different sizes. 175,176
The ZnO particles of 2.1 nm represent X-ray amorphous ZnO and the
particles of 300 nm represent crystalline bulk ZnO.
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Figure 3.10 XANES (a) and Fourier transformed EXAFS (b) spectra of
the as-prepared 10Zn and 20Zn. The spectra of X-ray amorphous ZnO
(2.1 nm) and crystalline bulk ZnO (300 nm) are obtained from previous
publications.175,176
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It is evident that the shape of the zinc 1s → 4p absorption (white line)
strongly depends on the particle size. The white line shifts towards
higher photon energies as the particle size increases. The shape of the
XANES spectra of fresh 10Zn and 20Zn closely resemble the one of
ZnO nanoparticles with a diameter of 2.1 nm (Figure 3.10a). At higher
energies only weak oscillations almost identical to the ones for the ZnO
nanoparticles (2.1 nm) are observed, indicating local disorder around
zinc in the as-prepared samples. A small shift of the white line energy
to higher values and a slight increase of the oscillation amplitude is
noticed when the XANES spectrum of 20Zn is compared to the one of
10Zn. This could be interpreted as slightly higher crystallinity of the
ZnO phase in 20Zn than in 10Zn, although many factors including
particle sizes and self-absorption may play a role in determining the
general shape and oscillation amplitude of an XANES spectrum. 177
However, as later presented in Chapter 4, XRD studies of the same
materials show a very weak reflection indicative of ZnO for 20Zn but
not for 10Zn, supporting this interpretation for the XANES spectra.
The high disorder around zinc in the as-prepared materials is
confirmed by their FT EXAFS spectra reported in Figure 3.10b. The
contribution of the second coordination shell (Zn-Zn coordination) is
very small as judged from its FT magnitude. The EXAFS spectrum of
large ZnO particles corresponds to a homogeneous and well crystallized
material as several coordination shells can be identified. These XANES
and EXAFS spectra strongly support the findings of the in-situ high
temperature XRD studies presented earlier: substantial amounts of Xray amorphous ZnO exists in 10Zn and 20Zn after synthesis (calcined
at 500 C).

3.2.5

Synchrotron µ-XRF and µ-XRD

In order to verify the findings of the standard characterization, 20Zn asprepared and after annealing were characterized by spatially resolved µXRF and µ-XRD. This offers a few advantages over the standard XRD and
XRF. For instance, the photon flux and brightness from a synchrotron source
is orders of magnitude higher, increasing its capability of detecting trace
phases, as discussed earlier in Chapter 2. Due to a micron-sized beam of
5 × 5 µm2, an almost 30 times better spatial resolution is achieved compared
to the EDAX analyzer. The µ-XRD capability allows the detection of
structural inhomogeneity or changes in the phase composition at the same
spatial resolution. In addition, it is possible to estimate the local thickness of

the sample by measuring and mapping the beam attenuation. This is
important because XRF maps can be also influenced by sample thickness due
to different escape depths of Ce Lα and Zn Kα photons.
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Figure 3.11 Synchrotron-based XRF maps (a) and (b): Ce Lα plotted in two
scales, and (c): Zn Kα. Map of beam transmission (I1/I0) is presented in (d).
The area “1” correspond to a Ce-rich region, and “2” a Zn-rich region. Typical
µ-XRD pattern for a 5 × 5 µm2 area in the Ce-rich region: (e) full detector
area, and (f) zoom-in of marked area. Typical µ-XRD pattern in the Zn-rich
region: (g) full detector area and (h) zoom-in of marked area. White lattice
plane index denote CeO2, and red wurzite ZnO.
Synchrotron XRF results for 20Zn as-prepared show that the spatial
distribution of cerium and zinc is homogeneous, consistent with XRF
measurements using traditional X-ray sources (Figure 3.4a and 3.4b).
Synchrotron XRD also agrees with standard XRD (Figure 1.1a), showing no
crystalline ZnO. Synchrotron results for 20Zn after annealing are presented
in Figure 3.11. Figures 3.11a and 3.11b show the spatial distribution of
cerium for an area of approximately 340 × 500 µm2, while Figure 3.11c
shows the zinc distribution in the same area. Figure 3.11d shows the beam
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transmission map as an indicator of local sample thickness. These maps
generally confirm the findings of XRF using traditional X-ray sources, but
with much better resolution. Zn-rich patches with sizes ranging from a few
µm to 50 µm in diameter are observed. Two areas (“1” and “2”) exhibiting
similar beam transmission (Figure 3.11d), indicating a similar sample
thickness, were analyzed in detail. It is easy to recognize from Figure 3.11a
and 3.11c that, relatively, area “1” is Ce-rich and area “2” is Zn-rich.
Figure 3.11e shows a typical µ-XRD pattern recorded within the Ce-rich
area. The prominent phase is found to be fluorite ceria phase (denoted by
white lattice plane index). Upon a closer inspection (see zoom-in as
Figure 3.11f), very faint but discernible diffraction spots (marked by arrows)
close to the CeO2 (200) diffraction ring are visible. They are due to single
crystals of wurzite ZnO with orientations of (101) and (100). These traces of
ZnO were not detected by the standard XRD (Figure 3.1b). The presence of
ZnO in the Zn-rich area is more pronounced, although still minute compared
to the main ceria phase, as seen in a typical µ-XRD pattern shown as
Figures 3.11g and 3.11h. ZnO single crystals with orientation (002) are also
detected, with the orientation (100) being most pronounced.
Characterization by synchrotron-based µ-XRF and µ-XRD confirmed that the
spatial distribution of zinc in the sample becomes very inhomogeneous (on a
scale of a few tens of micrometers) after annealing at ultra-high
temperatures (1300–1400 C). Moreover, these results clearly show that the
second-stage incorporation of substantial amounts of initially X-Ray
amorphous ZnO into the ceria lattice at high temperatures is not complete as
suggested by standard XRD. Trace amounts of crystalline ZnO are still
present within the material.

3.3

Conclusions

In summary, in-depth structural characterization of Zn-doped ceria
nanocrystals synthesized by coprecipitation is presented. It is shown by XPS
that these materials are chemically inhomogeneous on the nanometer scale,
with zinc enrichment at the surface. After annealing at 1300 C the spatial
distribution of zinc on the micrometer scale becomes also inhomogeneous.
This work also shows that a combination of commonly applied
characterization techniques (such as room temperature XRD and TEM) is
not sufficient to determine the correct phase composition of Zn-doped ceria
after calcined at 500 C. With in-situ high temperature XRD, the presence of
substantial amounts of non-incorporated X-ray amorphous ZnO in the as-

prepared samples is successfully revealed. This amorphous ZnO crystalizes
at 800 C and is then incorporated in the ceria lattice at higher
temperatures. The presence of substantial amounts of non-incorporated Xray amorphous ZnO is confirmed by X-ray absorption spectroscopy. However,
its second-stage incorporation at higher temperatures is not complete
according to spatially resolved µ-XRD measurements using a combination of
synchrotron radiation and micro-beam configuration. It is not clear whether
the presence of X-ray amorphous dopant oxide after lower-temperature
synthesis is specific to the Zn-O-Ce system. However, these results suggest
that caution be applied when one interprets XRD data to determine true
phase composition of similar doped ceria materials. This is important
because, as will be presented in the following chapters, the catalytic activity
of doped ceria can be influenced by an X-ray amorphous dopant phase
present after low-temperature calcination.
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Chapter 4
Correlation between Structure and Catalytic
Activityxi xii
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Abstract
Doping ceria with heterocations is a commonly applied strategy to alter its
structural and chemical properties including its key feature oxygen storage
capacity (OSC). Although a few studies have been published on the
structural properties and chemical reactivity of Zn-doped ceria, one lacks a
comprehensive investigation on the effect of zinc incorporation in the ceria
lattice on its structural properties, and how it could be correlated to the
changes in its chemical reactivity including OSC and catalytic activities.
This chapter presents an interesting correlation between the structural
properties of dual-phase Zn-modified ceria nanocrystals, their dynamic
OSCs, and their catalytic performance for the reverse water-gas shift
(RWGS) reaction and soot oxidation. The role of the X-ray amorphous ZnO
phase revealed in Chapter 3 in catalysis is also elucidated with the two
examples.
Upon incorporation of zinc in the ceria lattice, the degree of crystallinity is
decreased according to XRD. Raman spectroscopy reveals a concomitant
increase of oxygen vacancy concentrations within the Zn-modified ceria
samples in comparison to native ceria. The incorporation of zinc increases
the reducibility of ceria according to H2-TPR and doubles the dynamic OSC
as revealed by thermogravimetric studies. When the variations of the degree
of crystallinity, the oxygen vacancy concentrations and the OSCs within the
Zn-modified ceria samples are compared, an excellent correlation is
established. Catalytic testing shows that Zn-modified ceria exhibits higher
activities for the RWGS reaction, especially at the lower temperatures of
400 °C and 600 °C, while at 800 °C the catalyst deactivates rapidly. Such
deactivation at high temperature can be totally eliminated by impregnating
additional cobalt oxide on the ceria support. Some improvement in the soot
oxidation activity is achieved with Zn-modified ceria, attributed to enhanced
OSCs of the materials. Within the set of Zn-modified ceria samples, the
activities are essentially identical, which is again correlated to their nearly
identical dynamic OSCs, irrespective of the zinc concentration. Upon
impregnation of additional cobalt oxide, the materials' activities for soot
oxidation are markedly enhanced, as observed with the RWGS reaction.
Native ceria and Zn-modified ceria samples perform significantly better for
soot oxidation after being leached with citric acid. Such enhancement is more
pronounced with 10Zn (10 mol% zinc) in comparison to native ceria. This
observation suggests that the removal of non-incorporated ZnO increases the
activity for soot oxidation.
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4.1

Introduction

In the past few decades, ceria-based materials (ceria doped with various
heterocations as Ce1-xMxO2-δ) have been intensively investigated for a wide
range of applications. Many experimental studies have shown that the
catalytic performance of ceria-based materials is intricately linked to their
oxygen storage capacities (OSCs). The enhancement of the OSC of doped
ceria is due to structural distortion of the ceria lattice induced by the
dopants, according to computational studies.110–112 From this perspective,
establishing a correlation between the structural characteristics of ceriabased materials and their catalytic activities are important to rationally
design catalysts with better performance.
Among the numerous reports existing on the doped ceria, structural
characteristics revealed by various techniques such as X-ray powder
diffraction (XRD), transmission electron microscopy (TEM) and Raman
spectroscopy are often discussed. However, few studies actually present a
clear correlation of the structural characteristics of ceria to its chemical
reactivity including OSC and catalytic activities. Take zinc as the dopant for
example. Apart from the investigation of their electrical, 174 structural and
optical properties,171,178 Zn-doped or Zn-modified ceria materials have also
been studied as catalysts or support oxide for gold nanoparticles for CO
oxidation.166,167,172,173,179 However, none of these studies presented the effect
of zinc incorporation on their OSCs, or in-depth evaluation of the structural
characteristics relevant to their chemical reactivity. In fact, despite the
promoting effect of zinc on the OSC of ceria suggested by Kehoe et al.,110
there are no reports available in literature presenting a systematic
investigation on the effect of zinc incorporation on the structural
modification of ceria correlated to its OSC and catalytic activities.
In the previous chapter, in-depth structural characterization of Zn-doped
ceria nanocrystals synthesized by coprecipitation was presented. Substantial
amounts of non-incorporated X-ray amorphous ZnO are present within the
seemingly monophasic materials after calcination at a relatively modest
temperature (500 °C). Here, the materials are further characterized by XRD
and Raman spectroscopy in order to assess Zn-induced changes in
crystallinity and defects in the oxygen sub-lattice. X-ray photoelectron
spectroscopy (XPS), H2-temperature programmed reduction (H2-TPR) and
thermogravimetric analysis (TGA) are employed to evaluate the materials’
chemical status and compositions (including depth profiling), redox
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properties and dynamic OSCs. The catalytic activities are investigated for
two chemical reactions of environmental importance: 1) the reverse watergas shift (RWGS) reaction for the conversion of greenhouse gas CO2 to value
added fuel (mainly CO) in presence of H2, and soot combustion for reduced
particulate matter emission from diesel engines. This chapter presents a
comprehensive and systematic correlation between the structural
characteristics of Zn-modified ceria (i.e. Zn-induced structural modification
and oxygen vacancy defects), and its chemical reactivity (i.e. dynamic OSC
and catalytic activities). In addition, the effect of the secondary phase,
namely the non-incorporated X-ray amorphous ZnO, on the catalytic activity,
as briefly mentioned in the previous chapter and unknown to many previous
studies, is elucidated in detail.

4.2

Results and Discussion

4.2.1

Materials Characterization

Figure 4.1 presents the diffraction patterns of Zn-modified ceria materials
after calcination (as-prepared). The diffraction pattern of an equimolar CeO2ZnO mixture and the stick patterns of ceria and ZnO are included for
reference. For these patterns, the integration time was increased to 10 s
(instead of the typical 5 s). Note that the intensities of all XRD patterns are
plotted in logarithmic scale in order to reveal possible small peaks. It is clear
that 5Zn and 10Zn show only reflections that characteristic of cubic fluorite
ceria. However, from the previous chapter, we know that substantial
amounts of X-ray amorphous ZnO are present and only a fraction of the zinc
is incorporated in the ceria lattice. A careful examination on the diffraction
pattern of 20Zn reveals that there is a very small peak at about 36.306° (2θ),
which is attributed to ZnO (101). The intensity of this peak is orders of
magnitude lower than that of the ceria, suggesting very poor crystallinity of
the non-incorporated ZnO. This is generally in line with findings presented
in the previous chapter. Despite the fact that substantial amounts of X-ray
amorphous ZnO are not incorporated into the ceria lattice, insertion of some
zinc cations is inferred by the shift of the most prominent (111) peak from
28.538° for native ceria to 28.611°, 28.586° and 28.612° for 5Zn, 10Zn and
20Zn, respectively. These shifts, verified by multiple measurements,
correspond to an initial lattice contraction, then expansion and contraction
with increasing zinc concentrations. This could be possibly due to some
variation of the concentration of zinc that is actually incorporated in the
ceria lattice within the Zn-modified ceria samples.
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Figure 4.1 XRD patterns of Zn-modified ceria after calcination: Ceria, 5Zn,
10Zn and 20Zn. Patterns of an equimolar mixture of CeO2 and wurzite ZnO
(denoted as CZ mixture in the figure) are included for comparison. Stick
patterns of the two phases are also included for reference: ceria in red and
ZnO in green.
Substitution of Ce4+ by the divalent Zn2+ will cause the formation of extrinsic
vacancies in the oxygen sub-lattice.110 These charge compensating oxygen
vacancies are evidenced by Raman spectroscopy. Presented in Figure 4.2a
are the Raman spectra of the samples after calcination. All spectra exhibit a
strong peak close to a Raman shift around 465 cm-1 due to the triply
degenerate F2g active mode,168,169 characteristic of fluorite-type structures
such as ceria. This scattering contribution can be viewed as the symmetric
breathing of the oxygen ions surrounding cerium ions. The much weaker and
disorder-induced component around 590–595 cm-1 (denoted as LO in
Figure 4.2b) is commonly associated with the presence of oxygen
vacancies.112,166 This is due to the non-degenerate Raman inactive LO mode,
which is caused by a perturbation of the local Ce-O bond symmetry that
leads to the relaxation of the symmetry selection rules.168,169 Thus increased
intensities of this LO component in the spectra of Zn-modified ceria samples
in comparison to native ceria are the signatures of lattice perturbations
caused by the insertion of zinc cations in the ceria lattice. The presence of
the LO component in the spectrum of native ceria corresponds to intrinsic
oxygen vacancies and thus indicates that Ce3+ is present after calcination,
likely due to incomplete oxidation of the precursor cerium ions.
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Figure 4.2 Raman spectra of the as-calcined samples: (a) overview and (b)
showing the Raman LO band at around 590–595 cm-1.
By normalizing the LO intensity with its corresponding F2g intensity, it is
possible to compare the oxygen vacancy concentrations within these
materials.120,170 One set of data (square symbol) presented in Figure 4.3
shows the variation of the Raman LO/F2g ratios (all values normalized by
that of native ceria) as a function of nominal zinc concentration. Unlike an
earlier study by Laguna et al.,173 it is clear that all Zn-modified ceria samples
in this study have higher oxygen vacancy concentrations in comparison to
native ceria. Within the Zn-modified samples (5Zn, 10Zn and 20Zn), the
oxygen vacancy concentration exhibits a small decrease for 10Zn followed by
an increase for 20Zn. Note that the errors of the oxygen vacancy
concentrations obtained from the Raman measurements are not displayed in
the figure as nearly identical spectra were obtained for each sample
measured at three different locations. Interestingly, this increase in oxygen
vacancy concentrations of Zn-modified samples relative to native ceria as
well the variation within the Zn-modified samples is reflected by the changes
in two other parameters, namely the degree of crystallinity and the lattice
dimension of all samples, as evidenced by the two remaining sets of data
included in Figure 4.3. As XRD patterns of all samples were collected under
identical conditions, the relative degree of crystallinity can be qualitatively
evaluated by comparing the XRD intensities of (111) reflection peaks. The
lattice dimensions of all samples are calculated based on the positions of the

