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ABSTRACT

+\GURJHQ LV RQH RI WKH PRVW ZLGHO\ SURGXFHBRDQG XVHCGC
Besides its current widespread use in the petrochemicals and ammonia proddasties, it also has the
potential to be used as an energy carrier for future power, transportation agd agpplications. However,
the environmental sustainability of hydrogen for such applications can only be as#irzad e obtained
from renewable sources.

Solar thermochemical hydrogen production (STCH) is a carbon-free technajuests solar
thermal heat to split water and produce hydrogen. The predicted high peffc@eacies and scalability
make this technique preferred for large scale hydrogen production over electrolysis or thermolysi

The current state-of-the-art material for STCH is ceria (e@hich produces hydrogen via a
relatively straightforward two-step water splitting (WS) cycle. In fingt step, carried out at a high
temperature, the oxide reduces by creating oxygen vacancies and releases oxygen. In the gecond ste
carried out at a lower temperature, the oxygen deficient oxide splits the waesmutachnd reoxidizes,
thereby releasing hydrogen. The great challenge of using ceria is the high teragerptired for the first
reduction step, which is over 160@. In this work | propose new materials for water splitting
BaCe 29Mng 7505 and three materials of compositiéaSr-MnO, (a = 0.1, 0.2 and 0.3) that meet or exceed
FHULDYV ZDWHU VSO L Wsilfrlifiant! et R itdge aQresH~1850-IVR). W

BaCe 29Mng 7503 (BCM) is shown to produce about 3X more tHan ceria at a lower reduction
temperature (1350 °C) and is demonstrated to have a higher tetbgarogen conversion than other
promising perovskite candidates. This stearhydrogen conversion concept was shown to be of extreme
importance for the application of the STCH process in a realistioredtte thermodynamic properties of
BCM were investigated to further understand the underlying reasons for its outstanding perfofimance
study led to the discovery of a beneficial polytype phase change that may take place during STCH cycling

in this materials system and that likely contributes to its performance.



Motivated by my discovery of the BCM systewe subsequently identified a Ruddlesden-Popper
phase, C&n.MnO, (CSM) which also showed excellent potential for STCH WS. Importantly, this phase
had never before been reported in the literature. After a structure charactesnady, this new materials
system was demonstrated to produce 2-3X more hydrogen than ceria at the reduction tempé#iQre of
°C. Both the BCM and CSM systems open up new directions for the deisgn and optimizatidaxef
active STCH materials that can provide higher performance at lower teoiper#ttan Ceg¢) thereby
underscoring remaining oportunities to further discover new materials for this impertantable energy

application.
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CHAPTER 1

INTRODUCTION

This chapter presents the statement of my doctorate thesis and describes tagomddiv my
work in terms of its impact to society and contribution to the scientific contynubrief description of
each chapter guides the reader through this work before a final acknowledgmemainticentributions

to this work.

1.1 Thesis Statement

The main objective of this thesis is to discover new materials that capptiedato Solar
Thermochemical Hydrogen production. This work was done by understanding theemamrements of
the Solar Thermochemical Hydrogen Production (STCH) process specificalijmgiadématerials stability
and tolerance for nonstoichiometry, thermodynamics, temperature requirements, and fuel input 8mitation
to inform the design of new perovskite oxide materials that have improvedrpanice over the state-of-

the-art, cerium oxide.

1.2 Motivation

In the drive to develop alternative energy sources, hydrogen has been proposed asia& attract
energy storage medium because it can be efficiently converted to eleatricigy cells and because it can
be obtained via carbon-neutral processes such as water splitting. Among otteatiapp) H also plays
an important role in the ammonia synthesis for production of fertilizers. grtieseveral solar water

splitting techniques available, Solar Thermochemical Hydrogen production (STCHargagious when
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large-scale klproduction is considered, because of the potential for energetically higarefy processes
and scalability.

The water splitting process via STCH requires a reactive interrgetialower the required
temperature of water thermolysis to a more tangible and accessible températwantbe achieved in
concentrated solartowerg. KLV 3SLOQWHUPHGLDU\" PDWHULDO LV XVXDBQ\ D PHW
steps, may split water at temperatures as low as 13002060Me two-step STCH process, by using non-
volatile materials, is advantageous over processes that require more steps,diétsalaseer complexity.

During the higher temperature reduction step, the metal oxide is reduced, therebynigéteaxygen
nonstoichiometry. During the subsequent lower temperature water splitting step ahexdetre-oxidizes
in the presence of steam, producing H

Ceria (CeQ) is the state-of-the-art material for STCH because of its fast medotion kinetics,
chemical stability and high fuel selectivity. However, the largest disadyarah ceria is the high
temperature required for reduction. Over the past decade, scientists have beesearch for materials
that can achieve a higher water splitting performance than ceria.

The search has bifurcated between two main classes of materials; the dopedropounds and
the perovskite oxides. Many doped-ceria compounds have been proposed, however the additpardf
has so far always negatively impacted performance due to either decreased redmx kewatics or
decreased Hproduction capacity. Several perovskites, on the other hand, have been shown to achieve
larger K production capacity at much lower temperature ranges than ceria (800€)46dwever, they
also suffer from redox kinetic limitations and require increased amountsawh,stvhich impacts the H
production conversion reaction and the overall process efficiency.

In this thesis, | focus on the design of new perovskite and perovskitearelgide materials to
increase the FHproduction capacity compared to ceria, using lower reduction temperatures and less steam.
7KLV LV DFKLHYHG E\ DQDO\|LQJ HDFK PDWHULDOVY RANUHQQEHGR]|

oxygen partial pressure conditions. The redox performance is directly retatbe thermodynamic
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perovskites.

1.3 Thesis Organization

,Q FKDSWHU , SUHVHQW WKH EDFNJURXQG L QI RUPDWN RIGR QHH |
in the society and its production demands for the future. | describe the most impréavable hydrogen
production techniques and then explain STCH and its attractiveness relative teectimgues. | then
detail the key metrics for water splitting materials and briefly d@s¢he history of other suggested STCH
materials over the past few decades.
Chapter 3 discusses the early part of my work, where through computationabguatia chemical
intuition | started designing new perovskite materials for STCH. In this wodg@the hundred materials
| synthesized, | identified two potential new perovskites for STCH by ussogeaning method to rapidly
EXW LQGLUHFWO\ HYDOXDWH Wadr 8plRimgWBULDONV GULYLQJ IRUFH |
Chapter 4 provides a study that delineates the importance of thetstbgdrogen conversion
concept and proposes a key metric for making the real application possible. | demonstrate why conversion
must be considered when designing new water splitting materials and how conlisgitations may be
measured experimentally rather than being inferred from extensive thermodynamic studies.
The first identified STCH-active perovskite, Ba@#no 7s0s (BCM), is discussed in Chapter 5.
% &0V ZDWHU VSOLWWHo@r inStéfdd BfUhiPdDoQelR hbroductivity, reoxidation reaction
kinetics, cycle-stability and finally steato-hydrogen conversion limitations. BCM is the first perovskite
demonstrated to split water at higher conversion ratios.
Another identified STCH-active perovskite-related oxide is described in GHapidis layered
perovskite is a non-conventional structure for STCH materials, the RuduiEsgper phase ¢&r.MnO,

(a=0.1, 0.2 and 0.3) which has never been reported in the literature before. Structure characterization and
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water splitting performance are discussed. DFT calculations are used to evaluatettire statulity and
oxygen vacancy formation energies in this system, which corroborate the potetial wiaterial for
STCH.
% &0V WKHUPRG\QDPLF SURSHUWLHYV DUH VWXGRIRGGVYS Q &KDS\
performance potential. | show oxygen nonstoichiometric results obtained at diffemgmerature and
oxygen partial pressure conditions and extract estimates of the enthalpy and ehtrypyen vacancy
formation energy. High-temperature charatt¢D WLRQ H[SHULPHQWYVY LQGLFDWH WKI
performance might lie in the polytypic phase changes that it likely experiences during reldax cy
| finalize this thesis with the main conclusions and future work outlined in CHagtertroduce a
potentially interesting third water splitting material, a CSM sistecgira, Sr0.6Ce0.4MnO3 and suggest
a complete WS performance assessment on this new material. Additionally, | lay cignatdi
characterization studies that could be done to manipulate the different BCM poligypesential WS
cycle operation under a phase change regime, with the aim to further increasg pioddction

performance.
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CHAPTER 2

BACKGROUND

This chapter introduces the STCH concept and its advantage over gtredtiction techniques
describe the relevant work that has been done in this field and theapmimaches for design of water

splitting materials.