most prominent XRD reflection peak: (111). Evident from Figure 4.3, the
insertion of zinc in the ceria lattice results in reduced degree of crystallinity
as well as lattice contraction in comparison to native ceria. Moreover, the
two parameters for the Zn-modified samples vary in the opposite manner to
that of the oxygen vacancy concentrations. This interesting correlation
between these three parameters indicates that the smaller zinc cations are
primarily incorporated by substituting the larger cerium cations when
calcined at 500 °C, which causes the lattice to contract, creates extrinsic
charge compensating oxygen vacancies and also distorts the ceria lattice
resulting in reduced degree of crystallinity.
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Figure 4.3 Correlation between the variations of the Raman LO/F2g ratio
(square) indicative of oxygen vacancy concentration, XRD (111) reflection
intensity (circle) indicative of the degree of crystallinity and the lattice
dimension (diamond) of ceria, 5Zn, 10Zn and 20Zn.
Figure 4.4 presents typical TEM images of 5Zn (a, b and c) and 10Zn (d, e
and f). As seen in Figures 4.4a and d, both samples exhibit narrow size
distribution with diameters below 10 nm. A close inspection reveals that the
samples exhibit nanocube-like morphologies with well-defined edges and
facets. Figures 4.4b and e present the selected area electron diffraction
(SAED) patterns of 5Zn and 10Zn, confirming the fluorite-type cubic
structure of both materials. No crystalline ZnO is indicated in the SAED
patterns, consistent with XRD results (Figure 4.1). Discrete diffraction spots
are clearly discernible in the SAED pattern of 10Zn due to a smaller
diffraction area. Figures 4.4c and f are typical HRTEM images of 5Zn and
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10Zn, confirming the nanocrystalline nature of the materials. Lattice fringes
with a spacing of approximately 0.261 nm, indexed as ceria (200) lattice
planes are clearly visible. The lattice plane with a spacing of approximately
0.161 nm (Figure 4.4c) could be attributed to a ceria single crystal with an
orientation of (311). Both of the two values are slightly smaller than those of
the native ceria found in the PANalytical HighScore software database (PDF
00-004-0593): approximately 0.271 nm for (200), and 0.163 nm for (311),
consistent with the observed lattice contraction with respect to native ceria
as shown in Figure 4.3.
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Figure 4.4 TEM images of 5Zn (a) and 10Zn (d) at lower magnifications
showing nanocrystals of relatively uniform sizes. Corresponding SAED
patterns of 5Zn (b) and 10Zn (e): stick patterns shown in Figure 4.1 are also
included for references. HRTEM images: 5Zn (c) and 10Zn (f), showing clear
lattice fringes.
In Figure 4.5 background-subtracted Zn 2p, Ce 3d and O 1s XPS spectra of
Zn-modified ceria (5Zn and 20Zn) are presented. The Zn 2p spectrum of 20Zn
clearly shows two peaks at about 1022 eV (2p 3/2) and 1045 eV (2p 1/2),
indicating a 2+ oxidation state. In contrast, the Zn 2p spectrum of 5Zn only
exhibits the more prominent 3/2 peak with an intensity more than one order
of magnitude smaller than that of 20Zn. This could be partly due to a much
lower concentration of zinc in the 5Zn sample.
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Figure 4.5 Deconvolved Zn 2p (a), Ce 3d (b) and O 1s (c) XPS spectra of
20Zn and 5Zn.
The complicated Ce 3d spectra can be deconvolved into ten components using
the notation introduced by Burroughs et al.180 These components fall into
two groups (u and v), originating from the spin-orbit coupling of the cerium
3d core electrons. The v0, v, v', v'' and v''' components are associated with the
3d5/2 electrons with a lower binding energy, and the u0, u, u', u'' and u'''
components with 3d3/2 electrons with a higher binding energy. The u'/v' (as
well as u0/v0) doublet is attributed to the photoemission of 3d electrons from
Ce3+ while the other doublets are associated with Ce4+.181 Thus it is evident
from Figure 4.5b that in the surface layer of the samples cerium is
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predominantly at 4+ oxidation state. The presence of cerium at 3+ oxidation
state, although at a small fraction, is in general agreement with the Raman
studies which indicate the presence of intrinsic oxygen vacancies conjugated
with Ce3+ within native ceria samples (Figure 4.2), despite that XPS is
surface sensitive while Raman spectroscopy probes into the bulk. Applying
the quantification method reported by Preisler et al.,182 it is determined that
the fraction of cerium at 3+ oxidation state in the surface layer is about 9.2%
and 6.8% for 5Zn and 20Zn, respectively. The O 1s spectra shown in
Figure 4.5c are fitted with two sub-bands similarly as reported
previously.183,184 The sub-band at lower binding energy (529.6 eV), denoted
as Oβ, corresponds to lattice oxygen O2-. The sub-band at higher binding
energy (531.8 eV), denoted as Oα, corresponds to chemisorbed surface oxygen
(hydroxyl-like groups) or defect oxide that is believed to be highly reactive in
oxidation reactions due to its higher mobility.184,185 The Oα/(Oα+Oβ) ratio for
5Zn is about 19.2%, which is slightly lower than the ratio for 20Zn (21.9%).
The very close values of Oα/(Oα+Oβ) ratios, despite very different nominal
doping level of zinc, also indicates that the actual amount zinc incorporated
in the ceria lattice is close, and excess amount of zinc remain nonincorporated for 20Zn, consistent with what was revealed in Chapter 3.
A series of XPS spectra were recorded during the course of sputtering lasting
for about 4 h. Based on the deconvolution and quantification methods
presented in association with Figure 4.5, depth profiles of oxygen, cerium
and zinc for 20Zn and for 5Zn are presented in Figures 4.6 and 4.7,
respectively. It is evident that the concentration of zinc in the 20Zn sample
decreases significantly, especially within the first 50 min of sputtering. In
the as-prepared sample of 20Zn, the atomic concentrations of zinc and
cerium are 11% and 31%, respectively. This corresponds to a Zn/(Ce+Zn)
fraction of 26%, close to the value 29% reported in the previous chapter.
After sputtering, the atomic concentration of zinc decreases to 6.6% and the
atomic concentration of cerium increases to 38%, corresponding to a
Zn/(Ce+Zn) fraction of 15%. In addition, the fraction of cerium in the 3+
oxidation state increases from 6.8% (as-prepared) to 28% (after sputtering),
likely due to sputtering-induced reduction of cerium.186,187 The increase in
the fraction of cerium in the 3+ oxidation state is also reflected by a decrease
in the concentration of oxygen ions. For 5Zn (Figure 4.7), similar trend is
observed: the concentration of zinc is decreases upon sputtering. It is thus
reasonable to infer that the doping level of Zn-modified ceria samples is
decreasing with increasing depth from the top surface layer.
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Figure 4.6 Depth profiles of O, Ce, and Zn of sample 20Zn over the course of
~4 h sputtering.
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Figure 4.7 Depth profiles of O, Ce, and Zn of sample 5Zn over the course of
~3 h sputtering.
To evaluate the influence of the incorporation of zinc on the reducibility of
ceria, H2-TPR was carried out for ZnO, native ceria, 5Zn, 10Zn and 20Zn.
The results are presented in Figure 4.8. Essentially the reduction degree of
crystalline ZnO is negligible at temperatures up to 900 °C, likely due to its
relative large grain size. It is clear that the H2-TPR profiles of all ceria
samples contain two major peaks, one at lower temperatures in the ranges of
450–560 °C corresponding to the reduction of surface cerium and the other at
higher temperatures between 800 °C and 900 °C likely due to the reduction
of cerium in the bulk of ceria. Without the incorporation of zinc in the ceria
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lattice, the reduction of surface cerium peaks at about 560 °C. For 5Zn, 10Zn
and 20Zn, the peak temperature is reduced to approximately 490 °C, 450 °C
and 465 °C respectively, indicating enhanced reducibility of ceria at the
surface. A careful examination reveals that the surface reduction profile
actually exhibits two peaks, likely attributed to the reduction of cerium in
different coordination environments. Interestingly, the bulk reduction peak
seems to shift monotonically to slightly higher temperatures with increasing
zinc concentrations, from 840 °C for native ceria to 875 °C for 20Zn. This
trend is consistent with what has been previously reported by Laguna
et al.173 However, there is no evidence suggesting that the shift is due to a
suppression of reducibility of the bulk by the incorporation of zinc. A close
inspection reveals that the peak corresponding to the bulk reduction in the
H2-TPR profile of native ceria is very symmetrical while for Zn-modified
samples it becomes asymmetrical towards the tail at the higher temperature
side. As is known from the previous chapter, excess amounts of zinc exist as
very fine X-ray amorphous ZnO within the Zn-modified ceria materials,
particularly in the cases of 10Zn and 20Zn. Thus it is possible that the
observed shift could be due to hydrogen consumption by the reduction of
increasing amounts of non-incorporated ZnO that occurs at temperatures
higher than the temperature for bulk reduction of ceria. In fact,
condensation has been observed at the downstream of the quartz tube,
suggesting the formation of zinc silicate from the reaction between metallic
zinc vapor (by reduction of ZnO) and the silica quartz wool used to secure the
bed materials.
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Figure 4.8 H2-TPR profiles of ZnO, ceria and Zn-modified ceria samples.
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Figure 4.9 XRF spectra of 20Zn (top) and 10Zn (bottom) samples asprepared and after the H2-TPR experiment.
Direct evidence supporting the argument of zinc loss is obtained from X-ray
fluorescence (XRF) studies. The results, presented in Figure 4.9, show that
the zinc concentration within the Zn-modified samples is significantly
reduced after the H2-TPR experiment. Therefore, it is reasonable to conclude,
based on Figure 4.8 and 4.9, that the reducibility of surface cerium is
enhanced upon the incorporation of zinc while the reducibility of the bulk is
largely unchanged. This is also consistent with the XPS findings (Figure 4.6
and 4.7) that the zinc concentration decreases with sputtering, suggesting a
decreasing doping level of zinc incorporated in the ceria lattice.
To quantitatively evaluate the dynamic OSC of all samples, cyclic TGA
measurements at 500 °C under alternating reducing (10% H2/Ar) and
oxidizing (10% O2/Ar) conditions were carried out. Relative weight losses and
weight gains are reported in Figure 4.10. The mass changes in response to
the alternating conditions are due to oxygen release and uptake. Since the Xray amorphous ZnO cannot be reduced by hydrogen at 500 °C, as confirmed
by in-situ high temperature XRD under the same conditions (Figure 4.11),
the oxygen release and uptake is attributed to the redox cycle of Ce4+/Ce3+.
The rapid mass increase followed by a slower decrease observed when
switching reacting conditions is an artifact caused by incompletely
compensated buoyancy effect. Such effect originates from the catalytic
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combustion of H2 with O2 in presence of ceria, while during the blank
measurement this catalytic effect does not exist as no ceria is present.
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Figure 4.10 TGA curves showing the periodic mass changes of the samples
when subjected to alternating reducing (~10% H2/Ar) and oxidizing
atmospheres (~10% O2/Ar) at 500 °C.
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By comparing the mass change profiles of native ceria and Zn-modified ceria,
clear differences emerge. First, the rates of reduction for Zn-modified
samples are considerably higher than the rate for native ceria. This seems to
indicate enhanced reducibility due to the incorporation of zinc in the ceria
lattice, consistent with the finding from the H2-TPR results (Figure 4.8) and
first-principles calculations.110 However, it is worthwhile to emphasize that
XRD results suggest smaller particle sizes for the Zn-modified samples in
comparison to native ceria (Table 3.1). Second, the relative mass changes for
Zn-modified samples are higher than that of native ceria suggesting
enhanced OSCs, although the reduction is not yet complete after 10 min
exposure to the reducing condition.
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Figure 4.12 Averaged dynamic OSCs of all samples calculated from the
weight losses over multiple redox cycles, correlated with LO/F2g, IXRD (RD
intensity) and LD (lattice dimension) as presented in Figure 4.3.

By averaging the relative mass changes over multiple cycles, the dynamic
OSCs of all samples are obtained (Figure 4.12). Zn-modified ceria (5Zn, 10Zn
and 20Zn) exhibits a dynamic OSC of 263.5 ± 11.6, 251.3 ± 8.2 and
267.7 ± 9 µmol O g-1 respectively, nearly twice the value of native ceria
(135.5 ± 3.5 µmol O g-1). There is no appreciable increase in the OSC as the
nominal zinc concentration increases from 5 mol% (5Zn) to 20 mol% (20Zn),
likely due to the fact that the excess zinc is not incorporated in the ceria
lattice but exists as a separate X-ray amorphous ZnO phase.122 Interestingly,
the variation of the OSCs of all samples as shown in Figure 4.12 exhibits an
excellent correlation with three other parameters, namely the oxygen
vacancy concentration (LO/F2g), degree of crystallinity (XRD intensity) and
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lattice dimensions (Figure 4.3). This excellent correlation between these four
different parameters demonstrates experimentally the close link between the
structural properties and chemical reactivity of doped ceria.111

4.2.2

Reverse Water-Gas Shift (RWGS) Reaction

Δm [%]

To evaluate the effect of Zn2+ incorporation into ceria lattice on its catalytic
activities, the reverse water-gas shift (RWGS) reaction at temperatures in
the range of 400 °C to 800 °C was investigated using Zn-modified ceria and
native ceria as catalysts with TGA, allowing monitoring the weight changes
during the reaction. The time-on-stream mass signals and the CO
concentrations in the effluent gas measured by GC are presented in
Figure 4.13.
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Figure 4.13 Bottom panel: CO concentration in the effluent gases of RWGS
reactions using ceria and Zn-modified ceria samples as catalysts at 400 °C,
600 °C and 800 °C. Top panel: buoyancy-corrected weight changes during the
RWGS reaction.
It is clear that for both native ceria and Zn-modified ceria, the RWGS
reaction is enhanced as the reaction temperature is increased. Native ceria
shows no activity for the RWGS reaction at 400 °C. In contrast, Zn-modified
ceria exhibits significantly higher activity at this temperature. The promoted

catalytic performance of Zn-modified ceria for the RWGS reaction is
attributed to its significantly enhanced OSC as shown in Figure 4.12. Ceria,
as the oxygen carrier in this reaction, catalyzes a cycle where it is reduced by
H2, and subsequently oxidized with CO2, producing CO. Thus a higher
dynamic OSC of ceria at a given temperature would result in higher CO2-toCO conversion. All samples exhibit a gradual decrease of catalytic
performance in CO2-CO conversion, with 5Zn being more pronounced
especially within the first 10 min of reaction. Although there is no detectable
carbon deposition on the samples after the subsequent two higher
temperature steps from TGA analyses of the spent catalysts, the possibility
of carbon deposition at 400 °C cannot be ruled out, and could account for the
observed mass gain and activity decrease. As the temperature is increased to
600 °C, no obvious deactivation is observed for all Zn-modified ceria within
an hour while the mass signals stay constant after a small initial decrease
that is likely due to the reduction of ceria. However, at 800 °C, all samples
show a rapid decrease in activity from the very beginning, which can be
attributed to loss of surface area due to sintering at this elevated
temperature. BET surface area of native ceria, measured by nitrogen
adsorption-desorption
isotherms
(Figure 4.14),
decreased
from
62.78 ± 0.38 m2 g-1 to 0.57 ± 0.01 m2 g-1 after the RWGS reaction. The Znmodified samples show almost no advantage over native ceria, particularly
in the later period of the isothermal segment. After about 10 min for 5Zn and
20 min for 10Zn and 20Zn, a second-stage deactivation is observed for the
Zn-modified samples but not for the native ceria. Interestingly, at exactly the
time when the second-stage deactivation starts, the mass signal stabilizes for
5Zn, 10Zn and 20Zn after much larger weight losses in contrast to native
ceria. It is observed that all materials turn grey from their initially yellow
color after the RWGS reactions. Since carbon deposition is negligible at this
temperature, the change in color is attributed to the reduction of ceria by H2,
consistent with the observation made with the ceria samples after H2-TPR.
Thus the considerable larger weight losses for Zn-modified samples can be
partially caused by a higher degree of reduction. The main contribution is
due to the loss of zinc (XRF measurements, see Figure 4.15), likely from the
reduction of the non-incorporated X-ray amorphous ZnO. This is consistent
with the XRF measurements (Figure 4.9) after the H2-TPR experiment.
Combing Figures 4.13 and 4.15, it seems to suggest that at the beginning the
non-incorporated ZnO acts as an inhibitor against sintering of redox active
ceria nanocrystals, and with the loss of such ZnO the ceria particles quickly
sinter leading to the observed second-stage deactivation.

109

110 Correlation between Structure and Catalytic Activity

3

-1

Quantity adsorbed [cm g STP]

1.0 80
As-prepared

70

Post RWGS

60
50
40
30
20
10
0
-10
0.0

0.2

0.4

0.6

0.8

1.0

Relative pressure (p/p0 )

1.0

Figure 4.14 N2 adsorption-desorption isotherms of native ceria as-prepared
(diamond) and after the RWGS reaction (triangle).
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Figure 4.15 XRF spectra of 20Zn (top) and 10Zn (bottom) samples asprepared and after the RWGS reaction (results shown in Figure 4.13).

Cobalt or cobalt-containing catalysts supported on ceria or modified ceria
have been investigated for a number of catalytic reactions including ethanol
reforming for hydrogen production and CO2 dry reforming of methane (DRM)
for syngas production.188–192 Interestingly, one study by Aw et al. shows some
“unwanted” activities of cobalt containing catalysts supported on a solid
solution of ceria-zirconia for the RWGS reaction during the CO2 DRM
process.192 Here, with the aim to improve the catalytic activities of Znmodified ceria for the RWGS reaction, 10 mol% cobalt oxides (CoOx) are
impregnated onto 10Zn and native ceria. Figure 4.16 presents a preliminary
characterization of the CoOx on 10Zn. The XRD pattern reveals that the
dispersed cobalt oxides are present as Co3O4. In addition, the reflections
from the Co3O4 phase are much weaker compared to that of the ceria phase,
indicating relative poor crystallinity or low amounts of the cobalt oxide
phase. SEM image shows much finer particles of Co3O4 with very different
morphology from the larger ceria particles.
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Figure 4.16 SEM image and XRD pattern of 10 mol% CoOx impregnated on
10Zn, confirming dispersion and poor crystallinity of cobalt oxide on 10Zn
particles.
The RWGS results using Co3O4/10Zn and Co3O4/Ceria as catalysts are
presented in Figure 4.17. It is clear that upon impregnation of Co3O4, the
performance of native ceria at 400 °C and 600 °C is significantly enhanced,
which might be due to the additional redox pair associated with cobalt oxide.
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However, in comparison, with the impregnation with Co3O4, the activity of
10Zn is only very marginally enhanced at 400 °C and 600 °C. A larger weight
loss is observed at 600 °C in both cases in contrast to non-impregnated ones,
which is due to the reduction of Co3O4 by hydrogen as reflected by the color
change of the samples before (dark green) and after the reactions (black).
The most significant improvement in the activities of the Zn-modified ceria
catalysts for RWGS reaction is observed at 800 °C. Co3O4/10Zn and
Co3O4/Ceria exhibit much more stable activities when compared to 10Zn and
native ceria, although loss of zinc is also evident from the TGA results (also
evidenced by XRF mapping, see Figure 4.18). It seems that there is a
synergistic effect between the cobalt phase and the supporting ceria phase
towards the RWGS reaction. Although the cobalt phases are not uniformly
dispersed on the ceria support due to a relatively simple synthesis route, the
obtained materials exhibit excellent thermal stability at even relative high
temperatures (i.e. 800 °C): the dispersion of cobalt is largely unaffected after
the reactions (Figure 4.18). Thus, the CoOx/Ce-O-Zn system could be a
potential candidate as an effective catalyst for CO2 to CO conversion by
RWGS reaction at modest to high temperatures. Based on the results
presented in Figures 4.14, 4.15, 4.17 and 4.18, a beneficial role of the nonincorporated secondary ZnO for the RWGS reaction is revealed, although the
effect is short-lived as ZnO is gradually lost at high temperatures.
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Figure 4.17 Bottom panel: CO concentration in the effluent gases of RWGS
reactions using ceria and Zn-modified ceria samples (with and without
addition of cobalt oxide) as catalysts at 400 °C, 600 °C and 800 °C. Top panel:
buoyancy-corrected weight changes during the RWGS reaction.
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Figure 4.18 XRF elemental maps of Co3O4/10Zn as-prepared (top row) and
after RWGS reaction (bottom row): CeL (a & d) showing no obvious changes
in the cerium concentration and spatial distribution, ZnK (b & e) showing
significant loss of zinc, and CoK (c & f) showing excellent thermal stability of
cobalt dispersion. Maps of the same elements are plotted in same color scale.

4.2.3

Soot Oxidation

Figure 4.19 shows the soot conversion profiles with respect to temperature
using native ceria and Zn-modified ceria as catalysts. The temperatures at
which 10%, 50% and 90% of the soot converted (denoted as T10, T50 and T90,
respectively) are summarized in Figure 4.20. Without any catalysts, the T50
is about 608 °C, significantly higher than the cases catalyzed by ceria.
However, the incorporation of zinc in the ceria lattice, although nearly
doubling its oxygen storage capacity, only marginally reduces the T 50 and T90
by less than 10 °C, with respect to native ceria. Regardless of the zinc
concentration, all Zn-modified ceria samples show nearly identical
performances for soot oxidation. This correlates to its nearly identical oxygen
storage capacity as shown in Figure 4.12. In attempt to further enhance the
oxidative activity of Zn-modified ceria samples, additional 10 mol% cobalt
oxides (CoOx) are impregnated on 10Zn (as well as native ceria), due to
promotional effects of cobalt oxides reported by previous studies. 154,193
Clearly, cobalt oxides supported by native ceria exhibit nearly equivalent
soot oxidation performance as Zn-modified ceria samples, while the
impregnation of cobalt oxides on 10Zn (Co3O4/10Zn) is able to further bring
down the T50 just below 500 °C (524 °C for Co3O4/Ceria), and T90 to 533 °C
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(554 °C for Co3O4/Ceria). This could be due to an combined effect of enhanced
oxygen storage capacity of ceria due to the incorporation of zinc in the ceria
lattice, and the high oxidative activity of cobalt oxides due to its redox
property.193
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Figure 4.19 Soot oxidation using ceria and Zn-modified ceria samples
as catalysts.
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Figure 4.20 Corresponding temperatures of all samples for 10%, 50% and
90% soot conversion.
As known from the previous chapter, substantial amounts of the zinc exist as
non-incorporated X-ray amorphous ZnO within the Zn-modified ceria
samples. To study the effect of this additional phase (typically not detectable
by standard XRD) for catalysis, 10Zn and 20Zn (as well as native ceria) were
treated with citric acid and then evaluated for their soot oxidation activities.
The results are presented in Figure 4.21. It is clear that the samples treated

with citric acid perform significantly better than the non-treated ones. For
instance, the temperature of 50% conversion, T50, is reduced by 25 °C from
524 °C to 499 °C for native ceria. We speculate that this could be due to
surface etching effect of the acid, creating more surface defects which are
highly active for soot oxidation. Interestingly, acid treatment of 10Zn is able
to reduce the T50 more prominently, as T50 decreases by 41 °C (from 516 °C to
475 °C). It is reasonable to rationalize that the removal of the nonincorporated ZnO via acid treatment allows more intimate contact between
soot particles and the catalytically active doped ceria particles. Thus, this
observation suggests a detrimental role of the non-incorporated X-ray
amorphous ZnO for soot oxidation.
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Figure 4.21 Soot combustion with Ceria, 10Zn and 20Zn, as-prepared and
treated with citric acid (CA).

4.3

Conclusions

In this chapter, an interesting correlation between the structural properties
of Zn-modified ceria nanocrystals, its dynamic oxygen storage capacity (OSC)
and catalytic performance for the RWGS reaction and soot oxidation is
established. The incorporation of zinc in the ceria lattice is reflected by
decreased crystallinity evidenced by XRD and a correlated increase of oxygen
vacancy concentration evidenced by Raman spectroscopy. The incorporation
of zinc increases the reducibility of ceria according to H2-TPR and doubles
the oxygen storage capacity of native ceria as revealed by thermogravimetric
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studies. Catalytic tests show that Zn-modified ceria samples exhibit much
better activities for the RWGS reaction especially at lower temperatures of
400 °C and 600 °C, while at higher temperatures, the catalysts deactivate
rapidly, which is correlated with the loss of zinc due to the reduction of nonincorporated ZnO by hydrogen. This seems to suggest that the secondary
ZnO phase plays a beneficial role for the RWGS reaction. By impregnating
stable cobalt oxide on the ceria support, deactivation can be eliminated and
the material is able to maintain high level of activity at 800 °C. Some
improvement in the activity for soot oxidation is achieved with Zn-modified
ceria in comparison to native ceria, due to enhancement in the OSCs of the
materials. Upon impregnation of additional 10 mol% cobalt oxide, the
material’s activity soot oxidation is markedly enhanced. It is found that after
being treated with citric acid, native ceria and Zn-modified ceria samples
perform significantly better for soot oxidation. The T50 is reduced by 25 °C
for native ceria and 41 °C for 10Zn, suggesting a detrimental role of the nonincorporated ZnO phase for soot oxidation.

Chapter 5
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Abstract
Two-step thermochemical cycles using ceria (CeO2) are a promising way to
store dilute and intermittent solar energy by producing chemical fuels (solar
fuels) such as H2 and CO from H2O and CO2 using concentrated solar
radiation. Many studies have shown that the fuel yield per cycle can be
enhanced by introducing certain heterocations (dopants) into the ceria
lattice. This chapter presents an investigation of dual-phase Zn-modified
ceria as a redox material for thermochemical H2O and CO2 splitting.
Surprisingly, the material exhibits significant increase of the H2 and CO
productivities during the first few cycles, in contrast to anticipated decrease
of activity due to sintering. Data suggests that the material’s solar fuel
productivity eventually stabilizes and exceeds that of native ceria. To
elucidate the cause of this observation, changes of the material’s
physicochemical properties during the initial cycles are analyzed in detail.
The chemical compositions and elemental distribution are probed using Xray fluorescence (XRF) spectroscopy with lab and synchrotron X-ray sources.
The observed increase of productivity during the initial cycles is correlated to
a significant loss of zinc through ZnO sublimation, suggesting a negative
effect of the secondary ZnO phase in Zn-modified ceria for its
thermochemical activity. Structural changes are revealed by synchrotron
micro X-ray powder diffraction (µ-XRD) and X-ray absorption spectroscopy
(XAS). The zinc that remains incorporated in the ceria lattice after the initial
cycles is likely to be responsible for its higher thermochemical activity in
comparison to native ceria.
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5.1

Introduction

The storage of solar energy in the form of chemical bonds in so called
solar fuels is arguably one of the most attractive approaches to utilize
solar energy. One promising path for solar fuel generation is two-step
solar-driven thermochemical cycles (STCs) based on redox materials.
Detailed description of the working principles of STCs can be found in
section 1.2.2.2. Due to its oxygen storage capacity (OSC), fast reoxidation
kinetics, relative abundance and high melting temperature, ceria is
arguably the most promising metal oxide for two-step STCs. In attempt
to increase the fuel yield per cycle, ceria doped with various metal cations
has been investigated.
Contradictory results on the effect of the same dopant on ceria's
thermochemical activity can be found in the literature (see section
1.3.1.2). This could be due to the differences in the exact synthesis
procedures and thermochemical reaction conditions used in different
studies. The complex role of the dopants in modifying ceria’s activity
for STCs often remains to be fully understood. Presented in this
chapter is a study of Zn-modified ceria for the thermochemical
dissociation of H2O and CO2 by STCs to produce H2 and CO. The
emphasis is on the changes of the material’s physicochemical
properties during multiple cycles. This material is chosen partly
because Zn-modified ceria, as a catalyst or a support oxide for gold
nanoparticles, exhibits enhanced catalytic activity for CO oxidation in
comparison to native ceria.167,172,173 In addition, the material used here
has been well characterized previously with a number of standard and
advanced techniques,122,123 as presented in Chapters 3 and 4. The
material exhibits nearly twice the dynamic oxygen storage capacity
(OSC) of native ceria and shows superior activity for the reverse watergas shift reaction (CO2-to-CO conversion in presence of H 2),123
indicating its potential for STCs. This chapter presents a unique,
counter-intuitive behaviour of Zn-modified ceria as a redox material for
solar-driven thermochemical H2O and CO2 splitting: the H2 and CO
productivities increase significantly during the first few cycles, and
eventually stabilize and exceed those of native ceria. The concomitant
physicochemical changes are elucidated using X-ray fluorescence
spectroscopy with lab and synchrotron X-ray sources. Structural
changes are revealed by synchrotron X-ray powder diffraction and Xray absorption spectroscopy. The results presented here, together with
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previous studies of the same material,122,123 underlines the necessity
and importance of understanding the structural and chemical stability
of a material at conditions relevant to STCs, if a catalyst designed for
reactions at low-to-moderate temperatures is considered as a redox
material for STCs.

5.2

Results and Discussion

5.2.1

Thermochemical H2O Splitting

Figure 5.1 reports H2 evolution profiles of native ceria and Zn-modified
materials (10Zn and 20Zn) during four consecutive H 2O-splitting
cycles. It is obvious from Figure 5.1a that native ceria exhibits a stable
H2O-splitting activity during the four cycles. Constant peak H 2
concentrations of about 1000 ppm (0.1%) are observed. In contrast,
increasing H2 peak concentrations are observed for both Zn-modified
samples (Figures 5.1b and c). This seems counter-intuitive, as one
generally expects some loss of activity due to materials sintering at
high temperatures. While the peak H 2 concentrations observed for
10Zn and 20Zn are significantly lower in the first two cycles, they
increase to levels that are very close to that of native ceria in cycles #3
and #4.
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Figure 5.1 H2 evolution profiles of (a) native ceria, (b) 10Zn, and (c)
20Zn for 4 H2O-splitting cycles. Thermal reduction was carried out at
about 1290 C and reoxidation (grey region) at 1000 C.