2.1 The role of hydrogen in society

Over the past few decades, scientists have been studying alternative soureegyohesrder to
GHFUHDVH KXPDQLW\f¥sls,uhd OaialpridinRi@bdlIRarhoh Gioxide emissions. In 2010,
global emissions reached 30.6 Gt and emissions are projected to increase & @athgr 2050 due to
increases in energy demand [1].

Hydrogen, in a role not as an energy source, but rather as an energy storagm, fnaslibeen
proposed as a substitute for fossil fuels because of its versatility anyy elesmisity. As an example of
K\GURJHQYTV HQHUJ\ GHQVLW\ WKH HQHUJ\ RE\RDXIQH G QHRB\ REWD
from 1 gallon of gasoline/E10 (about 2.9 kg), nearly a threefold increaseeirgy per weight (with the
important caveat that weight-efficient hydrogen gas storage is stilengadg) [2]. World hydrogen
demand, as reported in 2010, is about 43Mt [3]. This enormous demand is driven by use in memgfsect
industry, including chemical production, oil refining, metal processing, aniésser extent, transportation
and aerospace. 53% [3] of all hydrogen produced today is designated to the sphém@esi®nia via the
Haber-Bosch process, mainly for fertilizer production. The second largest use for hydrogen, ahat 20%
in oil refining processes and 7% is designated to methanol production,ig/kititial to the synthesis of

other olefins and hydrocarboB-DVHG SURGXFWV $ NH\ FKDOOHQJH SRVHG E\ K



demand is that 95% of the global hydrogen production is currently accomplished viansétiaame

reforming, coal gasification, and/or cracking of hydrocarbons, all of whicB@-intensive processes [4].
$GGLWLRQDO SUHVVXUH RQ ILQGLQJ QHZ *FOHDQ" VRXUFHV

demand for alternative fuels for transportation and electricity generdtmrachieve the target GO

emission cutdown of 80% by 2050, Europe must decarbonize 95% of its passenger caméketnd

medium size as well as SUVs) by replacing it with hydrogen fuel cell cars and/or electri].cars [

2.2 Renewable water splitting techniques

In order to accommodate the expected growth in the hydrogen economy and to consider hydrogen
as a viable alternative energy solution [5], it has to be obtained from a truly rensauatgle. With that in
mind, solar energy can be leveraged to produce hydrogen via solar watewgsfy8). This process not
only produces hydrogen from renewable sources, but also addresses one of the chaketeyesnairgy:
the mismatch between production and demand cycles. By converting solar energy to hydrogen, excess sola
energy can be stored for later use. One of the simplest techniques propoaegkfscéle water splitting
using solar energy is solar thermolysis, which involves the direct use of solar heat tatspliHowever,
this has proven to be an expensive and energy demanding way to produce hydrogen, mpieirgures
above 2450Cto be feasible [6]. Not only are there few options for refractory reacterialatto withstand
these temperatures, but direct thermolysis also requires continuous separatianef3-at temperature,
which demands even more energy and expensive separation techniques.
Alternative technologies are being explored to provide a more pradidal to solar hydrogen.
Solar water electrolysis is one alternative. In solar electrolysis, an electriceant generated by solar
irradiance and delivered to an electrochemical cell leads to the separate prodfizidependent Hand
O, molecules on the cathode and anode electrodes respectively. The inefficiepogated with this

technique lie in the conversion of solar energy to electricity. Photovoltaic paihdlsat can provide

8



efficiencies in the order of 10 to 20% [8], [9], limit the maximumcaincy of this technique to about 16%
[10]. Other methods for converting solar energy to electricity can incithasefficiency by taking
advantage of the full spectrum of solar energy, such as harnessing steam or other working flagliturbin
solar plants, which may achieve conversion efficiencies from 30 to 60% I2]]increasing the overall
solar electrolysis efficiency into the range of 16 to 32%. Photoelectrolysisndlalso be considered.
This approach combines the photovoltaic step and the electrolysis step inte gpicgks. However, the
process requires a potential difference of at least 1.23V (realistie2lly) to allow for WS, so the
electrolyte must have a band gap in this range. Unfortunately photoelectrolysit y&t a viable
commercial option because of intrinsic problems associated with electrochemical coobgios
electrodes [14]. The same challenges have hampered photochemical [15] processesniatxtent or
another, mimic photosynthesis. Additionally, efficiency relies on catalystsrapdration of the sensitizer,
not to mention apparatus complexity [16].

Among the several alternative water splitting techniques [17], the dlicbemical water splitting
approach offers several compelling advantages. One significant advantage of ttashajgiite simplicity;
LW GRHVQIYW UHTXLUH H[SHQVLYH FDWDO\VWYV RHPEKBDQMHR/FKRHP HOI
technique instead depends mostly on temperature swings. The required heat for theg@nomase from
a number of sources, including sunlight and/or waste heat from other thermal processes. For iastance, g
cooled nuclear reactors can be a source of heat for thermochemical WS [18], wheyenkeated by
fission nuclear reactions (or in the future, fusion reactions) can be used in various thercalgirecess
cycles to decompose water into hydrogen and oxygen. The main drawback to using nuclear reattors is tha
temperatures tend to be limited to 1200 K. Above this temperature, thermal energgflitional sources
would be required to be coupled to the nuclear source. This represents a considerable erdiatengeg,

as well as leading to lower overall efficiency.



2.3 Solar thermochemical hydrogen production

This thesis focuses on another proposed thermochemical WS pathway known as Solar
Thermochemical Hydrogen (STCH) production. This technique is a carbon-nesatyato produce
hydrogen using mainly concentrated solar thermal energy and water (some elestrégityiried to power
support systems and general plant activities). Realistically, water seté&noglsis and STCH are the only
two techniques that have the potential to be applied to the production of hydrogge atéde. STCH has
been predicted to achieve larger enamjuel conversion efficiencies and has the potential to lower
production costs enough to compete with conventional fossil-fuel processes [19], [20]. Figiusteaies

the two-step WS process [2622].

High Temp.
Reduction
Concentrated
Solar Heat

=

/ 0%+ 2MJy - Vg + 20, + 2M}y N
47

N Lower Temp.
My Oxidation

Vo + H,0 + 2My, » 0F + 2My; + H,

Figure 2.1: Two-step solar thermochemical water splitting cycle illustration for a gemstal oxide &
using Kroger-Vink notation
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The cycle begins with a metal oxide that, when exposed to high tempsratarereduction
temperature Tre), and/or decreased oxygen partial pressure, is reduced, forming oxygen vacancies and
evolving oxygen gas as described by equation 2.1, whigsethe extent of reduction.

025" 024, E— 26, (2.2)

After being reduced, the metal oxide is separated from the evolved oxygen and cooledeo a |
temperature, i.e. oxidation temperatufiex, that favors reoxidation. In this situation, when steam is
introduced, the material reoxidizes by splitting water and producing hydrogen. Equatios2iRedethe
oxidation step, where the amount of steam added is y and the amount of hydrogen protliced is

02é?_EUI-2:U;\ 02é?_>‘El'é+ ;EU FGE'J+62J (2.2)

A similar process has been developed that usesaSQhe oxidant, producing CO rather than
hydrogen. Coupling the two processes to produce carbon-neutral synthesis gas isible¢Z@8h however
this thesis focuses solely on water splitting.

Volatile cycles were initially discussed for STCH application, where/Zn(J19], [24] and
SnQ/SnO [25] were studied due to the potential for large amounts of hydrogen prochetioxcle.
However the challenge with these cycles is that they involve solid to gss fphaasitions which requires
guenching of the reduced gas phase to allow fos&paration before recombination. Extremely high
temperatures are required for decomposition of ZnO into Zn and (42000°C) or to decompose SnO
into SnO and %2 &~ 1600 °C). The gas phase separation process, whether by quenching or dtbes,met
as well as the challenge of transport the oxidized solid material back tedilretion chamber, led the
researchers to move away from these cycles.