For better comparison between the materials, H 2 evolution profiles
within the same cycle are plotted together. The results for cycles #3
and #4 are presented in Figure 5.2. Clearly, in these two cycles, the
peak H2 concentrations observed for 10Zn and 20Zn increase to levels
that are only slightly lower than that of native ceria. In addition,
compared to that of native ceria, the H 2 evolution profiles of the Znmodified ceria samples suggest slightly slower reoxidation rates. The
peak concentrations are reached later and hydrogen evolution seems to
continue at a rather low level for longer time. Slower reoxidation due to
the incorporation of heterocations, in this case Zn 2+, is consistent with
previous reports on thermochemical cycles using ceria doped with other
metal cations.40,77,88
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Figure 5.2 H2 evolution profiles of native ceria (black line), 10Zn (blue line)
and 20Zn (orange line) during reoxidation of the 3rd and 4th H2O-splitting
cycles at 1000 C, illustrating a slower reoxidation of Zn-modified ceria
compared to native ceria.
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Temp. [ °C]

O2 evolution was not detected during the thermal reduction steps of
this particular experiment, as the raw data of O2 ion currents
unexpectedly showed no values. To verify whether the H 2 evolution of
the Zn-modified ceria samples truly stabilizes after four cycles, and to
gain information on the evolution of O2, the experiment was repeated
for 6 H2O-splitting cycles, and the ion currents were recorded directly.
The results are presented in Figure 5.3. Clearly, the increase of the
peak H2 concentrations as well as its stabilization after about 3 to 4
cycles observed in Figure 5.1 could be reproduced for both 20Zn and
10Zn. The H2 signal seems to stabilize after 4 cycles for both samples.
In addition, in contrast to the significant increase of the H 2 signal, the
O2 signal only increases slightly during the initial cycles for both
samples. For its cause, further investigation is required.
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Figure 5.3 Ion current profiles of O2 and H2 for 6 H2O-splitting cycles using
20Zn and 10Zn. The reoxidation periods are marked by grey strips. The
horizontal bars mark the peak H 2 ion currents for 20Zn and 10Zn in
the cycles #4 to #6.
Taking into account the known gas flow rate and the mass of the
sample used, integration of the H 2 evolution profiles of Figure 5.1
results in the amounts of H 2 produced per unit sample mass. The
results are presented in Figure 5.4. The average amount of H2
produced for native ceria is 52.0 ± 3.8) µmol g-1per cycle. For 10Zn, the
amount increases from 20.8 µmol g-1 in the first cycle to 57.6 µmol g-1 in
the 4th cycle, while for 20Zn, the amount increases from 19.5 µmol g-1 to

62.0 µmol g-1. These values are generally in agreement with the results
obtained in an earlier study.194 Interestingly, while the H 2O-splitting
activity seems to start stabilizing in cycle #4 for 20Zn and 10Zn, the
amounts of H2 produced are consistently higher than the average value
of native ceria. This is tentatively attributed to the increased OSC of
Zn-modified ceria as revealed by a previous study.123 The large increase
in the amount of H 2 produced observed for both Zn-modified samples
indicates physicochemical changes of the materials during the initial
four cycles.
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Figure 5.4 Comparison of H2 productivity at 1000 C by native ceria,
10Zn, and 20Zn during 4 H2O-splitting cycles. The colored band
indicates the range of native ceria’s productivities and the dashed line
indicates the average value.

5.2.2

Characterization after H2O Splitting

To shed light on the marked increase of H 2 productivities in the first 4
cycles, the distribution and amounts of zinc and cerium in 20Zn and
10Zn after the 1st, 2nd and 4th cycle were measured with the micro XRF
analyser. The results are presented in Figure 5.5. 10Zn (Figure 5.5a)
and 20Zn (Figure 5.5b) clearly exhibit an inhomogeneous distribution
of zinc. This observation is consistent with the results of an earlier
study in which the material was subjected to high temperature
annealing in air.122 Cerium, however, is distributed homogeneously
after four cycles according to XRF mapping. For simplicity, the cerium
maps are not included. In addition, evident from the color change
(towards blue) of the maps in Figures 5.5a and b, the average
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concentration of zinc in both samples decreases dramatically with
increasing number of cycles. Thus, large loss of zinc occurs initially.
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Figure 5.5 Zinc XRF maps of (a) 10Zn and (b) 20Zn after 1, 2 and 4
H2O-splitting cycles. The scale in each map represents a length of
500 µm. Corresponding average zinc concentrations (blue: 10Zn, red:
20Zn) are presented in (c). The concentrations of zinc in the starting
materials (bars with dashed lines) are included for comparison.
A quantitative evaluation of the XRF data is presented in Figure 5.5c.
For 10Zn, the starting material contains 10.9 mol% zinc (balance
cerium). This value is close to the nominal 10 mol% and the value
measured by ICP-OES reported earlier.122 However, for 20Zn,
according to XRF only about 15 mol% zinc is present in 20Zn (nominal
20 mol%), which again is consistent with the ICP-OES results showing
a significantly lower zinc content. Approximately half of the zinc is lost
after the first H2O-splitting cycle for 20Zn and more than 60% for
10Zn. After four cycles, the zinc concentration reaches 4.1% in 20Zn
and 2.1% in 10Zn, close to the solubility limit of ZnO in CeO 2 of
3.1 ± 0.7% reported by Schmale et al.174 From a previous study,122 it is
known that substantial amounts of zinc are present as non-

incorporated X-ray amorphous ZnO in the Zn-modified ceria samples
after synthesis (calcined at 500 C). The observed loss of zinc during
the initial cycles is attributed to the sublimation of this secondary ZnO
phase at the thermal reduction temperature in a flow of inert gas. This
has been confirmed by CO2-splitting experiments that will be
presented later in this chapter. The loss of zinc during these cycles
(Figure 5.5c) by ZnO sublimation correlates with the gradual increase
of H2 productivity (Figure 5.4), suggesting an adverse effect of the
secondary ZnO phase on ceria’s thermochemical activity.
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Figure 5.6 Synchrotron-based XRF overview maps (X, Y coordinates in
millimeter) of 10Zn (left) and 20Zn (right) after 4 H2O-splitting cycles: a)
cerium maps, b) zinc maps. Regions marked with “10-1” and “10-2” represent
a Zn-rich and a Ce-rich region, respectively for 10Zn. Likewise, regions
marked with “20-1” and “20-2” represent a Zn-rich and a Ce-rich region for
20Zn, respectively.
To better understand the higher activity of Zn-modified ceria in the 4th
cycle with respect to the average of native ceria, insights into the
structural characteristics of the cycled materials are desired. The
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materials (10Zn and 20Zn) subjected to 4 H 2O-splitting cycles were
characterized by synchrotron µ-XRD coupled with µ-XRF. As discussed
earlier in Chapter 2, these techniques allow the identification of
crystalline phases including trace phases, and the determination of
potential structural inhomogeneity existing in the chemically
inhomogeneous Zn-modified ceria samples. Insights into local phase
composition with corresponding chemical composition can be obtained.
To gain an overview of the element distribution, XRF maps of cerium
and zinc for 10Zn (~300 × 300 µm2) and 20Zn (~200 × 200 µm2)
subjected to 4 H2O-splitting cycles were recorded. The results are
presented in Figure 5.6. The inhomogeneities observed in both of the
cerium maps are due to the presence of the organic binder that causes
an uneven dilution of the samples. Note that samples used for
Figure 5.5 were not mixed with the binder. The distribution of zinc,
however, is much more inhomogeneous as shown in Figure 5.6b. This
cannot be just attributed to imperfect mixing of the samples with the
binder. The higher inhomogeneities observed in the zinc maps
compared to those in the cerium maps are caused by inhomogeneous
distribution of zinc.
Based on the overview maps, two regions of interest marked in
Figure 5.6, one Ce-rich and one Zn-rich, were selected for both samples.
In Figure 5.7 the µ-diffraction patterns of these regions for 10Zn and
20Zn are presented. Higher resolution µ-XRF maps of cerium and zinc
of the selected regions are also included in the figure. For the same
element of each sample, the two maps from the two regions are plotted
in the same color scale. This allows direct comparison of the relative
concentrations of cerium or zinc in the two regions. Thus the regions of
a1 and b1 in Figure 5.7 represent Ce-rich regions for 10Zn and 20Zn,
respectively, and the regions of a2 and b2 represent Zn-rich regions.
Each of the four regions was characterized by µ-XRD at a resolution of
5 × 5 µm2, yielding hundreds of diffraction patterns. The diffraction
patterns reported in Figure 5.7 correspond to the sum of the patterns
recorded for each of the four regions. Plotted in a logarithmic scale,
trace phases are more likely to be visible. It is clear from the 2D
diffraction patterns that in all regions the main phase (rings marked
by black dots) is the cubic ceria phase. A second phase, marked by red
dots and identified as wurzite ZnO, is also observed in all four regions.
Comparing the relative intensities of the two phases, it is evident that
only trace amounts of ZnO are present. The ZnO phase is clearly more
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discernible in the Zn-rich region for 10Zn and for 20Zn. Comparing
20Zn with 10Zn, one finds that more ZnO is present in 20Zn. This is
expected as the amount of zinc in 20Zn is twice the amount in 10Zn
after 4 H2O-splitting cycles (Figure 5.5c). With standard XRD using
conventional X-rays, ZnO could be barely detected after one or two
cycles but not after four cycles.
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Figure 5.7 Synchrotron 2D µ-XRD patterns of (a) 10Zn and (b) 20Zn
after 4 H2O-splitting cycles. Left column: patterns for Ce-rich regions
(a1, b1). Right column: patterns for Zn-rich regions (a2, b2). The insets
show corresponding cerium and zinc XRF maps of the regions, with
scale bars all representing a length of 20 µm. Black dots “1” and “3”
represent CeO2 (111) and (200). Red dots “2”, “4” and “5” represent ZnO
(100), (002) and (101), respectively. The relative diffraction intensity
(Ir) shown in the figure is the logarithm (base 2) of the intensity counts.
Now it is evident that minor amounts of ZnO exist in the Ce-rich and
Zn-rich regions of both samples after 4 H 2O-splitting cycles. To
determine whether some zinc remain incorporated in the ceria lattice
at this point, the four 2D diffraction patterns presented in Figure 5.7
were azimuthally integrated to yield 1D patterns. The results are
presented in Figure 5.8. Wurzite ZnO (101) with a known inter-plane
distance of 2.4759 Å was used as internal reference. This distance
corresponds to a 2θ angle of 29o (see inset of Figure 5.8), with an X-ray
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wavelength of 1.2398 Å (10 keV photon energy). Looking at the aligned
1D diffraction patterns of the two samples, one notices that the ceria
peaks of 20Zn are at higher 2θ angles compared to 10Zn. This indicates
that the lattice of 20Zn is contracted relative to the one of 10Zn. Again,
as known from a previous study,122 the lattice of ceria contracts upon
incorporation of zinc. Thus one can infer that more zinc is still
incorporated in the ceria lattice of 20Zn compared to 10Zn after 4 H 2Osplitting cycles. Within the same sample, the ceria peaks coincide in
Zn-rich and Ce-rich regions. This indicates a homogeneous substitution
of cerium by zinc in the ceria lattice. Thus, the inhomogeneity of the
zinc distribution observed after four cycles (Figure 5.5) reflects an
inhomogeneous distribution of the secondary ZnO phase.

46.5

2θ [deg] 46.5
Figure 5.8 1D diffraction patterns of Zn-rich and Ce-rich regions for
20Zn and 10Zn after 4 H2O-splitting cycles. They were obtained by
azimuthal integration of the 2D patterns presented in Figure 5.7. The
expected position of ZnO (101) at 2θ = 29o was used as internal
reference to align the patterns (see inset).
The short-range local coordination environment of zinc in the reacted
samples of 10Zn and 20Zn was investigated with Zn K-edge X-ray

absorption spectroscopy (XAS). Selected results are presented in
Figures 5.9. Three spectra are reported here: 10Zn after one H 2Osplitting cycle, 10Zn after four cycles, both measured with a large beam
probing the average sample composition, and 10Zn after four cycles
measured with the micro beam probing the centre of a Zn-rich region.
For comparison, published spectra of ZnO particles with two very
different sizes are also included. 175,176 The spectra of fresh 10Zn
(unreacted) are reported previously in Chapter 3, and thus not
included here.

Normalized absorption

2.0 2.0

a

ZnO (2.1 nm)
ZnO (300 nm)
10Zn (1WS)
10Zn (4WS)
10Zn (4WS_Zn-rich)

1.5

1.0

0.5

0.0
9660

9700

9720

Energy [eV]

2.0

FT magnitude [Å-3]

9680

b

ZnO (2.1 nm)
ZnO (300 nm)
10Zn (1WS)
10Zn (4WS)
10Zn (4WS_Zn-rich)

1.5

1.0

0.5

0.0
0

2

4

6

Radial distance [Å]

8
8

Figure 5.9 XANES (a) and Fourier transformed EXAFS (b) spectra of
10Zn after being subjected to 1 or 4 H 2O-splitting (WS) cycles. The
spectra were collected using big-beam configuration except for “10Zn
(4WS_Zn-rich)”, which was collected with a micro-sized beam in a
typical Zn-rich region of 10Zn after 4 H 2O-splitting cycles. The spectra
of X-ray amorphous ZnO (2.1 nm) and crystalline bulk ZnO (300 nm)
are obtained from previous publications. 175,176
131

132 Zn-modified Ceria for Solar-driven Thermochemical Cycles

Briefly, the shape of the zinc 1s → 4p absorption (white line) strongly
depends on the particle size. The white line shifts towards higher
photon energies as the particle size increases. The XANES and EXAFS
spectra of fresh 10Zn closely resemble those of the ZnO nanoparticles
with a size of 2.1 nm, indicating very poor crystallinity of the ZnO in
10Zn. Evident from Figure 5.9, the XANES and EXAFS spectra of 10Zn
after one H2O-splitting cycle closely match the spectra of the 300 nm
ZnO particles. This suggests that rapid sintering of ZnO occurs already
during the first H2O-splitting cycle. In addition, these spectra after one
cycle essentially overlap with the ones measured after 4 H 2O-splitting
cycles, indicating no appreciable changes in the local structural around
zinc in 10Zn since the first cycle. Although the distribution of zinc
within 10Zn after 4 H2O-splitting cycles is inhomogeneous (Figures 5.5,
5.6 and 5.7), the average XAS spectra essentially do not differ from the
ones collected in the Zn-rich region. As discussed earlier, the
inhomogeneity of the zinc distribution is only due to the
inhomogeneous distribution of the secondary ZnO phase, and the
incorporation of zinc in the ceria lattice is homogeneous from a longrange order perspective (µ-XRD). With the XAS studies, one finds no
evidence suggesting any inhomogeneity in the local coordination
environment around the Zn that is incorporated in the ceria lattice.

5.2.3

Thermochemical CO2 Splitting

To shed light on the cause of the significant loss of zinc during the first
4 H2O-splitting cycles reported in Figure 5.5, thermogravimetric
analyses of native ceria and Zn-modified ceria for thermochemical CO 2
splitting were performed. The results are presented in Figure 5.10. In
each cycle the mass loss during thermal reduction at 1300 C is
significantly larger than the subsequent mass gain during reoxidation
by CO2 at 1000 C for both Zn-modified samples. This is particularly
true for the first two to three cycles. For example, in the first cycle,
nearly 2% mass loss is observed for both 10Zn and 20Zn during
reduction while the subsequent reoxidation shows almost no mass
gain. This mismatch clearly reveals that the loss of zinc observed by
XRF (Figure 5.5) is caused by ZnO sublimation during the thermal
reduction steps. The mass loss of native ceria during thermal reduction
is caused by thermal reduction of ceria to a non-stoichiometric phase.
The mass loss is much smaller with respect to Zn-modified samples as
no ZnO sublimation occurs in native ceria. The very gradual mass loss

Temp. [°C]

during the four cycles is attributed to the loss of a small amount of ZnO
that diffused into the crucible during the experiments with 10Zn and
20Zn. In fact, the crucible itself showed a mass gain of about 1 mg after
the experiments with 10Zn and 20Zn. Its weight returned to its
starting value after experiment with native ceria. Taking a closer look
at the reoxidation steps, i.e. the isothermal segments at 1000 C, one
notices that the mass gain (%), from which the CO produced is
calculated, clearly increases with increasing number of cycles for both
10Zn and 20Zn, while it stays almost constant for native ceria. This is
consistent with the H2O-splitting results presented in Figures 5.1 and
5.4.
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Figure 5.10 TGA profiles of 4 CO2-splitting cycles using native ceria,
10Zn, and 20Zn.
A further evaluation of the materials for CO 2-splitting cycles was
carried out with fresh samples. The temperature for thermal reduction
was increased to 1400 C to increase the extent of reduction. The
results are presented in Figure 5.11. For better comparison between
cycles of a given material, the TGA profiles during the four reduction
segments are group together and so are the ones during the
corresponding reoxidation segments. Relative mass losses and gains
are adjusted to zero when the temperature reaches 1000 C (during
heating) and at the beginning of each reoxidation segment,
respectively. Clearly, mass loss is most significant in the first cycle and
then decreases in the following cycles for the Zn-modified samples. The
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initial mass losses are larger than the ones reported in Figure 5.10.
This is to be expected as the rate of sublimation is higher at 1400 C
than at 1300 C. The TGA data presented in Figures 5.10 and 5.11
confirm the XRF results that revealed a rapid decrease of the zinc
content in the first few cycles. The larger mass loss observed for native
ceria during the reduction segment in the first cycle is likely to be
caused by the release of impurities or adsorbates at temperatures
above 1000 C. The following three reduction profiles overlap,
indicating essentially identical amounts of oxygen released in each
cycle. This is in agreement with the data obtained at the lower
reduction temperature. For 20Zn and 10Zn, both MS data (low
temperature cycles of Figure 5.10) and GC data (high temperature
cycles of Figure 5.11) show only a small increase of oxygen evolution,
consistent with the MS results for H 2O-splitting shown in Figure 5.3.
This provides extra evidence supporting that the significant mass
losses occurring in the first few cycles are not due to much higher
degree of reduction but caused by ZnO sublimation. This interpretation
is also confirmed by the reoxidation profiles. Native ceria exhibits
nearly constant mass gains in the four cycles. The small increase
observed is an artifact due to a drift in the buoyancy correction used. In
comparison, the reoxidation profiles of 20Zn and 10Zn are clearly
different. The significant increase of mass gain per cycle cannot be
attributed to the buoyancy related artifact. It is caused by significantly
increased oxygen uptake, which is proportional to the CO produced.
Again, the observed increase of the CO produced is in excellent
agreement with the H2O-splitting results reported earlier. Moreover,
the mass gain in the 4th cycle for 20Zn also seems to exceed the average
mass gain of native ceria, which is again consistent with earlier
observations (Figure 5.4).
Combining the results of XRF, XRD, XAS and activity tests, a clear
picture of the physicochemical changes occurring in Zn-modified ceria
during the initial cycles emerges and an in-depth understanding of
their effect on the thermochemical activity can be established.
Significant amounts of X-ray amorphous ZnO with local structure
similar as ZnO nanoparticles (2.1 nm) are present in the fresh Znmodified ceria material. This secondary phase is homogeneously
distributed and difficult to detect by standard XRD. It crystalizes very
quickly to bulk wurzite ZnO during the first cycle when the material is
exposed to high temperatures. As a result the zinc distribution

becomes inhomogeneous. After repeated cycles most of the ZnO phase
is lost through sublimation during the high temperature thermal
reduction steps. Trace amounts of ZnO are still present after four
cycles. Part of the zinc remaining in the material is incorporated in the
ceria lattice, as least for 20Zn. The loss of the ZnO phase during the
first few cycles is accompanied by a gradual increase of H 2O- and CO2splitting activities of the material. This suggests that the presence of
the ZnO phase is detrimental to the thermochemical activity of Znmodified ceria. It seems to hinder slightly the release of oxygen during
thermal reduction and significantly the reoxidation of the activated
ceria by H2O and CO2. Once the majority of the ZnO is lost through
sublimation, the activity of Zn-modified ceria slightly surpasses the
activity of native ceria. The increased OSC due to the zinc remaining
incorporated in the ceria lattice after the initial cycles is likely to be
responsible for the observed higher thermochemical activity of the Znmodified material.
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Figure 5.11 TGA profiles of 4 thermochemical CO2-splitting cycles with
(a) 20Zn, (b) 10Zn and (c) native ceria. Top row: mass loss profiles
during reduction at 1400 C, and bottom row: mass gain profiles during
reoxidation (grey region) at 1000 C by CO2.
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Figure 5.12 CO production per gram of materials during 12 CO 2splitting cycles (three consecutive runs with 4 cycles per run) with
reoxidation at 1000 C and thermal reduction at 1400 C.
Lastly, while the enhancement of the activity of ceria-based materials
is one of the important factors that determine the economic viability of
solar fuel production by thermochemical cycles on an industrial scale,
many studies only present results of very few cycles. However, it is
imperative to investigate the material's long-term activity since any
effort to promote the material's activity for only a few cycles is
meaningless if the material rapidly degrades. In first attempt to assess
its long-term activity, Zn-modified ceria was tested for 12 CO 2-splitting
cycles using the TGA (same condition as presented in Figure 5.11).
Three consecutive runs with four cycles each were performed. The CO
productivity was calculated based on the mass gain during each
isothermal reoxidation segment and the active sample mass. To take
into account the mass loss due to the sublimation of ZnO, the mass of
active material used in the calculation was determined at the end of
the experiment. The identical buoyancy correction for four cycles was
applied in each run. The results are presented in Figure 5.12. The
small but consistent increase of the CO produced, clearly visible during
the 2nd and the 3rd run of Zn-modified ceria as well as during the first
and the only run of native ceria, is an artifact due to the drift in the
buoyancy correction as discussed earlier. However, the much larger
increase observed in the first run of 10Zn and of 20Zn is mainly due to

genuine increase of CO produced. Neglecting the artifact, it appears
that the activity of native ceria is quite stable from the beginning while
the activity of Zn-modified ceria stabilizes after 4 to 6 cycles at levels
exceeding that of native ceria. The amounts of CO produced by 20Zn
and by 10Zn per cycle increase from 56 µmol g-1 to over 110 µmol g-1
and from 72 µmol g-1 to 107 µmol g-1, respectively. The values for native
ceria are relatively constant and in the range of 90 to 95 µmol g-1.

5.3

Conclusions

Zn-modified ceria has been evaluated as a redox material for H 2O
splitting and CO2 splitting by solar-driven thermochemical cycles
(STCs). Contrary to a typical decrease of thermochemical activity due
to sintering, the amounts of H2 and CO produced increase significantly
during the initial few cycles. The H 2 and CO productivities eventually
seem to stabilize and exceed that of native ceria. To elucidate the
unexpected change in activity, traditional and advanced techniques
have been combined to unravel the physicochemical changes of the
material that occur during these initial cycles. The significant amounts
of X-ray amorphous ZnO present in the fresh Zn-modified ceria
material, revealed previously in Chapter 3, are not stable at thermal
reduction temperatures up to 1400 C. This secondary ZnO phase
quickly crystalizes in the first cycle according to XAS, and the majority
of this phase is lost in the first four cycles by sublimation according to
XRF and TGA. The firstly rapid and then gradual loss of the secondary
ZnO phase in the initial cycles correlates well with the observed
significant increase of H2 and CO productivities, strongly indicating a
detrimental effect of the secondary ZnO phase on the thermochemical
activity of Zn-modified ceria. According to synchrotron µ-XRD, small
amounts of ZnO are still present in the material after 4 H 2O-splitting
cycles, and part of zinc that remains in the material is incorporated in
the ceria lattice. The increased OSC due to the zinc remaining
incorporated is likely to be responsible for the eventually higher
thermochemical activity of the Zn-modified ceria material. In addition,
by combining µ-XRD and µ-XAS with µ-XRF, it is revealed that a
homogeneous distribution of the zinc that remains incorporated in the
ceria lattice after the initial cycles. The inhomogeneity in the zinc
element distribution is solely due to an inhomogeneous distribution of
the secondary ZnO phase.
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As concluding remarks, although the results of the 12 CO 2-splitting
cycles presented is encouraging, the long-term thermochemical activity
of the material needs to be further evaluated. In addition, the local
coordination environment around the zinc incorporated in the ceria
lattice remains to be fully elucidated. However, this study clearly
stresses the importance of unravelling the physicochemical changes of
the redox material during the STCs in order to understand its activity
and design better-performing materials. Together with the results
presented in Chapter 4, this study also underlines the necessity to
evaluate the material’s structural and chemical stability at the
conditions of STCs, if a catalyst designed for reactions at low-tomoderate temperatures is considered as a redox material for STCs.
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Abstract
To date, most research efforts in solar-driven thermochemical cycles (STCs)
have been devoted to improving the production of syngas, a precursor for the
synthesis of hydrocarbon fuels by the Fischer-Tropsch (FT) process. No
reports are found in direct generation of hydrocarbon fuels such as methane
and ethanol from H2O and CO2 by realistic solar-driven thermochemical
cycles (STCs). With the aim to generate higher grade fuels directly from H2O
and CO2 via thermochemical processes, FT catalysts can be incorporated into
the ceria lattice.
In this chapter, the potential of Rh-doped ceria synthesized by
coprecipitation for direct hydrocarbon fuel production by STCs is assessed as
the starting material. The focus here is on the characterization of Rh-doped
ceria according to the tentative “requirement triangle” as presented in
Chapter 1. X-ray powder diffraction (XRD) indicates that the as-synthesized
Rh-doped ceria is single-phased. High temperature XRD reveals that the Rhdoped ceria sustains its fluorite structure even at elevated temperatures up
to 1400 C in ambient air, indicating structural stability typically desired for
STCs. The formation of oxygen vacancies in ceria due to the substitution of
cerium by the lower valent rhodium cations is evidenced by Raman spectra.
Rh-doped ceria exhibits an enhanced oxygen storage capacity (OSC) and
superior activities in CO2 hydrogenation into methane. These demonstrate
great potential of Rh-doped ceria for the production of methane and other
chemicals during the reoxidation in a thermochemical cycle, when H2O,
instead of H2, is co-fed with CO2. In fact, evidence strongly indicates that the
H2 produced from the splitting of H2O is partly consumed when both H2O
and CO2 are used for the reoxidation of thermally reduced Rh-doped ceria.
Therefore the formation of higher grade fuels seems highly likely.
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6.1

Introduction

Concentrated solar energy can be stored in the form of chemical fuels via
high temperature thermochemical cycles, which produce syngas, a gas
mixture of H2 and CO from H2O and CO2. So far, the research efforts on
solar-driven thermochemical cycles (STCs) have been devoted mostly to the
improvement of syngas production. To date, there are no reports in the direct
generation of hydrocarbon fuels such as methane and ethanol from H2O and
CO2 by realistic STCs. Only very recently, Chueh and Haile et al.
demonstrated the direct formation of methane from H2O and CO2, using
10 wt% nickel impregnated on samarium-doped ceria.92 However, H2 was
used to assist the reduction of ceria at temperatures much lower than the
one required for thermal reduction of ceria, which would quickly degrade the
materials due to severe sintering of nickel metals at high reduction
temperatures.
With the aim to generate methane and liquid fuels directly from H2O and
CO2 via thermochemical processes, here a strategy of incorporating the FT
processes into a thermochemical cycle by doping ceria with a FT catalyst is
proposed. Taking rhodium as an example, many studies have been carried
out on the conversion of syngas to methane, methanol, ethanol and other
higher oxygenates using rhodium dispersed on oxide supports. There are
only few reports on the incorporation of rhodium cations into the support
lattice structure,195–197 despite the potential advantages such as very high
dispersion, and thus high number of active reaction sites.195,196 Conceptually,
as explained in Chapter 1, rhodium ideally should play two roles in this
system. One is to improve the oxygen storage capacity of ceria, and thus
increase fuel production per cycle. The other role is to serve as catalytic sites
during the reoxidation to drive the formation of organic molecules. The
formation of these organic molecules can be either from the conversion of the
synthesis gas generated by H2O/CO2 splitting, or directly from H2O/CO2
without the intermediate formation of synthesis gas, or from a combination
of both.
In this chapter, rhodium is incorporated into the ceria lattice using a simple
coprecipitation method. It is suggested by high temperature X-ray diffraction
(XRD) that such single-phased Rh-doped ceria sustains its fluorite structure
even at elevated temperatures up to 1400 C in ambient air, indicating
excellent structural stability. The incorporation of rhodium into the ceria
lattice, evidenced by Raman spectroscopy, enhances the reducibility of ceria.
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The potential of Rh-doped ceria for the production of methane and other
chemicals during the reoxidation step of a thermochemical cycle is
demonstrated, when both H2O and CO2 are used as oxidants.

6.2

Results and Discussion

6.2.1

Structural Stability at High Temperatures

In Figure 6.1a room temperature XRD patterns of native ceria and Rh-doped
ceria after synthesis are presented. It is obvious that Rh-doped ceria only
shows reflections characteristic of cubic fluorite-type ceria. The absence of
reflections from RhOx suggests that rhodium is completely incorporated into
the host lattice of ceria. In addition, Rh-doped ceria also exhibits lower
reflection intensities relative to native ceria, indicating reduced crystallinity.
Estimation based on Scherrer’s equation shows a slight decrease of
crystallite sizes to 11.8 ± 1.4 nm for Rh-doped ceria (14.1 ± 3.1 nm for native
ceria). To evaluate the structural stability of Rh-doped ceria, it was subjected
to high temperature annealing at 1300 C for 24 h in ambient air. The XRD
patterns of native ceria and Rh-doped ceria after the annealing are
presented in Figure 6.1b. Evident from the reduced peak widths, the samples
exhibit increased crystallinity due to sintering at high temperature for
prolonged period of time. Both of the samples exhibit crystallite sizes of
49.6 ± 2.2 nm. Again, no RhOx phase is detected by XRD, indicating that Rhdoped ceria is structurally stable at least up to 1300 C in ambient air.
In order to verify the structural stability of Rh-doped ceria, an in-situ high
temperature XRD experiment was performed in air. Before heating was
started, an XRD pattern was recorded at 30 C. Then XRD patterns were
collected at every 200 C from 200 C to 1400 C, each measurement lasting
approximately 3 h. The results are presented in Figure 6.2. All patterns
exhibit reflections of cubic ceria and the Pt substrate. Features marked with
empty circles observed at temperatures from 400 C to 1400 C are artifacts
considering that their intensities and positions show almost no change while
the peaks of ceria and Pt shift to lower angles due to thermal expansion.
Again, with increasing temperatures the peaks become narrower, indicating
increasing crystallinity. RhOx-related phases are not observed. Thus it is
suggested that the single-phased Rh-doped ceria is structurally stable in
ambient air at temperatures up to 1400 C.
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Figure 6.1 XRD patterns of ceria and Rh-doped ceria as-calcined (a), and
after additional annealing at 1300 C for 24 h (b). Stick pattern of ceria is
included as a reference.
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Figure 6.2 In-situ high temperature XRD patterns of Rh-doped ceria in
ambient air. Filled square represents the ceria phase and open square the
substrate Pt. Features marked with open circles are artifacts.
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6.2.2

Rh Incorporation and its Effect on the OSC of Ceria

Raman spectroscopy is widely used to characterize ceria-related materials in
catalysis due to its sensitivity to lattice defects and perturbations caused by
the dopants incorporated.198,199 XRD suggests full incorporation of Rh into
the host lattice of ceria (Figure 6.1a). However due to a low doping level of
1 mol%, peak shift caused by a contraction or an expansion of the lattice
ceria is not discernible from the XRD patterns. To verify the incorporation of
rhodium, Raman spectroscopic studies of the native ceria and Rh-doped ceria
were carried out. The results are presented in Figure 6.3.
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Figure 6.3 Raman spectra of native ceria and Rh-doped ceria: (a) asprepared, and (b) the corresponding Raman D/F2g ratio. This ratio is
indicative of oxygen vacancy concentration within the material.
At first glance, as seen in Figure 6.3a, both samples exhibit a prominent
peak at about 450–460 cm-1, which is the F2g vibrational mode characteristic
of cubic ceria. Clearly, this peak is broadened for Rh-doped ceria in
comparison to native ceria. This indicates that rhodium is indeed
incorporated into the ceria lattice, thus causing lattice perturbations and
leading to the observed F2g peak broadening.199 Peaks associated with
rhodium oxide, Rh2O3,197 are not observed. The incorporation of rhodium, i.e.
the substitution of Ce4+ by the divalent Rh2+ or trivalent Rh3+, would lead to
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the formation of extrinsic oxygen vacancies within the ceria lattice to
maintain charge balance. These charge compensating oxygen vacancies are
evidenced by the relative Raman intensity at around 600 cm-1. The D band at
this frequency is usually associated with oxygen vacancy defects within the
ceria lattice.198 In order to compare the oxygen vacancy concentrations
between native ceria and Rh-doped ceria, the D band intensity is normalized
by the corresponding F2g intensity. The results are presented in Figure 6.3b.
Clearly, the D/F2g ratio for Rh-doped ceria is more than 5 times the value of
native ceria, indicating a higher oxygen vacancy concentration. Thus, Raman
spectra presented in Figure 6.3 confirms the incorporation of rhodium in the
ceria lattice.