As an alternative to the voltile cycles, iron oxide was proposed as one io$thed-step, all-solid
STCH stoichiometric materials systems [21]. Iron oxide has a large theoretical hydapgeity [26], is
earth abundant, and is easy to synthesize. However, extremely high temperatures (2508gKjradeto
reduce FgD, to FeO, which results in melting of the sample, causing sample volatilizatiooyaled

irreversibility. Lower temperatures (about 1500 K) can be used in conjuction omitioxygen partial
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pressures O s r’°9. However, the drawback of this lower temperature process is that itaedigher
reactor complexity because of the higher vaccum capacity required for tlen sgsivork. Nonetheless,
sintering problems were still experienced and implicated in the deactivation of theahadterijust a few
cycles. Several approaches were investigated to mitigate these sintering priolclediag having the iron
particles supported on monolithic zirconia [27] or yttrium stabilized zircOr&) [28]£30]. However,
the problem with this practice is that it introduces an inactive materithe system, which decreases the
overall hydrogen production gravimetric efficiency as well as the thermal efficiency refatter.

Mixed metal-ferrites (MF£., where M is alkaline earth metal or transition metal such as Mg, Mn,
Co, Ni, Zn) [17], [31], [32] were later considered for STCH becafstheir potential to decrease the
reduction temperature of the iron redox catione and therefore eliminate raalisintering problem while
also potentially increasing the extent of reduction. However, only a femesé tferrite materials (Ni and
Co mixed metal oxides) were shown to be successful [33], [34], and because they g&iti nexgluction
temperatures near their melting points, they needed to be supported by bsgdtsumaterials such as
YSZ or alumina, leading to the same problems as for the previous supported irchasddecycles. They
also suffered from extremely slow oxidation kinetics [35].

Ce(Q (ceria) was proposed by Otsuka et al. [36] and later demonstrated by Abanades and Flamant
[37] to be a promising WS material by reducing from ge0CeOs; at temperatures about 2000 °C and re-
oxidizing in the presence of water at 600 °C. Nevertheless these temperatiged reactor mechanical
resistance problems as well as evaporation and sintering of ceria.

It was not until 2009 that ceria was revisited and shown by Chueh et Jato[B& a promising
material for STCH [38], [39] because it does not necessarily requirstdighiometric decomposition to
be redox active. Instead, the accommodation of partial oxygen nonstoichiometry, i.e., ¥rgno

T ¢~ , allows for significant reduction at much lower temperatures. Ceria was showodtewe 379

pmol/g of R if reduced at 1500 °C and oxidized at 800 °C and have a 1.4 times increaggaddttion

with a 100 °C increase in reduction temperature [38]. Ceria has fast reductiotidaticbo kinetics, mostly
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due to facile & transport through the structure, so that the oxidation reaction is limitedypsiyrface

processes. Therefore, increasing the surface area or adding catalyst on the surfacasartheanxidation

rate as demonstrated by Furler et al.[40] and Chueh et al. [38]. Moreov&lisaetatively available and

easy to synthesize and has been shown to be very stable for more than 500 watercgplésrdyring a

single experPHQW &HULDYV WKHUPRG\QDPLFV DUH VR IDXRODEGBHKVRHG U
for the production of syngas [23].

The major drawback of ceria is the extremely high reduction temperatures requackidve
meaningful oxygen nonstoichiometry. At 1500 °C ceria can achielgech 0.06 and at 1600 °C it can
achieve 0.09 [38]. Achieving these nonstoichiometries at such elevated temperatures doenessaof
sintering problems which greatly affect the oxidation kinetics because affdhementioned surface
reaction limitation. Moreover, at these temperatures there are reactaatieradisses, which substancially
decrease the process efficiency. These temperature limitations have foraechersdo resume the search

for better and more practical WS materials.

2.4 Thermodynamics of STCH materials

The approach to discovering of new materials for STCH starts by understarding t

thermodynamics of the oxidation reaction. Consider the water formation (or hydrogen oxidatibohrea
+ -2+ 2 (2.3)
This may be compared against the reduced metal oxide reoxidation reaction, written as:
—02(, -2: 502, (2.4)
To obtain the metal oxide reoxidation reaction in steam, one may sum the two equations and obtain:
-02(, +2,5 02, + (2.5)
The same can also be done for the change in Gibbs free energies:
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¢Ga, LLGE ¢C (2.6)
where ¢ G54, is the change in Gibbs free energyWfKH PHWDO R[LGHfV R[LGRWL RQ UHDI
LV UHODWHG WR WKH PHWDO R[LGH %\C Ri$ telated\td tReQualteHAB§0M/ELi6hQ Z L W K
reaction.

The change in Gibbs free energy of the hydrogen oxidation reaction can be comparethamtje
in Gibbs free energy of the metal oxide reoxidation reaction. This comparison indibateéer a material
can split water and the temperature limitations associated with this pilocgsseral, an evaluation of the
potential for fuel production from a candidate metal oxide material depenids miative position of each
U H D F W CRrQe Material curves that are lower than the fuel oxidation curvesatediavorability for
fuel production.

Figure 2.1 was reproduced with extracted information from Chueh et al. [38] and showstfes cha
in Gibbs free energy as a function of temperature for ceria, which is in agreaith Takacs et al. [41]
reported work.

This figure alsshows three partial molar Gibbs free energy curves with respect to ttnmgesior
FHULD DW WKH VWRLFKLRPHWULH Y @predents a more favotaé&seaction iz H U
higher ¢, Cat a particular temperature. For instance, temperatures below 1100 K favor reoxiflation o
nonstoichiometric ceria in steam and £Qe. favors fuel production. This is because the; s (driving
force for ceria reoxidation) has a smaller value (is more negative) than gitberand ¢, C , (hydrogen
and carbon monoxide oxidation reaction). The intersection betwe@yof ceria reoxidation ang C,
K\GURJHQ UHR[LGDWLRQ FXUYHVY LQGLFDWASMKIBDWISHUDWLDPLMWYRQ

starting stoichiometry.
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Figure 2.2 Change in molar Gibbs free energy with respect of temperature fotidthtion, CO oxidation
and ceria oxidation at different oxygen stoichiometries all in equilibrium atdbar.

As WKLV ILIXUH GHPRQ VMG DAdddich rdactelbvariedvith exfevit of oxygen
QRQVWRLFKLRPHWU\ 7KH ODUJHU WKH R[\JHQ LYRIQatsved. FilsLRPH W U
is because oxygen stoichiometry is highly dependent on the temperature. In thijdasgaseoxygen
nonstoichiometries provide a larger driving force for fuel production and as ajoense they favor fuel
production at higher temperatures. This can be demonstrated by ceria as fagdrs oxidation at
temperature below 1100 K whereas Gef@avors oxidation below a much more elevated temperature of
1400 K.

One may notice that water splitting and £gplitting show similar changes in molar Gibbs free

with nearly equal favorability between 1150-1200 K. In this range, water splitiittgrials may also be
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used for CQ splitting, if other aspects such as reaction kinetics, chemical stamtit CO poisoning are
not limiting. However at temperatures far from this range, the driving foocesidation in steam versus
CQO, vary, indicating that different fuel production performances will be likely.

This quick analysis is helpful for finding potential materials for ST®Ht only if oxygen
nonstoichiometry thermodynamic data for the materials of interest are availatble literature. For
previously identified compounds, this analysis may also further assist in optimizirtgntiperature
FRQGLWLRQV IRU D PDWHULDOYV DSSOLFDWLRQWKH R/WKHWEL/RRDFO \X Y
hydrogen at a chosen condition and even estimate the cycle efficiency [384441]

The challenge, however, is that in most cases, thermodynamic data is not availatiteustde
obtained from the-consuming experimentation and calculation so that efficiencies and cycle optimizations
can be made. More often than not, to obtain the necessary thermodynamic properiehemrsstirn to
Thermal Gravimetric Analysis (TGA), which measures mass change as a furfii¢iine, temperature, and
oxygen partial pressure. During TGA analysis, the material of interest is hektedvattemperatures and
oxygen partial pressures, and the equilibrium oxygen nonstoichiometry level is rebgrdeshsuring
changes in mass.

If assuming an infinitesimal oxygen stoichiometry chandg i6 infinitesimally small), the

PDWHULDOYV R[LGDWLRQ 43 DFWLRQ PD\ EH ZULWWHQ DV

5
2

5
— er. (2.7)

67 7 Ev gl
The oxidation reaction partial molar Gibbs free energy for each nonstoichiomstiyeneitten
as:
(GEaa F246HIm 2.8)
From a Ahrrenius-type plot, where the pé@rsus temperature (data sets collected experimentally)

DUH SORWWHG IRU D JLYHQ / R QuthaPibs aRdEeWrbpie® oithie iledBXR€attion.SD U W L

This process is further discussed and applied in Chapter 7.
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7KH WKHUPRG\QDPLF H[SHULPHQWDO GDWD FDQ HH MVW&HWUR S
assuming the defect reactions and fitting to the experimental data or by osnpgit€r Coupling of Phase
Diagrams and Thermochemistry (CALPHAD) [45]. This computational method ugbe &kperimental
thermodynamic data available in databases and calculates the best fit for the thernugahypaerties such
as the Gibbs free energy of formation and extrapolates this data to moraersgkiature and p@anges

[46], [47].

2.5 Design criteria for water splitting materials

The last two decades have seen significant advancement in the search for gt@tiahaterials,
however it has been only recently that researchers have begun to fully invetstigatnstraints of
economical viability [48] for this technology. With the major goal oflingaup [49] this application to
large concentrated solar towers for the production of industrial amountstofddrve nearby ammonia
production facilities, oil refineries, steel mills, or fuel cell eledy plants, success is incumbent on
defining the design criteria that drive further developments toward feasibility.

Key metrics such as numerical parameter ranges for water splitting nsetieeizot easily defined
because they depend on reactor parameters. This design loop is difficult to closeeactmsdesign and
requirements are not fully developed due to the need for water splittingatsaperiameters and limitations
details. R HDUFKHUV LQ WKH ILHOG GHSHQG RQ WKH LWHWRWGRIQ GHV
key metric requirements for efficiency, temperatures, system pressure, productioty eeqobporoduction
cost ranges.

Even though there are not specific target metrics, general design aéerige defined based on
what is known about the state-of-the-art material limitations and the kamegars that most significantly
impact efficiencies and productivity. The primary parameters, and perhaps the podant) are the

process temperaturébox andTre 7KH DGYDQWDJH RTreXo) TR-Jo) iskah Jri€iddde in
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theoretical thermodynamic efficiency [50]. As demonstrated by Ermanoski et al. [51] whalatozg the
reactor heato-H, elILFLHQF\ E\ PDNLQJ EDVLF DVVXPSWLRQV DERXW
thermodynamics one may conclude that the effficiency is directly related to thegptesgerature range.

(UPDQRYV N Lifidicatés\tixaG &t the normal range of pressures (1 to 1kPa) the lwver t
temperature the greater the potential effficiency. However, large temperature ssgjuge complex heat
recovery systems and reactor mechanical integrity to withstand many thermal aytadgsfor years.
Furthermore, re-radiation losses at the reduction reactor increase with incligasivigich also drastically
affects the general process efficiency. As a result, it has been proposed ghetuld not exceed 1400 °C,
which limits the use of many current STCH materials, including ceria [53].

The future of STCH lies now on the design of materials that fdll@wrequirements Miller et al.
[50] have compiled. Loss of active material by vaporization is a large concern, as thexidetahust be
able to withstand thousands of high-temperature cycles. Not only do the fexteétiéats suffer vaporization
losses, as was previously discussed, but even ceria can suffer vaporizsegmabke: above 1650 °C.
These losses lead to larger reactor maintenance costs and active nepladament costs as well as losses
in process efficiency. Sample contamination and reaction with the reactor chamber is anotler conce

The morphology of the WS material also plays a role in the process vialiilihatérials are
oxidation reaction surface limited and need to be supported or require a hagte sanda microstructure
compared to the fully dense bulk particles, the morphology might suffer in such harsh environments. High
temperatures trigger grain growth and sintering, and can also lead to surfemgateqgy or other
undesirable chemical or structural changes. Although there are ways to eniligaé problems, it is
important to keep in mind that these factors may be crucial in choosing a viable STCH material.

7KH PDWHULDOYV WKHUPRG\QDPLFV PXVW EH VXLVOHBMOHVRU
should be relatively fast to allow for many cycles a day and a high preifessncy. Even though there
are ways to improve kinetics such as the use of catalysts, purging flows, havghgaratio of reactants

to products, increase of surface area, etc., it is important to be attentimetto ilssues, because some of
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the methods for mitigating poor kinetics might not be applicable to some compositibmsspecific
operating conditions.
A last issue to be considered is the ratio of input steam to hydrogeatgendihis ratio of reactant
to product, which is called reaction conversion, greatly impacts the efficierfoy pfdcess. Materials that
cannot achieve high conversion are likely to be impractical not only econonfioaldlso energetically
[54]. The ideal target of ¥D:H, should be below 10:1, according to McDaniel et al. [53] and Ermanoski et
al. [55],[56] &RQYHUVLRQ ZLOO EH WKURXJKO\ DGGUHVVIROG W ) ULDIW H
performance and steato-hydrogen conversion ratio are related and why it is important to take this concept
into account.
With all these key metrics [501 Q PLQG LQFOXGLQJ D FDQGLGDWH PDWHULD

toxicit\ DQG ORZ FRVW WKH UHVHDUFK FRPPXQLW\fV JRDO LV WR ILQ

2.6 Doped-ceria compounds for STCH

Two principal routes have been taken by researchers in the search for materaalthbave a
larger fuel production than ceria; 1) improving upon ceria by doping it and@\airy of STCH-active
SHURVNLWH R[LGHV O0DQ\ UHVHDUFKHUV D WRAQHIEXWMHO WK K H LWPRREA
properties, and therefore attempt to stay within that structure foefudétvelopment. It has been suggested
that doping ceria could decrease the extreme reduction temperatures needed foiapiereswver, there
is the possibility that the reduction capacity could also increase and, therefore, hydrogen production might
also improve. Dopants studied include alkaline earth metals like Mg, as well margsition metalse(g.,
Cu, Fe, Ni, Mn, Al, Cr, Co, Ti, Zr and Hf), among others [42], [$53], [64].
Figure 2. summarizes reported £plitting results for several doped-ceria materials. Tables A.1

and A.2 in the Appendix details the information presented below.
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Figure 2.3 CO production via thermochemical €6plitting by ceria and several doped-ceria materials
(Cen.75Zr0.2802, Cey.75Hf0.2502, Cey golio.2d02 and Cessdan.150. named CeZr25, CeHf25, CeTi20 and CeLal5
respectively) compiled from the literature [57]. Reduction temperatures usedl¥@® and150C and

oxidation temperatures used were 700, 800, 900, 1000 and¢@E30indicated in the plot using 500 sccm
of CQ..

The CO production results vary considerably depending on the test conditiotisefFhechemical
cycle is highly dependent on process temperatures and the duration of the reductmxidation steps.
Similar behavior can be seen in theCHsplitting thermochemical experiments shown in Figure 2.4 and

Table A.2.
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Figure 2.4 H, production via thermochemical-@& splitting by ceria and several doped-ceria materials
(Cen.75Zr0.2802, CeneFe.1602, CagsC00.1502, CaeNio 1502, Cen gdViNg 1502, Cey.9dMNG.1d02, Cay.9oFen.1d0x,
Ceay.odNio.1d02 and CeodllCl.1d02, Nnamed CeZr25, CeFel5, CeCol5, CeNil5, CeMnl5, CeMn10, CeFel0,
CeNil0 and CeCulo0 respectively) compiled from the literature. Reduction temperatgtegeuns 1300,

1400, 1450 and 150Q and oxidation temperatures used were 845, 945, 1000, 1045, andC&s0
indicated in the plot.

CO, experiments are more common than those done with steam, primarily because of the
complexity in using a condensable gas. The reactor must be equiped with heateesgasthat the steam
does not condense and alter the results. Steam generation, especially at largeatonsems also

challenging, often requiring a steam generator. Flow controls for steam arauglsanore complicated
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and less accurate than non-condensible gas equivalentsa@OHO splitting have similar redox
thermodynamics as shown in

Figure 2.2, with HO requiring a slightly higher dG due to the stronger H-O bond compared to the
C-2 ERQG 7KHUHIRUH LQ WKLV FRPPXQLW\ W SENUYRUPDRPIPR R K UWZ
splitting from the analysis of the G@plitting results. Other differences in behavior are usually related to
kinetics, since the kinetic mechanisms between &@ HO splitting might differ as shown by McDaniel
et al. [65], [66].