90

time [min]
Figure 6.4 Mass changes in response to alternating reducing (Red.: 10%
H2/Ar) and oxidizing atmospheres (Ox.: 10% O2/Ar) at 500 C for native ceria
and Rh-doped ceria. Right vertical axis represents the amount oxygen
release per g of materials relative to the starting point (at 30 min).
To study the effect of rhodium incorporation into the ceria lattice on the OSC
of ceria, thermogravimetric analyses were carried out with native ceria and
Rh-doped ceria. The materials were exposed to alternating reducing (10%
H2/Ar) and oxidizing atmospheres (10% O2/Ar) at 500 C while the mass
change was recorded. The relative weight losses (oxygen release) and mass
gains (oxygen uptake) over three cycles are reported in Figure 6.4. For both
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samples, oxidation of ceria occurs more rapidly than its reduction. As
discussed in Chapter 4, spikes in the recorded mass signals when the
atmosphere is changed from oxidizing to reducing conditions (and vice versa)
are due to incomplete compensation of buoyancy effects. This effect cannot be
compensated in the buoyancy curve as ceria is not present. If one compares
the mass change profiles between native ceria and Rh-doped ceria, two clear
differences emerge. The rate of reduction for Rh-doped ceria is considerably
higher than the rate for native ceria. Considering that native ceria and Rhdoped ceria exhibit very close crystallite sizes as discussed earlier, the faster
reduction of Rh-doped ceria strongly indicates its enhanced reducibility due
to the incorporation of rhodium in the ceria lattice. The other difference is
that the mass losses and gains for Rh-doped ceria are higher than native
ceria. The formation of metallic rhodium by in-situ high temperature XRD
under identical conditions was not observed. Thus the mass losses and gains
are attributed to the redox pair of Ce4+/Ce3+. Based on the relative weight
gains over the three cycles, it is calculated that Rh-doped ceria has a
dynamic OSC of 206.1 ± 3.7 µmol O g-1, higher than the OSC of native ceria
(146.6 ± 6.4 µmol O g-1). The increased OSC of Rh-doped ceria and its
enhanced reducibility show the potential of Rh-doped ceria for improved
solar fuel production.

6.2.3

CO2 Methanation and Thermochemical Activity

To evaluate the catalytic activity of Rh-doped ceria, CO2 methanation
experiments were carried out with the TGA setup. Native ceria was also
studied for comparison. Figure 6.5 presents the results of CO2 hydrogenation
at various temperatures for native ceria and Rh-doped ceria. Some activity
for the reverse water-gas shift (RWGS) reaction is observed with native ceria
in the temperature range studied (350 C to 500 C), consistent with the
results presented in Chapter 4. However, essentially no methane is formed.
Although the conversion of CO2 to CO via the RWGS reaction is limited with
native ceria, the extent is significantly enhanced with increasing
temperatures. The conversion at 500 C is more than an order of magnitude
higher than the conversion at 400 C. In contrast, Rh-doped ceria strongly
promotes the formation of methane by CO2 hydrogenation at temperatures
between 350 C and 500 C. As the temperature is further increased,
methane formation is less favored and more CO is produced. Regarding the
CO2 to CO conversion via the RWGS reaction, Rh-doped ceria is over 20
times more active than native ceria at 400 C, and twice as active at 500 C.
The results shown in Figure 6.5 indicate great potential of Rh-doped ceria in

converting H2O and CO2 directly into methane via thermochemical cycles if
the reoxidation is performed between 400 C and 500 C.
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Figure 6.5 Catalytic activities of native ceria (a) and Rh-doped ceria (b) in
converting CO2 and H2 into CH4 at various temperatures.
With the aim to generate hydrocarbon fuels such as methane directly from
H2O and CO2 via STCs, Rh-doped ceria was thermally reduced at 1300 C in
Ar, and subsequently reoxidized by a mixture of Ar/H2O/CO2 at 500 C. The
results are presented in Figure 6.6. The result of H2O-splitting using Znmodified ceria (20Zn) at similar conditions as reported in Chapter 5 is also
included in Figure 6.6 for comparison. The differences in the reaction
conditions for Zn-modified ceria are that the reoxidation was carried out at
1000 C instead of 500 C with a mixture of Ar and H2O, and no CO2 was
used. Both samples show activities of H2O-splitting after thermal reduction
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at 1300 C, 200–300 C lower than typical reduction temperatures of native
ceria.41,87
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Figure 6.6 H2 evolution rates (black curves with open triangles) and
cumulative H2 production (blue curves) during reoxidation of (a) Rh-doped
ceria by H2O and CO2 at 500 C, and (b) Zn-modified ceria 20Zn by only H2O
at 1000 C.
The peak H2 concentrations are ~0.25% and ~0.65% for Rh-doped ceria and
20Zn, respectively. The lower peak H2 concentration observed with Rh-doped
ceria is due to smaller amount of materials used (200 mg). For 20Zn, 500 mg
was used. After normalized with the mass of the material used, the peak H2
production rates of the two materials are close and in the range of 40 to
50 µmol H2 g-1 min-1, as seen in Figure 6.6. In addition, the H2 signal
recorded during the reoxidation of 20Zn by only H2O exhibits a relatively
slow decay (Figure 6.6b). It takes about 10–15 min for the H2 signal to return
to the background level. This is consistent with a previous study by Furler
and Steinfeld et al.87 In contrast, the reoxidation of thermally reduced Rhdoped ceria by a mixture of H2O and CO2 shows a very rapid decay of the H2
signal, as seen in Figure 6.6a. The H2 signal quickly falls back to the
background level within half a minute despite that the reoxidation
temperature was 500 C, much lower than the temperature for 20Zn
(1000 C). The decaying rate of the H2 signal for the Rh-doped ceria is 20–30
times that for 20Zn. In addition, only 10 µmol H2 g-1 is produced with Rhdoped ceria while 50 µmol H2 g-1 is produced with 20Zn. The much more
rapid decay of H2 signal and much lower amount of H2 produced strongly
suggest that, in the case of Rh-doped ceria, part of the H2 produced from the

splitting of H2O was consumed as intermediates. Recalling the results of CO2
methanation shown in Figure 6.5, it is believe that this consumption is likely
due to CO2 hydrogenation, and thus the formation of organic molecules
seems highly likely.
Although beyond the scope of the present study, it is important to stress that
for thermal reduction at temperatures higher than 1300 C, sublimation of
rhodium over long-term thermochemical cycling shall be assessed. This could
be of significant importance, considering the possibility of rhodium (oxide)
separation from the ceria lattice. This will be further evaluated in Chapter 7.
However, it was found out that thermochemical CO2 splitting
(1400 C/1000 C) with Rh-doped ceria shows enhanced and sustained
activities in comparison to native ceria over at least four cycles. This seems
to suggest that the material is stable at even 1400 C, although long-term
testing is required. Thermal reduction beyond 1400 C could bring problems
such as severe sintering, ceria sublimation and practical engineering issues,
which might outweigh the benefit of increased reduction extent. In fact,
additional data shows that Rh-doped ceria already exhibits decent CO
productivity of more than 140 µmol g-1 per cycle, in comparison to the value
for native ceria after reduction at around 1600 C: ~180 µmol g-1, calculated
from a previous study by Chueh et al.41

6.3

Conclusions

In summary, the study presented in this chapter shows great potential of
Rh-doped ceria as a redox material to convert H2O and CO2 directly into
hydrocarbon fuels, e.g. methane, by realistic solar-driven thermochemical
cycles. Rh-doped ceria synthesized by coprecipitation exhibits structural
stability at high temperatures up to 1400 C in ambient air. However, it is
worthwhile to point out that the structural stability at the same temperature
but in the inert atmosphere of STCs could be different from the case
evaluated here. Raman spectroscopy evidences the incorporation of rhodium
into the ceria lattice and the formation of charge compensating oxygen
vacancies in the oxygen sub-lattice. Such incorporation of rhodium cations
enhances the oxygen storage capacity of ceria, as revealed by
thermogravimetric studies. Rh-doped ceria also shows superior activities for
CO2 methanation between 350 C and 500 C while native ceria shows none.
This finding indicates that if H2 is replaced by H2O and a thermal reduction
step at high temperatures for ceria activation is introduced, it is feasible to
produce methane directly from H2O and CO2. The reoxidation of thermally
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reduced Rh-doped ceria by a mixture of H2O and CO2 shows a decay of the
normalized H2 signal at a rate 20–30 times as fast as the case of Zn-modified
ceria, in which only H2O was used for reoxidation. In addition, much less H2
is produced. These strongly indicate that, in the case of Rh-doped ceria, the
H2 produced is partly consumed, likely due to CO2 hydrogenation. Thus the
formation of hydrocarbon fuels such as methane seems highly likely.

Chapter 7
Direct Hydrocarbon Fuel Generation:
Activity Demonstrationxv

Material from this chapter has been published in: Fangjian Lin, Matthäus
Rothensteier, Ivo Alxneit, Jeroen A. van Bokhoven and Alexander Wokaun, First
demonstration of direct hydrocarbon fuel production from water and carbon dioxide
by solar-driven thermochemical cycles using rhodium–ceria, Energy &
Environmental Science, 2016, 9, 2400–2409. DOI:10.1039/c6ee00862c
xv
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Abstract
Storing solar energy, a clean and abundant, yet dilute and intermittent
energy source, in the form of versatile energy carriers represents
potentially the ultimate solution to the energy-environment challenge
that mankind faces. Solar-driven thermochemical cycles (STCs) are one
of the direct pathways to store solar energy in the chemical bonds of
energy-rich molecules. Syngas is produced from H2O and CO2 by STCs
using concentrated solar energy. With an additional catalytic process
such as the Fischer-Tropsch (FT) synthesis, the syngas produced by STCs
can be upgraded to hydrocarbon fuels.
Based on the previous chapter, the feasibility of producing hydrocarbon
fuels directly from H2O and CO2 by incorporating a catalytic process into
STCs is further evaluated. This chapter focuses on the hydrocarbon
formation activity. Ni-doped ceria and Rh-doped ceria are investigated as
starting materials for their methane formation activity at a relatively low
reoxidation temperature after being activated by chemical or thermal
reduction. Both materials, after being reduced by H2 at 600 C, are active
in producing methane during their reoxidation by H 2O and CO2 at
500 C. After being thermally reduced at extreme temperatures of
1400 C and 1500 C, metallic rhodium is formed in Rh-doped ceria. The
activated rhodium–ceria produces methane directly from H2O and CO2 during
reoxidation. The long-term methane formation activity of rhodium–ceria
for 59 cycles with thermal reduction is reported. With rhodium–ceria, the
concept of sustained production of hydrocarbon fuels, i.e. methane, directly
from H2O and CO2 by realistic STCs is demonstrated for the first time. In
contrast, Ni-doped ceria is not active in producing methane after thermal
activation, owing to rapid sintering and loss of nickel at high temperatures.
This underlines the importance of evaluating the effect of thermal reduction
on the redox material used. The material’s physicochemical properties could
be rapidly and significantly altered at the extreme temperatures required for
the thermal reduction of ceria. Such changes may render a material that is
active and stable at low temperatures inactive when used under realistic
conditions of STCs.
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7.1

Introduction

Thermochemical cycles based on redox active materials driven by
concentrated solar radiation are an attractive and sustainable pathway to
produce clean and carbon-neutral chemical fuels such as H2 and CO from
H2O and CO2. This process makes the intermittent and dilute solar energy
available on demand in condensed forms. As is introduced earlier, the syngas
produced can be converted to higher grade hydrocarbon fuels via the FischerTropsch (FT) process. The efforts in designing redox materials for STCs so
far have been focused on increasing the amount syngas production per cycle
and per unit time. A very attractive route is the direct production of
hydrocarbon fuels from H2O and CO2. This new concept, if high selectivity
for hydrocarbons is achieved, inherently bypasses a second stage conversion,
such as methanation or the FT process.
With the aim to produce hydrocarbon fuels directly from H2O and CO2, a
catalytic process is incorporated into STCs by adding a FT catalyst to ceria.
Again, the primary role of the catalyst is to serve as catalytic sites during the
reoxidation steps to drive the formation of organic molecules. By
incorporation instead of impregnation of the catalyst, a better dispersion of
the catalyst on ceria can be achieved in the event of phase segregation
potentially occurring during STCs.
In this chapter, Ni-doped and Rh-doped ceria prepared by a simple coprecipitation method are evaluated as the starting materials. As
described in previous chapters, nickel is well known as an active
methanation catalyst. 130–132 Rhodium is chosen since oxide-supported
rhodium is an active FT catalyst for the conversion of syngas to
methane and oxygenates. 128,129 In addition, a previous study, also
presented in Chapter 6, shows the great potential of Rh-doped ceria for
the direct production of hydrocarbon fuels by STCs. 194 Here, the
concept of producing a hydrocarbon fuel, i.e. methane, directly from
H2O and CO2 during the reoxidation of thermally reduced rhodium–
ceria under realistic conditions is demonstrated. Long-term activity of
the material for 59 cycles is reported. In addition, Ni-doped ceria is not
active in producing methane when thermally activated.
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7.2

Results and Discussion

To screen ceria doped with various heterocations for their use in the
thermochemical production of hydrocarbons directly from H2O and CO2
under realistic conditions, preliminary studies were carried out. The
materials were activated by chemical reduction with a mixture of H2 and Ar
at 600 C. The reoxidation was carried out with a mixture of H2O, CO2 and
Ar at 500 C. Figure 7.1 presents the results for 10 mol% Ni-doped ceria and
1 mol% Rh-doped ceria. After reduction, H2 and CH4 are produced during the
reoxidation steps by both materials. More CH4 is produced with Rh-doped
ceria than with Ni-doped ceria. However, for both materials, less CH4 is
produced in the second cycle, likely due to sintering of the materials.
Nonetheless, these preliminary results indicate the potential of Ni-,
respectively Rh-doped ceria for direct CH4 production from H2O and CO2
during the reoxidation steps in realistic thermochemical cycles.
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Figure 7.1 Formation of H2 and CH4 from H2O and CO2 during the
reoxidation of chemically reduced Ni-doped ceria (a) and Rh-doped ceria (b).
Chemical reduction was carried out at 600 C under a mixture of H2 and Ar,
and reoxidation at 500 C.
Both materials were further evaluated in realistic thermochemical cycles, in
which they were activated by thermal reduction. The materials were reduced
in Ar at 1400 C and subsequently reoxidized by either H2O or CO2, or both
at 500 C. Figure 7.2 presents the first five cycles of 1 mol% Rh-doped ceria.
Very similar O2 evolution profiles during thermal reduction are observed in
all cycles except for the first (Figure 7.2a). The additional O2 peak observed
at about 1100 C is attributed to the irreversible reduction of the Rh3+
precursor during the first reduction step. Excluding the first cycle at