Although most of these doped-ceria materials have been shown to improve fusl GO)
productivity, they present lower fuel efficiency [42]. Moreover, most of the dopgd materials incurr
sintering problem, particularly for the Ni, Fe and Co-doped compounds [67], ametilt decrease in
oxygen vacancy formation energy, leading to complete deactivation of severaleofrthtesials for WS,
as occurs for the case of doped compunds containing Ni, Cu, Cr, f58]. ther dopants such as Zr [41],

[64], [68] £71] and Hf[64] have been shown to increase the WS capacity, as reported by Le Gal et al. [70],
[71], however at the cost of signfiicantly slower oxidation reaction kinetics.
These mixed results lead some researchers to abandon the fluorite esanctiregin looking at

alternative structures, particulalry the peroskite structure, for new STCH candidates.

2.7 Perovskite oxides for STCH

Perovskite oxides have been studied and applied to numerous applications, including solid-oxide
fuel cells (SOFC) [72], chemical looping [73], colossal magnetoresistorsnitdifferroics [75], oxygen
separation membranes[76], STCH [20], and a variety of other applications thaé rexgegen mobility
and/or high oxygen vacancy concentration. Specifically for STCH, the gredtesttage of perovskites
over fluorites is their capacity to accommodate larger oxygen nonstoichiometries withabtlidesj the

structure. This can theoretically lead to increases in hydrogen production.
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Perovskite oxides are generally described with the formula,, where A and B are cations; the
A-site is XlI-coordinated to oxygen anions and the B-site is VI-coordinated to oxygarsdarming the
crystal structure shown in

Figure 2.. There are multiple combinations of cations possible, with different valencg negjuiis.
The two most common configurations typically pair a transition metal oB-ite with either an earth
alkaline cation on the A-site, in the case 6f VE [#erovskites, or a lanthanide on the A-site, in the

E UE t :
case of Y= Y= %Ferovskites.

Figure 2.5BaTiOs cubic perovskite crystal structure. The blue atoms are Ti cations sittitige B-site of
the perovskite forming oxygen (red atoms) octahedra. Ba sits on the A-site of thekjterand is bonded
to 12 oxygens.

While Figure 2.5 shows an example of a cubic perovskite, perovskites may also assume different
symmetries, such as orthorhombic, tetragonal, or rhombohedral. This flexibility is ¢timel setvantage of
the perovskites over fluorites, because they may accommodate many diftergratsitions by assuming

different symmetries, which may, W XUQ LPSDFW WKH PDWHULDOYfV UHGR[ FDSDF
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Besides their tolerance for oxygen nonstoichiometry, the perovskite structure can accanmodat
various site-substitutions and defects. For example, perovskites used in SOFC cathobasenfayr
different cations sharing the B-site such as in BaE®.4Zro.1Y 0103 [77]. The A-site can also accommodate
different substitutions such as shown by Shao et al. [78] is®aCo sFe 203 for oxygen permeation
membranes. The site substitution is an important advantage of the perovskitese ligcaubstitution-
doping of the structure, one may tune the redox capacity of a material.

Deml et al. [79], [80] have demonstrated that the capacity for WS in two-step SiE@Hials
partially depends on the enthalpy of thermal reduction of the material, agsnbk redox capacity.€.,
reversible oxygen nonstoichiometry). Furthermore, the enthalpy of reductioimatily related to the
energy of formation of oxygen vacanci&s)( Therefore, through compositional tuning one may tune the
E. to fall into the right range for STCH.

One of the first successful perovskite families for STCH was introdag&theffe et al. [54], La
SKEKMNOs /60 ZLWK [ DQG ,Q 6FKHIIHTV VWXG\ LW ZDV SU
3 times more hydrogen than ceria at @ pQ0°, Tre = 1327°C and at low oxidation temperaturdsx =
800°C). It was later shown that increases in x (0 < x < 0.5) increase the hydrogen produdtialso
hinder the reaction kinetics [44], dictating that a middle range would be optimal for WS.

McDaniel et al. [66] suggested the partial substitution of the Mn fop Aldbilize the structure
and force the transition metal ¥nto a reduced valence state, ¥riThe resulting StaiMnyAl1yOs
(SLMA) perovskite family resulted in one of the most promising perovsttiseevered so far for STCH.
McDaniel demonstrated that SLMA4664 (x = 0.4 and y = 0.6) can produce 9 times more hydragen tha
ceria under the equivalent conditionslai 1350 °C andox 1000 °C, with 40 vol.% steam.

Although LSM and SLMA are promising for water splitting because of their inatemsgen
capacity and lower required reduction temperatures, they also possessed a reduced theierarilingm
force for WS compared to ceria and therefore suffered from incomplete reoxiddielower favorability

for WS can be compensated by using large amounts of steam. However, this dramaticalbgsidioeca
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steamto-hydrogen conversion ratio, likely making practical application in a realistic reagiosgible as
pointed out by several researchers [43], [54], [81],.[82]

Deml et al. [80] investigated the thermodynamic favorability for WS in ogldt the composition
among the SLMA family members by calculating tBe as a function of composition. Her work
demonstrated th&, decreases with increasing Sr content, making the perovskite easier to thexchale,
but therefore also making the perovskite less favorable to reoxidize in ste@mvak in agreement with
<D Q M%Mliscovery that increases in Sr amount above x = 0.4 decreased fuel yield.

The work of Deml et al. [80], [83] as well as others such as Emery [84aH86] suggested an
easier path for predicting promising WS materials. Deml and Emery have demonstraigh FY
computational work that materials wi in the range of 2.5 to 5 eV should be thermodynamically suitable
for WS. This is because of the tradeoff between reduction capacity and the thermodyring force
for water splitting. Materials witlt, less than 2.5 eV will be very easy to thermally reduce, but will not
posess sufficient thermodynamic driving force to split water. Edsincreases above 2.5 eV, the
thermodynamic driving force for WS increases (this is beneficial) buslilgy to thermaly reduce
decreases (this is undersirable). Eor> 5 eV, impractically high thermal reduction temperatures are
required to give a reasonable hydrogen productivity.

Additional peroskite variants, most of them derived from LSM, have subsequently been
demonstrated to give increased fue} @hd CO) production over ceria. These perovskites inclugk;La
xF§B1,0s (A= Sr, Ce ; B= Co and Mn)[87], b@dS1.4Cro.eC.203[88], La1xAxMnOs (A = Ca, Sr) [82],
[89], [90], Ln15AxMNOs (Ln = Nd, Sm, Gd, Dy; A = Sr, C§91], La1xSxMn1.,B,Os (B= Al and Mg) [92]
A1,SrBOs (A= La, Ba; B = Mn, Co and Fe) [93], andL&rCo:.,Fg04 [93]. Figure 2.6 and Figure 2.7
show the fuel production performance reported in the literature for several of these materadetslits

can be found on tables A.3 and A.4.
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Figure 2.6: CO production via thermochemical ,C§plitting by several peroskite materials LSM
(Lao.6sS10.33MNO3 and L& 50S10.50MN0Oz), LCM (Lao.esCan.39MNO3, Lao.sdCa.5dMINOs andLap.35Ca.63VINOs),
LSF (Lag.7eSto.3d~eQ), ACM (Y ¢58C&.50MNO3, Ndb 56Ca.50MNO3, Sy s¢Ca.5dVINO3, Gth s¢Ca.50MNOs and
DyosdCa.50MNO3) ASM  (Yo0.56S10.50MNO3, N0b.50St0.50MNO3, Sy .50Sr0.50MNO3, Gth.50Shh.sdMnOs  and
DYo0.50510.50MNO3), LBM (Lao.sBao.saMInOs), LSMA (L&o.56St0.50MNo.75Al 0.2503 and
Lao.56S10.50MNo.60Al0.4d03) LSMMQ  (L&0.506St0.50VIN0.8dVIgo.1703) and LSCrCo (L&soSto.4dCro.s0C00.2d03)
compiled from the literature. More details on Table A.3.
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Figure 2.7: H production via thermochemical ;8 splitting by several peroskite materials LAM
(Lao.50Sr.5dMN0O3 and La sdCa.so0MNOs), SLMA (Sio.ad-a0.6dVINo.60Al 0.4003, Sto.6d-a0.4dMNo.60Al 0.400s and
Sro.4d-20.60MN0.40Al 0.6d03), CTF (CaTé.7zdF&.3003), LSCO (LaSrCo®@ D QG $ B&$:Hro.s:C.sde 203
andLao 60S10.40Cro.sdC 0 203) compiled from the literature. More details on Table A.4.
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Once again, WS results for the perovskite oxides are more scarce comga@edpditting results
due to the complexity associated with steam experiments. Two aspects shared by Dbatid G£D
experiment conditions are the long reduction and oxidation steps, and the large concentrationasfdsteam
carbon dioxide used. This highlights the fact that these materials suffer ifretit land fuel conversion
limitations as was previously discussed for LSM.