108.2 µmol O2 g-1, the amount of O2 released per cycle is in the range of 59 to
74 µmol g-1 (Table 7.1). With an estimated oxygen partial pressure of about
40 ppm during reduction, these values are in general agreement with the
ceria non-stoichiometry established by Panlener et al.107 A closer
examination of the O2 evolution profiles of cycles #2 to #5 reveals that O2
evolution starts at a lower temperature in cycles #2 and #4 compared to
cycles #3 and #5, leading to larger amounts of oxygen released (Table 7.1).
Note that in cycles #3 and #5, the material was previously reoxidized by CO 2
only, while in cycles #2 and #4 H2O was present during the preceding
reoxidation. This suggests that the reoxidation is more complete when H2O
is present as oxidant. Thus, the true O2 release capacity can be obtained by
averaging the amounts of O2 released during the reduction steps following
complete reoxidation (i.e. by H2O). On average 72.6 µmol O2 g-1 can be
released, based on cycles #2, #4 and #6.
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Figure 7.2 Five thermochemical cycles using Rh-doped ceria with thermal
reduction in Ar at 1400 C and reoxidation by either H2O or CO2, or both at
500 C: (a) O2 evolution profiles during reduction, and (b) H2 and CH4
evolution profiles during reoxidation. CH4 is produced when and only when
H2O and CO2 are used simultaneously as oxidants (cycles #3 and #5).
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Now take a look at the reoxidation steps (Figure 7.2b). When only H2O is
used as oxidant such as in cycle #1, it is clear that only hydrogen is produced
(130 µmol H2 g-1). A H2/O2 molar ratio of approximately 1.2 is observed in
cycle #1. This value is much lower than 2 because Rh3+ is reduced during the
first reduction but the reduced rhodium cannot be reoxidized by H2O. This
suggests that the initially single-phased Rh-doped ceria194 is transformed to
rhodium on ceria, which is confirmed later by X-ray powder diffraction.
When only CO2 is used as oxidant as in cycles #2 and #4, as expected
essentially no H2 is produced (CO2-splitting results discussed later). The very
small H2 peaks observed are likely due to the reaction of ceria with traces of
H2O from the previous cycle remaining in the gas-delivery system before the
reactor. When both H2O and CO2 are used as oxidants (cycles #3 and #5), in
addition to hydrogen, methane is produced. Compared to the average release
of 72.6 µmol O2 g-1, a H2/O2 molar ratio of approximately 1.85 is observed.
Again this value is lower than 2, likely due to the presence of CO 2 as a
second oxidant and the consumption of some of the produced H2 to form
methane.194 Indeed, based on the signal of m/z = 15 (CH4), the formation of
methane is clearly observed when both oxidants are used (cycles #3 and #5).
The slightly larger background of the methane signal when CO2 is
introduced is due to traces of CH4 in the CO2 feed. The methane signal is
slightly smaller in cycle #5 compared to cycle #3, indicating some
deactivation as the experiment progresses and consistent with the results of
Figure 7.1.
Table 7.1 Amounts of H2 and O2 produced per cycle using Rh-doped ceria.
Reduction was carried out at 1400 C in Ar, and reoxidation at 500 C in H2O, CO2,
or both.
Cycle
Oxidation
#

H2
H2
-1
[µmol g ] [ml g-1]

O2
[µmol g-1]

O2
[ml g-1]

H2/O2
ratioa

1

H2O

130.0

2.91

108.2

2.42

—

2

CO2

—

—

70.6

1.58

—

3

CO2 + H2O

134.6

3.01

59.4

1.33

1.85

4

CO2

—

—

73.0

1.64

—

5

CO2 + H2O

135.1

3.03

59.4

1.33

1.86

6

CO2

—

—

74.1

1.66

—

The amount of oxygen used in this calculation is the average value
(72.6 µmol O2 g-1) of cycles #2, #4 and #6. In these reduction steps, the material is
assumed to be fully reoxidized in the previous cycle by H2O.
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Figure 7.3 MS signals of m/z = 44 (CO2+), 28 (CO+), and 12 (C+) during the
reoxidation steps in cycles #2, #3 and #4 in Figure 7.2. The horizontal dashed
lines indicate the levels of the signals once they have stabilized.
The results of CO2 splitting for three cycles (#2, #3 and #4 as in Figure 7.2),
in the presence and in the absence of H2O, are presented in Figure 7.3, with
a, b and c representing the evolution profiles of m/z = 44 (CO2+), 28 (CO+)
and 12 (C+), respectively. Nitrogen (N2), also at m/z = 28, is excluded from
discussion as constant and negligible contribution from the N2 background is
expected. The abundance of nitrogen, estimated at about 150 ppm based on
the level of background oxygen, is irrelevant as it only affects the baseline
level of the m/z = 28 signal. It is not the baseline but the peak above it that
matters. Note that in mass spectrometry, the ionization of CO2 molecules
results in smaller fragments of CO+ and C+ at lower relative abundance
compared to the parent ion CO2+. Similarly, the ionization of CO molecules
results in the parent ion CO+ and smaller fragments including C+. When CO2
is introduced to the reactor at room temperature and no CO2 splitting occurs,
the MS signals of m/z = 28 and m/z = 12 naturally exhibit a step increase in
a manner identical to the signal of m/z = 44. As explained earlier, this is due
to fragmentation of CO2 to CO+ and C+ during ionization. However, the
signals of m/z = 28 and m/z = 12 during the reoxidation steps of cycles #2 to
#4 as shown in Figure 7.3b and c clearly differ from the one of m/z = 44
shown in Figure 7.3a. In particular, when CO2 is used as the sole oxidant
(cycles #2 and #4), both the m/z = 28 and m/z = 12 signals rise to levels
clearly exceeding the baseline values (stabilized ion currents as indicated by
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the horizontal dashed lines). These two dashed lines represent the
contribution of CO2 ionization to the current of CO+ and C+, respectively. A
simple estimation reveals the cause of the difference between the signals of
m/z = 44 (CO2+) and m/z = 28 (CO+). The relative abundance of CO+ from
the ionization of CO2 is about 11% of the parent ion CO2+, as calculated from
the dashed lines of Figure 7.3a and b. Thus, the consumption of CO2 by CO2
splitting leading to 1 arbitrary unit (a.u.) decrease of the CO 2+ signal would
also result in 0.11 a.u. decrease of the CO+ signal. However, the consumption
of CO2 produces CO at 1 to 1 molar ratio, which leads to an increase of 1 a.u.
of the CO+ signal assuming that CO has the same ionization probability as
CO2. Thus, the result of combining these two effects is an increase by
0.89 a.u. of the CO+ (m/z = 28) signal. Thus, the difference between the
instantaneous CO+ signal when CO2 is introduced and its corresponding
baseline value is due to the CO produced by CO2 splitting. A similar
estimation can be made for the C+ signal. In comparison to m/z = 28, the
difference between the instantaneous signal and the baseline value observed
for m/z = 12 is much more pronounced. This is due to a much smaller
contribution to C+ current from CO2 ionization (less than 0.025% calculated
from the dashed lines of Figure 7.3a and c). Thus, the area beneath the
instantaneous signal of m/z = 12 and above the baseline value is indicative
of CO production from CO2 splitting. Comparing cycle #3 with cycles #2 and
#4, it is clear that much less CO is produced when H2O is present, indicating
much faster oxidation with H2O although double the amount of water is
used, and the consumption of CO to form methane. The much higher
reactivity of the material with H2O relative to CO2 is further supported when
one compares the H2 signals of cycles #1, #3 and #5 in Figure 7.2b to the
m/z = 12 signals of cycles #2 and #4 in Figure 7.3c. The reoxidation is
finished in about 2 min when H2O is present but not completely finished in
15 min (duration of the reoxidation step) when only CO2 is used. This
observation also explains the lower amount of O2 released when H2O is not
used as an oxidant in the previous cycle to reoxidize the material (Table 7.1).
The results of 10 mol% Ni-doped ceria for the same experiment are
presented in Figure 7.4. No methane is produced during the reoxidation
steps in cycles #3 and #5, during which both oxidants are used. However,
during the heating up of the sample in Ar after the reoxidation of cycle #3 (at
about 240 min and 1200 C), H2 and CH4 peaks are observed. However, the
same is not observed again after the 5th reoxidation, suggesting a rapid
deactivation of the material. The deactivation is supported as less H2 is
produced in cycle #5 than in cycle #3. Generally in this study, Ni-doped ceria

exhibits very poor dynamic redox capacity. While in the first cycle a
relatively significant amount of O2 is released, the following reoxidation with
H2O produces a much smaller amount of H2. This is confirmed when one
compares cycles #1 and #3, which show similar amounts of H2 produced but
very different amounts of O2 released. In fact, only very small amounts of
oxygen are released from the second cycle onwards.
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Figure 7.4 Six thermochemical cycles using 10 mol% Ni-doped ceria
(~90 mg) with thermal reduction in Ar at 1400 C and reoxidation by either
H2O or CO2, or both, at 500 C. O2 evolution profiles shows little reduction
after the very first cycle.
Part of the spent material was further tested for 11 thermochemical cycles,
during which the thermal reduction was performed at 1500 C. The results
are presented in Figure 7.5. Similarly, the material exhibits a relatively
large amount of O2 released during the first reduction step, while in the
following cycles much less O2 is observed. No CH4 is observed in any of the
reoxidation steps. According to X-ray fluorescence measurements, the
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material after this experiment contains no nickel while in the fresh material
large amounts of nickel are present (Figure 7.6). Thus, essentially all nickel
is lost after the eleven cycles. The loss of nickel is further supported by the
observation that the alumina sample holder became blue after the
experiment. Thus, it is concluded that Ni-doped ceria is not chemically
stable at the extreme temperatures required for realistic STCs. This makes
Ni-doped ceria unsuitable for direct hydrocarbon fuel production by realistic
STCs, although Ni-doped ceria and nickel supported by ceria are active for
the formation of methane after they have been reduced by H2 at low
temperatures, as shown in Figure 7.1 and as reported previously by Chueh
and Haile,92 respectively. Therefore, assessing the thermochemical activity of
a redox material at low temperatures by chemical reduction is insufficient to
predict its performance under the harsh conditions of realistic STCs.
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Figure 7.5 Eleven thermochemical cycles using 10 mol% Ni-doped ceria
(~40 mg) with thermal reduction in Ar at 1500 C and reoxidation by either
H2O or CO2, or both, at 500 C.
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Figure 7.6 XRF results showing complete loss of nickel from Ni-doped ceria
after 6 cycles at 1400–500 C (Figure 7.4) and the additional 11 cycles at
1500–500 C (Figure 7.5).
If the thermochemical process based on Rh-doped ceria is to become
significant on an industrial scale, the activity of the material for H2 and CH4
production must be sustained over a large number of cycles. Activity here
implies the fuel yield (i.e. the amount of fuel produced per cycle per unit
mass of oxide used) and fuel yield per unit time (fuel production rate).
Figure 7.7 shows the results of Rh-doped ceria for 59 thermochemical cycles
with reduction at 1400 C. Both H2O and CO2 were used as oxidants for the
first 58 cycles while only CO2 was used in the last cycle. At first glance, Rhdoped ceria exhibits a very stable O2 release, and the peak H2 production
rate decreases only very slightly during the experiment (Figure 7.7a). This is
confirmed when one compares the O2 as well as the H2 evolution profiles
between the 5th, 15th, 25th, 35th, 45th, and 55th cycle (Figure 7.8a and b). The
amounts of O2 released, estimated from the area beneath the O2 evolution
curves, stay relatively constant. The O2 evolution, however, shifts slightly
towards the isothermal segments of 1400 C, indicating a slightly decreased
rate of reduction. This could be due to the gradual loss of surface area cause
by sintering that occurs as the thermochemical cycling progresses. The peak
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H2 ion current, proportional to peak H2 concentration and production rate,
decreases only slightly as discussed earlier, and the decay of the H2 signal
becomes slightly slower (Figure 7.8b). Thus, the redox kinetics of the
material is relatively stable during the 59 cycles. In comparison, the signals
for CH4 (m/z = 15, Figure 7.7b) and CO (m/z = 12, Figure 7.7c) appear
rather different: the peak values decrease gradually and considerably with
increasing number of cycles. However, a slowing of the reaction for CO and
CH4 production is not observed (Figure 7.8c and d). Both signals decay to
their background values within the same length of time in the 5th and in the
55th cycle. Decreasing amounts of CO and CH4 are produced with increasing
number of cycles.
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Figure 7.7 Rh-doped ceria for 59 thermochemical cycles: (a) H2 and O2
evolution profiles, (b) CH4 evolution profiles and (c) the m/z = 12 signal.
Both H2O and CO2 are used as the oxidants in all cycles except the last cycle,
in which only CO2 is used. The reoxidation time was reduced to 5 min
instead of a typical 15 min. The contribution of CO2 (B) and CO (A) to the
MS signal of m/z = 12 is illustrated in the inset of (c). Dashed lines are a
guide for the eyes.
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Figure 7.8 Comparison between cycles #5, #15, #25, #35, #45 and #55
during the long-term testing of Rh-doped ceria at 1400–500 C (results
presented in Figure 7.7): evolution of signals (a) O2, (b) H2, (c) m/z = 12
indicative of CO, and (d) CH4.
The amounts of H2 and O2 produced per unit mass of oxide, and the relative
CO and CH4 productivities over 59 or 58 cycles are presented in Figure 7.9.
Quantification is based on the data presented in Figure 7.7. Integration of
the signals is performed after subtraction of the background. The first cycle
is excluded from the discussion as the amount of O2 released also includes
the irreversible reduction of Rh3+ (Figure 7.2). Consistent with the discussion
earlier, the amount of O2 released over all cycles remains relatively constant
at about 80 µmol O2 g-1. The average amount of O2 released of the first ten
cycles is 83.8 µmol g-1. This value slightly decreases to 79.1 µmol g-1, the
average of the last ten cycles. These values are, however, slightly higher
than the average value of 72.6 µmol g-1 reported in Table 7.1. This small
difference is most likely due to the fact that different gas mixtures of O2 and
Ar were used in the calibration for the two experiments. Despite that, the H2
production rate decreases very slightly as discussed earlier (Figure 7.8b),
increasing amounts of H2 are produced over the course of 58 cycles. The
average amount of H2 produced in the first three cycles is about
136 µmol H2 g-1, consistent with the values reported in Table 7.1. The
amount of H2 produced stabilizes at about 147 µmol g-1 for the last twenty
cycles. Combined with a relatively constant amount of O2 evolved, the H2/O2
molar ratio increases from an initial value of about 1.6 to about 1.8 in the
last cycle. The shift of the product selectivity of the reoxidation reaction
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towards H2 is reflected by the gradual decrease in the amounts of CH4 and
CO produced (Figure 7.9). The relative CH4 and CO productivities are
calculated by normalizing the integrated areas of the background-subtracted
m/z = 15 and m/z = 12 signals by their corresponding values of the second
cycle (the first cycle excluded from discussion). The methane and carbon
monoxide productivities are relatively stable during approximately the first
10 cycles. After 59 cycles the productivities are at about 75% of their initial
values.