Even considering these limitations, however, the promising drop in reduction temgecatupled
with the increased fuel yield compared to ceria under the same conditions, stiygjebts unfavorable
oxidation thermodynamics associated with the candidate perovskite-based STCH snegtemiatl an
insurmountable problem. The vast, and still largely unexplored compositional space for pesarskithe
performance tunability enabled by this structure suggest that the search for neskipetmsed STCH

candidates should continue.
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CHAPTER 3

DESIGN OF NEW PEROVSKITES FOR STCH

With such a large compositional space to explore, two challenges immediately pressaivbem
how to select optimal combinations of A and B-site cations that may produce nevsipgoSiTCH
candidates and how to quickly screen those new compounds. Directly testing every comp@v@dsfor
an onerous task, so | began my search for new STCH materials by developing a metholy tesafie
simple redox capacity of materials first, followed by more rigorous testingankhe most promising
candidates. Once a screening protocol was in place, informed by chemical intution and Densdgadrunc

Theory (DFT) calculations, a multitude of potential compounds were synthesized and screened.

3.1 Screening method to identify potential STCH-active materials

| developed a rapid screening method to identify potential STCH-active materiald bas
Temperature Programmed Reduction (TPR). The TPR protocol is informed by reponteodireamic
and computational studies and knowledge of the experimental conditions of inteiepto€hedure is not
designed to directly define the thermodynamic properties of the materiaeld; testh measurements are
time-consuming and require careful analysis based on a knowledge of the active defecismechan
JRYHUQLQJ WKH PDWHULD Otfiat willHh& RystrateidKrboyel directly DatdrDabhgvi the
thermodynamics of one STCH candidate are investigated in Chapter 7). Instead,ri&ahi to be used
as a rapid and direct way to screen materials by comparing their reductioregtesgtpf reduction and
reoxidation capacity against known WS materials under standardized conditions. The shortafutation
test allows for a handful of samples to easily be tested in a single day, and while the materialsdgpically

not reach equilibrium, the times are similar to those of many proposed WS cycles.
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In our lab, the screening experiment is performed on a Setaram SetSys Evolution ial Therm
Gravimetric Analyser (TGA) mode. A powder sample in the range of 50 to 100 matefial is loaded
into an alumina or Pt crucible. The sample is first heated to 500 °C atrbih°@ a flow of 100 sccm of
synthetic air (21 % ©balanced in B to evaporate any adsorbed or surface tightly bound water as well as
to burnout any organic contaminants. The sample is then cooled to room tenepetréita same ramp rate
and the TGA chamber is vacuum purged and backfilled with UHR Rowrate of 100 sccm of UHP N
is set and the sample is heated at 10 °C/mirk¢eeither 1200°C or 1350 °C. The reduction step is carried
out for 1h. At this point two different test variants can be used. In thedhisnt, synthetic air is introduced
at the high temperature for 5 min before cooling the sample down to room tengéfFhtisecond variant
adds another temperature step, cooling the samplexte1000 °C at 10 °C/min followed by flowing
synthetic air to drive oxidation for 1 h. The sample is then cooled to teroperature. The mass change is
recorded as a function of temperature and time and an oxygen sensor is connected to the @¢kbaust of
TGA system to confirm that the mass change is due to oxygen and not volatitifatiesample or another
unwanted reaction. Experiments using inert materials are performed to corrbotjancy effects and
flowrate changes.

Figure 3.1 shows TPR results from the 8t..MnyAl 1,0z (SLMA) family (details of the materials
compositions are found in Table 3.2.1). The redox behavior can be compared to compatiaisas
WS performance for some compositions, to validate the predictive strength of the GiB8blprAs
calculated by Deml et al. [80], materials in the SLMA family demonstratnctisedox behavior (extent
of reduction and reoxidation capacity) due to differenceg&.ircaused by variation in composition.
Increasing Sr content in the sample decreBgdbereby increasing the extent of reductian, the material
EHFRPHV 3HD YV LH indr€asH iH awrability for reduction means that less energy has talbe use
to break the oxygen-cation bonds, however the tradeoff is that it also lowers theifiéydoabeoxidation
in steamji.e, WKH PDWHULDO LV 3KD U Giidase \H Ratertsifting layotability KanvbeG H F

directly correlated to the H production performance shown by McDaniel et al. [66]
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Sro.6d-20.49MN0.60Al 04005 produces 10% less,H277 umol/g) when compared too%t-ao.6dViNo.60Al 0.4003

(307 umol/g) aflfre=1350 °C andox =1000 °C using 40 vol. % steam.
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Figure 3.1 Temperature Programmed Reduction screening method to evaluate redox capacity of materials
for STCH. Samples of the SLMA family are shown to exhibit different extergtchfation and reoxidation
behaviors. The reduction step was carried at 1350 °C in UHBrN h and synthetic air was introduced

just before the sample was cooled down to room temperature.

Compositional variation in the transition metal content, Mn in this case, affectsE,. As
calculated by Deml, the samples SLMA6464, SLMA4646 and SLMA4664bBay®¢ WKDW LQFUHDVH IL

to 2.2 and 2.6 eV respectively. These calculation results are consistent with tmestiRRwhich show
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that the extent of reduction in the three samples decreasetiniIDPH RUGHU / DQ
respectively).
The TPR method is used throughout this thesis work as a simple and quick compagtitoctn
screen materials for STCH potential. However, this test alone cannobtdefly determine if a
composition will split water. This is because the energy required to thre&kH bond in the ¥#D molecule
during WS is larger than the energy required to break the O-O bond in thel€zule during TPR, thus
some materials that can reoxidize in air may not reoxidize in steamheelPR method can generate
3IDOVH SRVLWLYHV’ 7KLY PHDQV WKDVEWEKHIIHHR{OBDMWQL Y/ HFDBD F
is possible to use the extent of reduction and reduction onset temperature found hy imfeR the
likelihood of WS. Materials that reduce too easily, as illustrated by onspetatares below 900 °C, or
show large (and non-reversible) extents of reduction generally cannot split wia¢eeas materials that
DUH 3KDUG™ WR UH G X FEAtoRsplit waterY Bhsedxdn \WiB Bréntise, we have determined to

focus primarily on materials that have reduction behavior that falls between that of ceria and SLMA.

3.2 Perovskites synthesized in this work

Emery et al. [84], [86] have conducted extensive computational work using high-throldg#iput
to predict stability ande, IRU XQGRSPIKGBPEHQG VLPSOH SHURYVNLWddrlFRPSRV L)
the entire periodic table. From the 5,329 compositions they surveyed, they found 383 stablAB®aple
perovskites and 139 materials that could potentially split water. These nsateeia@ calculated to be
thermodynamically stable and have an oxygen vacancy formation energy between 2.5 eV and 5 eV. From
this study, about one hundred compounds were selected based on chemical intuition and commercial
feasibility (e.g., non-radioactive, non-toxic, relatively earth abundant, etc.)baldpowders were

synthesized.
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Initially, my strategy was to focus orf#8**0O%3 perovskites, since the higher valence of the B-site
should allow for increased oxygen non-stoichiometry when compared to tipefvskites. The A-site
would necessarily contain elements of the group 1I-A of the periodic tatieasuCa, Sr and Ba, while the
B-site should contain a number of 4+ transition metals (Ti, V, Mn, Fe, Co, Mo, and Nb), whitdtassary
to compensate for the charge accumulated when oxygen vacacies are created during.rétercients
such as Al and Zr were added as a potential way to increase the oxygen vacancgrfenagy E.),
because of their fixed oxidation states. La and Ce were used becauseiofdatesting f-orbital chemistry
and the subsequent potenial to further moduatd list of the compositions synthesized is given in Table

3..

Table 3.1: List of compounds synthesized in this work according to computationatiprednd chemical
intuition. A and B correspond to generic cations occupying the A and B-sites respectively.

Compound family X y
CazryB1.,03
CazrMn1.yOs 0,0.1,0.2,0.3,0.4,05,0.8,0
CaZyFe Oz 0.1,0.2,0.3,0.4,05

CaTinl-yO3
CaTiNb1yOs 0.8.0.9, 0.95
CaTi.eoMno.oF& 203

CaCgMn 1,03 0,05, 1

CapLCey 02

CeFe

AMNO 3
CeMnQ
YMnOs
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Table 3.1 continued

Compound family X y

ASHOg

CasnQ

SrsSnQ

BaSnQ

SrzryBl-yO?,

SrZEMn1,Os 0,0.1,0.2,0.3,0.4,050.7, 1
SrZryFeyO3 0,0.1,0.2,0.3,0.4,0.5
SrBbel-yO?,

SrFgND.,0; 0.6,0.7,0.8,0.9
SrTiyNb;,0s 0.8, 0.9, 0.95
AByV]_-yO3

SITi,V1,0s 0.9, 0.95
LaMn,V 1,05 0,0.3,05
LazZr,V 1,0 0.1,0.2,0.3
LaxSr2.xM004 1.8,1.9,2

SryLaixMn o sCep 403 0.80, 0.9, 0.95

erLal-anyAI ]_-y03

erLa]_-anyAI ]_-y03 04 04, 06
Sr)(La.]_-anyAI 1-y03 06 04, 06
erLa.]_-xM nyAI 1-y03 06 05
erLa.]_-xM nyAI 1-y03 05 05
erLal.xMnyA|0_4Ti1.o_4.p3 0.6 0.4, 0.5
Sro_4Lao_6MnyAI 0_4Nb1.o_4.y03 055, 0.5
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Table 3.1 continued

Compound family X y
Cap.eLao.sMno.6Al0.403

BaCgMn1.,03
BaCgMni.,0s 0.05, 0.15, 0.25, 0.5, 0.75, 1
BaCe 23Mng 7Al 0,003

SrCeMn 1,03 0,0.3,05,0.7, 1
Sr,.Cer,MnO3 0.1,0.2,0.3, 04,05, 0.9
CeSr-MnO. 0.1,0.2,0.3,1,1.9

Once calcined, XRD was performed on all the samples to evaluate the stfagnation. Samples
that formed small amounts of secondary phases were still tested, howeveantarges of secondary
phases disencouraged further testing. Compositions that formed the desired phasensareened using
TPR. Figure 3.2 shows the results of single representative members of each complastiiydbr
comparison of redox behavior.

The TPR results indicate that some of these oxides reduce too easily, such asd3eé®in, and
therefore are probably not suitable for STCH. CaMn50Ce50, suffered signifiaagtioss during sample
pre-treatment (burnout at 500 °C in air), illustrated by the facthieaturve begins below zero (although

this does not necessarily indicate that the sample was reduced).
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Figure 3.2 Temperature Programmed Reduction screening experiment performed at 1350 °C Nz UHP
followed by introduction of synthetic air for 5 min to allow for reoxidatiSamples tested were selected
as the most representative in their families (SrFe80Nb20 =, &INFB2d0s, Sr80La20Mn60Ce40 =
Sio.sLao.2dMNo.60C&.400s, LaMN50V50 = LaMpsoVosd0;, CaMn50Ce50 = CaMinCesfOs, CeFe =
CeFeQ, CeMn = CeMn®@and CaZr50Mn50 = CadsdVings0s). Ceria was added for comparison.

A subsequent mass loss occurred during heating at about the same temperat@a(5BP N)
before its final loss starting around 1200 °C. After reduction at 1350di@ itot completely recover its
PDVV DIWHU UHR[LGDWLRQ 7KLV VDPSOH O MHOWLRIQHR H @&/ KSLDW W
XRD results showed the presence of several secondary phase) making it uninteresting fotudyther s
LaMn50V50 and CaZr50Mn50 were shown to be composed of several secondary phases as well,

and their reduction onset temperature was very low (about 650 °C).
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As mentioned earlier, this is usually another indication of unfavourabilitytéamns reoxidation
and therefore both families were also disregarded for WS testing. SrFe80Nb20 and Sr80La20Mn60Ce40
fall in the predicted reduction range for WS. And although both materials also werd kworon at least
one other metric (the SFN had a very low reduction onset temperature and SLMC did pletetpm
reoxidize), the K production capability was tested and they were shown to be thermochemically acti
However, their low H production and slow kinetics discouraged further investigation.

A few compositions were tested at lowkt (1200 °C), as shown in Figure 3.3, because we
encountered melting and/or severe sintering issues for these matehiglsea temperatures. While it is
unlikely that a material that undergoes significant reduction at sucletoperatures would be suitable for
STCH, we deemed it important to still evaluate these materialpuignoses of model and prediction
validation.

SrZr50Fe50 had an onset reduction temperature too low to be suitable for WS and exhibited
problems with sintering, even at the lower testing temperature. CaZr50Fe50 also expesiigeced)
problems due to the iron composition and the CaSn sample was shown to have a low extierationr
As expected, all three formulations were uninteresting for WS, but they did iass$isthering our
understanding of the effects of certain cation combinations and allowed us verify qutedkcids irE,
values.

After evaluating the structure, phase purity and redox behavior of over one huadeéss
(additional TPR results for each family of materials are compiled in AppengdikR§ compositions were

revealed to be highly promising for WS and therefore were selected for further detail¢idatioss
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Figure 3.3 Temperature Programmed Reduction screening experiment performed at 1200 °C in UHP N
followed by introduction of synthetic air for 5 min to allow for reoxidatiSamples tested were selected

as the most representative in their families (SrZr50Fe20 = &F£5.500;, CaZr50Fe50 = Cadede 500z,

CaSn = CaSn¥).

All three materials had extents of reduction lying within the proposed WS raagebétween
SLMAG6464 and ceria). All three also showed a larger extent of reduction than cedh,imdicates the
potential for improved kHproduction compared to ceria. At the same time, all three materials had extents

of reduction that were less than SLMA6464, suggesting a higher favorability for reoxidatiearm st
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Figure 3.4 Temperature Programmed Reduction screening experiment performed at 1350 °C in UHP N
followed the oxidation step at 1000 °C in synthetic air. Samples tested are theromoising for WS.
(Ce02Sr18Mn = CeeSh.gdMnos, Sr60Ced0Mn = Sl 4dVINOs, BaCe25Mn75 = BaGesving 7503).

Ceria and SLMA6464 are added as the two limits for WS.

The onset reduction temperatures fall in a reasonable temperature windoe 8860%C), also
pointing towards suitability for WS. Not all could successfully achieve éakidation, however further
TPR cycles showed full recoverability after the initial cycle. Ba@éno 7s0s water splitting performance
was shown to be very promising and it will be discussed in more detail in theifglohapters (Chapters
5 and 7). Ce:Sr.dgMnO4 was shown to be a Ruddlesden-Popper phase with a composition never before
reported in the literature. This sample was carefully characterizealsmshowed interesting WS behavior
(reported in Chapter 6). Finally, in Chapter 8, the recently identifigeC8MnOsis suggested for future

work as another potential candicate for STCH.
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CHAPTER 4
EXPERIMENTAL METHOD FOR ASSESSING PRODUCTIVITY AND CONVERSION IN METAL
OXIDE THERMOCHEMICAL WATER AND CARBON DIOXIDE SPLITTING WITHOUT

KNOWLEDGE OF OXIDE THERMODYNAMICS

This letter has been prepared for submissialotonal of Physical Chemistry Letters

Debora R. BarcelldsNadia L. Ahlbor§, Michael SandefsJianhua Torfg William Chuel, Anthony H.

McDanief 5\DQ 3 2*+D\UH

#Colorado School of Mines, Metallurgical and Materials Engineering Department, Golden, CO, USA
bStanford University, Department of Materials Science and Engineering, Stanford, CA, USA
‘Clemson University, Department of Materials Science and Engineering, Clemson, SC, USA

dSandia National Laboratories, Livermore, CA, USA

Two-step solar thermochemical hydrogen (STCH) production [20] usingephange and/or
nonstochiometric redox oxides is receiving recent scientific and technologimatiGn as a promising
solarto-fuel conversion technology.

The cycle begins with a metal oxide that, when exposed to high temperatures and/asedtc

oxygen partial pressure, releases oxygen gas

6\ e E5 6:08dP & 4.1)
where, the extent of reduction is given BsL T; F T After the thermal reduction, the metal oxide is

separated from the evolved oxygen and subjected to lower temperatures thaefaxidation. When

steam is introduced, the material re-oxidizes by partially splitting water, thereby produdingdry
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é'EUG 0\ é/EU G:U;EXAJFU?(; U (4.2)

where the oxygen content stoichiometry at the end of the thermal reduction half-greniby T, the
extent of reoxidation at the end of the water splitting (WS) half-cyclevéndoy T; and the amount of
steam introduced is given by The extent of reoxidation i) L T, F | and since in some cases
reoxidation is not completel; Q E If the heat needed for the reduction and steam production processes
is derived from renewable thermal energy, e.g., generated by concentrated sdlesfalc@ process can
provide a near carbon-free source of industrial quantities of hydrogen. Sirataspthave been developed
that use C@as the oxidant, producing CO rather than hydrogen; combining the two processes provides
route to carbon-neutral synthesis gas. While this letter focuses on the wateigspjicle, the ensuing
discussion has equal applicability to £€plitting as well.