2

Figure 7.9 Amounts of H2 and O2 evolved per gram of Rh-doped ceria, and
relative CO and CH4 productivities over 59 or 58 cycles carried out at 1400–
500 C. The H2/O2 molar ratio is also included.
It is estimated based on the H2/O2 molar ratio that methane is produced in
low quantities and hydrogen is the main product. However, selectivity to
methane can be enhanced significantly by simply adjusting the molar ratio of
water to carbon dioxide in the reoxidation gas feed (Figure 7.10). The
average amount of methane produced increases by 227% when the molar
ratio of water to carbon dioxide is decreased to 0.015 from 2.35, a value close
to the ratio in the gas used in all previous experiments. Although this
particular experiment was carried out with a different setup (see section
2.2.3.3 for details), the comparison was made within the same system, and
thus the results are applicable to the main setup used (Figure 2.6).
Figure 7.10 also shows that much less methane is produced when relatively
little amount of water or carbon dioxide is used. Thus it is not unrealistic to
infer that carbon monoxide and hydrogen could be the intermediates for the

formation of methane. However, to elucidate the reaction mechanism of
methane formation, further studies with dedicated systems are required.
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Figure 7.10 Relative amounts of methane produced (peak area beneath
methane MS signal) over three consecutive thermochemical cycles using Rhdoped ceria as the starting material, with reoxidation carried out at various
molar ratios of water to carbon dioxide. The very first data point of the whole
series of experiment (cycle 1 at molar ratio 0.0517) was excluded as the
background signal of methane was not yet stabilized. For the second to forth
ratios (counting from left), the water vapor partial pressures were kept same
or very close.
As in the case of Ni-doped ceria, part of the Rh-doped ceria material used in
the 1400–500 C cycles (results presented in Figure 7.2) was also further
tested for additional 11 cycles, during which the reduction temperature was
increased to 1500 C. CO2 was used in the first ten reoxidation steps, while
H2O was switched on and off in alternating cycles. In the last cycle, only H2O
was used as oxidant. These results are presented in Figure 7.11. As clearly
shown in Figure 7.11a and b, the O2 evolution and H2 production are stable.
This is consistent with the results obtained with the experiment at the lower
reduction temperature (Figure 7.7). Unlike in the first cycle of Figure 7.2
and of Figure 7.7, where two peaks are observed in the oxygen evolution
profile, only one peak is observed in the first cycle of Figure 7.11a. This
suggests that no further segregation of rhodium from the ceria lattice occurs
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at 1500 C during reduction after the material is first reacted at 1400–
500 C. The m/z = 12 signal (Figure 7.11c, indicative of CO) exhibits similar
evolution profiles as the ones presented earlier (Figure 7.3, cycling at 1400–
500 C). The CH4 signal exhibits a clear increase over the tested cycles.
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Figure 7.11 Eleven thermochemical cycles of Rh-doped ceria (93.3 mg) with
thermal reduction in Ar at 1500 C and reoxidation by either H2O, CO2, or
both at 500 C: (a) O2 evolution profiles, (b) H2 evolution profiles, (c) the
m/z = 12 signal and (d) CH4 evolution profiles. The reoxidation steps are
marked as the grey areas. The sample used in this experiment first
underwent 6 cycles at 1400–500 C.
Quantitative results of the H2 produced and O2 released based on
Figure 7.11 are presented in Figure 7.12. Relative CO and CH4
productivities are not presented here as the results of Figures 7.7 and 7.9
suggest that the productivities can be indicated directly by the corresponding
peak ion currents. Consistent with Figure 7.2 and Table 7.1, higher or lower
amounts of O2 are observed depending on whether H2O is switched on or off
in the preceding reoxidation steps. Due to the incomplete reoxidation when
only CO2 is used as oxidant as discussed earlier, the true O2 release at
1500 C is calculated from the values of even-numbered cycles. During these
cycles the material is assumed to be completely reoxidized in the preceding
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cycles as H2O is present. On average about 121 µmol g-1 of oxygen (O2) can
be released. The amount of hydrogen (H2) produced decreases from an initial
value of 199 µmol g-1 to 186 µmol g-1 as cycling progresses. Since a constant
amount of O2 released is assumed, the H2/O2 ratio also decreases due to the
decrease in the amount of H2 produced. The decrease in the amount of H2
produced is accompanied by an increase of the CH4 signal (Figure 7.11),
illustrating the role of H2 as an intermediate towards methane formation. It
is very encouraging that increasing amounts of methane are produced as the
material undergoes cycling between 1500 C and 500 C.
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Figure 7.12 Amounts of H2 and O2 evolved per gram of Rh-doped ceria, and
corresponding H2/O2 molar ratios during 11 cycles at 1500–500 C. As in
Table 7.1, the amount of O2 used in calculating the H2/O2 ratios is the
average value of the amount of O2 released in even-numbered cycles, during
which the material is assumed to be fully reoxidized in the preceding cycles
by H2O.
The phase composition of the Rh-doped ceria after it underwent
thermochemical cycles was characterized by X-ray powder diffraction. The
results are presented in Figure 7.13. Apart from the main phase of fluorite
ceria, an additional peak is observed at about 2θ = 41.6 in the sample that
was subjected to 6 cycles at 1400–500 C, and in the sample after additional
11 cycles at 1500–500 C. The additional peak is identified as the (111)
reflection of metallic rhodium, which is likely the active catalyst for methane
formation. The relative intensity of this rhodium peak for the sample
subjected to the additional cycles is essentially of the same magnitude as the
one just subjected to the cycles at 1400–500 C. This suggests that, at
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1500 C, sintering of the metallic rhodium originating from the irreversible
reduction of Rh3+ is minimal. The XRD results are encouraging as they
indicate thermal stability of the dispersed rhodium particles at extreme
temperatures.
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Figure 7.13 XRD diffraction patterns of Rh-doped ceria samples after 6
cycles at 1400–500 C and after additional 11 cycles at 1500–500 C.

7.3

Conclusions

In this chapter, the concept of producing hydrocarbon fuels directly from
H2O and CO2 with solar-driven thermochemical cycles (STCs) is explored.
The strategy is to incorporate a catalytic process into the reoxidation steps of
STCs. For this purpose, Ni-doped ceria and Rh-doped ceria have been
synthesized by a simple co-precipitation method. Both materials are active in
producing methane from H2O and CO2 at 500 C after being chemically
reduced with H2 at 600 C. Ni-doped ceria, however, is not active anymore in
producing methane during reoxidation after being activated at extreme
temperatures up to 1500 C. This is attributed to the loss of nickel by
sublimation as revealed by X-ray fluorescence. These results with Ni-doped
ceria underline the importance of evaluating potential changes of a
material’s physicochemical properties at extreme temperatures, when
thermochemical activity results obtained at low temperatures are used to
predict its performance during realistic STCs.
With Rh-doped ceria, it is demonstrated for the first time that direct and
sustained production of methane from H2O and CO2 by realistic STCs can be

achieved. This material exhibits methane, H2 and CO formation activity
during 58 cycles with the activation of the material carried out at 1400 C.
Under these conditions the material exhibits constant amounts of O 2
released during activation and stable H2 productivity during reoxidation.
Some decrease in the CO and methane productivity is observed.
Encouragingly, the material exhibits steady increase of activity for methane
production when activated at 1500 C. X-ray diffraction reveals the presence
of metallic rhodium in the materials after cycling at 1400–500 C and after
additional cycling at 1500–500 C, indicating metallic rhodium as the active
catalyst for methane formation. This proof-of-principle study leaves
significant room for improvement and may stimulate a new research area of
solar thermochemical fuel production. Future research efforts shall be
directed towards improving the product selectivity to methane and
potentially to other hydrocarbons, preferably liquid hydrocarbons like
oxygenates.
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Chapter 8
Conclusions and Outlook
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8.1

Conclusions

This section summarizes the main findings of this thesis supported with the
most essential details. General implications and the impacts of these
findings are also included.

8.1.1
In-depth Physicochemical Characterization of Znmodified Ceria for Catalytic Reactions
Zn-“doped” ceria nanocrystals synthesized by a simple and efficient
coprecipitation method have been characterized with various standard and
advanced techniques to gain in-depth knowledge of their physicochemical
properties. The incorporation of zinc in the ceria lattice is reflected by
decreased crystallinity evidenced by XRD and a correlated increase of oxygen
vacancy concentration evidenced by Raman spectroscopy. The incorporation
of zinc increases the reducibility of ceria according to H2-TPR and doubles
the dynamic oxygen storage capacity (OSC) of ceria as revealed by
thermogravimetric analyses (TGA). However, a combination of commonly
applied characterization techniques such as room temperature XRD and
TEM fails to determine the correct phase composition of the Zn-“doped” ceria
after synthesis and calcined at 500 C. With in-situ high temperature XRD,
the presence of substantial amounts of non-incorporated X-ray amorphous
ZnO in the seemingly monophasic materials after synthesis is strongly
suggested. This amorphous ZnO crystalizes at 800 C and is then
incorporated in the ceria lattice at higher temperatures. However, this
second-stage incorporation is not complete according to spatially resolved
synchrotron µ-XRD coupled with µ-XRF. The presence of the substantial
amounts of X-ray amorphous ZnO, typically invisible to standard XRD, is
conclusively evidenced by Zn-K edge X-ray absorption spectroscopy (XAS).
Thus caution shall be applied when one interprets XRD data to determine
true phase composition of similar doped ceria materials.
The effects of the zinc incorporated in the ceria lattice and the typically
“invisible” secondary phase of X-ray amorphous ZnO on ceria’s catalytic
activity including STCs are investigated. Excellent correlations between the
physicochemical properties and the catalytic activities observed are
established. Catalytic tests show that the Zn-modified ceria materials exhibit
stable and much better activities for the RWGS reaction especially at lower
temperatures of 400 C and 600 C with respect to native ceria, attributed to
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the enhanced OSC due to the incorporation of zinc in the ceria lattice. At a
higher temperature of 800 C, the catalysts first deactivate slowly due to
sintering, and then exhibit a more rapid deactivation. The rapid secondstage deactivation is correlated to the loss of zinc due to the reduction of the
secondary non-incorporated ZnO phase by hydrogen. By impregnation with
the more stable cobalt oxide, deactivation can be eliminated and the material
is able to maintain high level of activity at 800 C. This suggests that the
secondary ZnO phase plays a beneficial role for the RWGS reaction by
potentially acting as a sintering-inhibitor. Some improvement in the activity
for soot oxidation is also achieved with Zn-modified ceria in comparison to
native ceria, again due to enhancement in the OSCs of the materials. It is
found that after being treated with citric acid, native ceria performs
significantly better for soot oxidation. This could be due to surface etching
effect of the acid, creating more surface defects which are highly active for
soot oxidation. The enhancement of soot oxidation activity by leaching is
more pronounced with Zn-modified ceria, suggesting a detrimental role of
the non-incorporated ZnO phase for soot oxidation.
The Zn-modified ceria materials have also been evaluated as a redox
material for thermochemical H2O and CO2 splitting. Contrary to an
anticipated decrease of thermochemical activity due to sintering, the
amounts of H2 and CO produced increase significantly during the
initial few cycles. The H2 and CO productivities eventually seem to
stabilize and exceed that of native ceria. To understand the unexpected
behaviour of the materials, the physicochemical changes of the
materials that occur during these initial cycles are elucidated. The
significant amounts of X-ray amorphous ZnO present in the fresh Znmodified ceria materials are not stable at thermal reduction
temperatures up to 1400 C. The majority of this phase is lost in the
first four cycles by sublimation according to XRF and TGA. The first
rapid and then gradual loss of the secondary ZnO phase in the initial
cycles correlates well with the observed significant increase of H 2 and
CO productivities, strongly indicating a detrimental effect of the
secondary ZnO phase on the thermochemical activity of Zn-modified
ceria. According to synchrotron µ-XRD, small amounts of ZnO are still
present in the material after 4 H 2O-splitting cycles, and a fraction of
the zinc that remains in the material is incorporated in the ceria
lattice. The increased OSC due to the zinc remaining incorporated is
likely to be responsible for the eventually higher thermochemical
activity of the Zn-modified ceria material. In addition, by combining µ-

XRD and µ-XAS with µ-XRF, a homogeneous distribution of the zinc
that remains incorporated in the ceria lattice after the initial cycles is
revealed. The inhomogeneity in the zinc distribution is solely due to an
inhomogeneous distribution of the secondary ZnO phase. This study
clearly stresses the importance of unravelling the physicochemical
changes of the redox material during the STCs in order to understand
its activity and design better-performing materials.
To conclude this part, while the effect of the secondary ZnO phase varies
from case to case, the zinc incorporated in the ceria lattice is shown to
have beneficial effects on the CO2-to-CO conversion by the RWGS
reaction, soot oxidation and the syngas productivity by STCs. These
results illustrate the complex role of a dopant and a secondary dopant
oxide phase in ceria-based oxide materials, and the importance of indepth knowledge of ceria’s structural characteristics in understanding its
catalytic activity. Together these studies also underline the necessity to
evaluate the material’s structural and chemical stability at the
conditions of STCs, if a catalyst designed for reactions at low-tomoderate temperatures is considered as a redox material for STCs.

8.1.2

Direct Hydrocarbon Fuel Generation by STCs

This thesis also explores the concept of producing hydrocarbon fuels directly
from H2O and CO2 with solar-driven thermochemical cycles (STCs). The
strategy is to incorporate the Fischer-Tropsch process into the reoxidation
steps of STCs. To achieve this, ceria doped with a FT catalyst is used as
reactive medium. The primary role of the catalyst is to catalyze the
formation of organic molecules during the reoxidation of ceria by H 2O
and CO2.
Ni-doped ceria and Rh-doped ceria synthesized by coprecipitation have been
investigated as the starting materials for their methane formation activity
at a relatively low reoxidation temperature (500 C) after being activated
by chemical or thermal reduction. Both materials are active in producing
methane from H2O and CO2 after being chemically reduced with H2 at
600 C. However, Ni-doped ceria is not active anymore in producing methane
during reoxidation after being activated at extreme temperatures up to
1500 C. This is attributed to severe sintering, and to the loss of nickel as
revealed by X-ray fluorescence. These results with Ni-doped ceria underline
the importance of evaluating potential changes of a material’s
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physicochemical properties at extreme temperatures, when thermochemical
activity results obtained at low temperatures are used to predict its
performance during realistic STCs. However, with Rh-doped ceria evidence
suggests that the H2 produced during the reoxidation by H2O and CO2
following thermal reduction at 1300 C is partly consumed, likely due to CO2
hydrogenation. This strongly suggests the formation of organic molecules
such as methane. By increasing the thermal reduction temperature to
1400 C and 1500 C, the direct formation of methane from H2O and CO2
during reoxidation is observed. Although methane is produced in low
quantities, this study demonstrates for the first time that sustained
production of hydrocarbon fuels directly from H2O and CO2 by realistic STCs
can be achieved. Rh-doped ceria exhibits activity for the production of
methane, H2 and CO during 58 cycles with the activation of the material
carried out at 1400 C. Under these conditions the material exhibits constant
amounts of O2 released during activation and stable H2 productivities during
reoxidation. Some decrease in the CO and methane productivity is observed.
X-ray diffraction reveals the presence of metallic rhodium in the materials
after cycling at 1400–500 C and after additional cycling at 1500–500 C,
indicating metallic rhodium as the active catalyst for methane formation.

8.2

Outlook

With regards to Zn-modified ceria for STCs, the results of 12 CO2splitting cycles presented in this thesis are encouraging, showing
sustained CO production at levels exceeding that of native ceria.
However long-term thermochemical activity of the material needs to be
evaluated. In addition, the local coordination environment around the
zinc incorporated in the ceria lattice remains to be fully elucidated.
This may provide the additional information needed to fully explain
the observed higher activities of the Zn-modified ceria with respect to
native ceria.
With regards to the demonstrated concept of producing hydrocarbon fuels
directly from H2O and CO2 by realistic STCs, much work remains to be done
for this process to become applicable. The efforts can be aimed at two areas:
1) product selectivity, and 2) chemical yield. Chemical yield represents the
amount of fuel produced per cycle per amount of material used. For the first,
future research efforts shall be directed towards shifting the product
spectrum from dominantly syngas (H2 and CO) to hydrocarbons. Methane,
the simplest form of hydrocarbon fuel, is not as versatile as liquid

hydrocarbons or oxygenates. Thus higher hydrocarbon should be the
optimum goal of this integrated solar fuel approach by STCs. To achieve
these goals, investigation on the variation of the materials composition and
process conditions can be critical. Process variables include temperatures,
relative concentrations of the feeding gases (H2O and CO2), and the reactor
pressure during reoxidation. For chemical yield, efforts shall be made to
improve the redox capacity of the material used. A second dopant such as
zirconium can be introduced to the lattice of Rh-doped ceria (nominally
doped). In this materials system, zirconium and rhodium work cooperatively,
with zirconium responsible for high redox equivalents (OSC) during a cycle
and rhodium responsible for converting the redox equivalents to hydrocarbon
fuels. Although rhodium may segregate out gradually from the ceria phase,
it could be still important to incorporate rhodium in the ceria lattice by
synthesis in order to alleviate and delay sintering of the active rhodium
phase. Variations in the concentrations of the Zr-type dopants (for high OSC)
and Rh-type dopants (as catalyst) can be investigated. In addition, long-term
hydrocarbon formation activity for thousands of cycles needs to be
established. Finally, porous structures out of promising materials can be
fabricated to enhance the mass and heat transfer, and redox kinetics such
that more cycles can be carried out within same length of time.
Lastly but also very important, in case high selectivity towards hydrocarbon
fuels are realized, significant efforts in reactor design and engineering would
still be required to cope with the large temperature swing and potentially
large pressure swings such that the solar to hydrocarbon fuel conversion
efficiency can be improved. Indeed the overall conversion efficiency with this
new concept is likely to be lower than that for solar to syngas conversion.
However, taking into account the subsequent steps such as storage and
transportation of syngas, and the Fischer-Tropsch process, the overall
efficiency of the process with two separate stages of conversion (solar-tosyngas-to-hydrocarbon) can be potentially challenged by the integrated
approach presented in this thesis.
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