Ceria (CeQ) is the current state-of-the-art material for STCH [94], prilpatiie to its stability,
fast kinetics, and distinctively favorable chemical potential of oxygen. Howdvegquires high
temperatures to reach reduction levels that are large enough to produce meaningful hyeldgerhyis,
a major effort in advancing STCH is the search for new materials that cand etheedoenchmark
performance of ceria while simultaneously meeting other reactor-driven requise Keymetrics include:
low reduction temperatur@4{e < 1400 °C) in order to limit reradiation losses and simplify reatgsign
[50], high H yield per-cycle, and the chemical and mechanical stability to withstand térsusfihds of
cycles [26]. Some of these requirements are conflicting. For instance, decrBasiequires improved
reduction thermodynamics; however, this inversely affects the thermodynamiegdiovce for water
splitting, potentially lowering klyield.

The challenging materials constraints associated with the STCH process have thereforemesulted i
a very broad search for candidate materials to replace ceria [50], [95]. With a few notable exceptions [38
[41], [47], [51], [55], [68], [96], steante-hydrogen conversion ratio is rarely considered as a figure of merit

in STCH materials screening, being expressed as:
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® b (4.3)

However, the solate-fuel efficiency is strongly dependent on water conversion (moles of
hydrogen obtained per mole of steam introduced) because the heat that goes igtovhteli and heating
the steam (or heating GQs not fully recuperated [51]. A survey of the literature shows thagndilre
flow rate of steam, mass of reactive material, amount of hydrogen generated, and thetreegtgieam-
to-hydrogen conversion averaged over the WS half-cycle in lab-scale experiments iytypich less
than 0.1% [26], [51]. However, issues can arise when extending operation to highesicosyéne high
concentrations of hydrogen product greatly reduce the local oxygen partial presswasingcithe
probability that the reverse-reaction will occur, removing additonal oxygentfternxide material and
consuming some of the hydrogen product.

Therefore in this letter, we demonstrate the importance of screening mdtripérformance
under multiple conversion conditions, i.e., determining their reverse reaesstance (RRR), and
introduce an experimental method that Xx& WHY D SRWHQWLDO 67&+ PDWHULDOCY|V |
priori knowledge of material thermodynamics. This adds rigour to the evaluatiosyfeptive water
VSOLWWLQJ PDWHULDOV EHFDXVH LW X6 DRFRHYWMHISH dRDri@nariddlB O TV SF
viability.

Typically, evaluation of a STCH material reported in the literature isedaout in a continuous
gas-flow reactor or thermogravimetric analyzer (TGA) using a static aroboxide. In these experiments,
conversion as defined in Equation 4.3 can be calculated at each instantaneous point atonglti®n
curve, but not controlled as an experimental parameter. Conversely in our testicglpret@ropose to
PHDVXUH WKH PDWHULDOYV 555 E\ L Q WddéhG@Xtelinput steRmMYAMTrindgRteO HG D P

WS reaction.
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Thermodynamically, this fixes the initial (or equivalently, theL ~aL ratio, simplified to
H.0:H; going forward) throughout the WS half-cycle, regardless of the amount of hydrogeatgérie
the cycle. By varying the #D:H; in the inlet stream during WS, we can eval\teK H P D W biéldabd TV +
potential thermodynamic limitations. Our RRR testing protocol is reactarsiig and can be performed
using any contiuous-flow apparatus.

JRU WKLV VWXG\ H[SHULPHQWV ZHUH SHUIRUPHE].XYLQJ 6DQ
evaluate the impact of conversion condition on WS behavior, we chose to testscer@ as two
alternative STCH candidates at variougOH, and under pure steam conditions. As the current state-of-
the-art material for STCH, ceria [38] is known to have a high performance even eahgging conditions
(i.e., high concentration of hydrogen) during WS. It therefore serves as a bas#tisestudy. To provide
a point of comparision vs. ceria, we also selecteghdZr o0, (CZ05) [41], [58], [64], [68], as it has
recently been shown to enable increased reduction capacity than ceria (and henizdlypotgroved
STCH performance).

In addition, we selected baSro.4dVINe.60Al 0.4003[66] (LSMA) as a representative of the emerging
class of perovskite-based STCH materials [65], [88], [97]. LSMA exhibits ametiréarge H production
capacity and can be employed at lower reduction and re-oxidation temperatures than cériaakescit
a potentially interesting candidate for STCH applications. The three matedgrdsfirst tested in the
absence of hydrogen (40 vol. % steam balanced by argon) with the WS step proceedingdattian oxi
temperatur@ox = 850 °C for 480 s (ceria and CZ05) or 1200s (LSMA due to its slower oxidatioit&)net
The reduction step occurredTa& = 1350 °C for 240 s (ceria and CZ05) or 330 s (LSMA).

RRR was tested at decreasing decades,OfHp (1000:1, 100:1, 10:1 and 2:1). The results are

shown in Figure 4.1.a.
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Figure 4.1 a) Experimental HProduction at various #:H,. Dashed lines are WS with 40 véb water.
LSMA was reduced for 330 s and oxidized for 1200 s, whereas CZ05 and ceria were reduced &m240
oxidized for 480 s. b) Residual oxygen non-stoichiometry remaining after reoxidatien({ U).

Although ceria has lower hydrogen production capacity than LSMA under the original test
conditions, this K production capacity is maintained during the RRR study. In contrast, LSMA quickly

deactivates even at a®LH, ratio of 1000:1. More surprisingly, however, we found that CZ05 fails to
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reproducibly split water under the same stearhydrogen conditions. We attribute the failure of CZ05 to
two main reasons: first, the CZ05 WS reaction appears to be kineticatigdiati the temperature tested,;
second, the reduction temperature was not high enough to drive meaningful reduC#0b.ilBecause of
these issues, CZ05 and ceria were re-tested at high€k500 °C), whileTox was maintained at 850 °C.
Reduction and oxidation times were maintained at 240 s and 480 s, respectiviely=A500 °C, CZ05
demonstrates meaningful and repeatable WS behavior, althoughyledd-bf ceria is larger. We note that
this is contrary to initial expectations as CZ05 was predicted to have a highietdthan ceria based on
its higher reduction capacity. Takacs et al. [41] have pointed out the imp®rtd also considering
oxidation thermodynamics when predicting fuel productivity. The experiments shbnothanly are the
oxidation thermodynamics less favorable at lowgDiH,, but that CZ05 has much slower reduction and
oxidation kinetics when compared to ceria, and thus shows a lowproduction capacity during the
limited-duration STCH cycles examined in this study. This conclusion is regtfday the fact that CZ05
retains 29% ofU even after oxidation at 40 vol. % steam (i.6.L r & y s)UFigure lbplots the residual
oxygen nonstoichiometry created during reduction that remains after WS and confirms thatahsede

H. yield correlates directly with the increasingly incomplete reoxidation ofrbatbrials at lower bO:H..
Overall, the amount of Horoduced by CZ05 and ceria follow a similar trend with decreasi@gHd. At

the lowest HO:H, of 2:1, CZ05 suffers a 51% decrease in productivity, while ceria experiences a 30%
decrease in productivity.

Although LSMA produces moreHhan ceria under 40 vol. % steam (i.e., in the complete absence
of hydrogen), it fails to split water meaningfully at most of the alterea#®:H. tested (losing 75% of the
initial hydrogen production at 1000:1 and producing no measurable hydrogen thereafter). Tinatideac
of LSMA under RRR conditions is due to the decreased thermodynamic favorabilityeor dissociation
at the HO:H. conditions tested. We illustrate the relationship between thermodynamic fapréalodl
production, and conversion in fed-batch and continuous reactors in Figure 4.2.a-b. Material Spectif

cycles were simulated by over-laying calculated [47] and experimental [46]L[8¥b-delta data on top
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of isothermal curves oL . LQ WKH JDV SKDVH I-BatthDeddtod RihhGeduRtidn) m@

and oxygen content evolve along the high-temperature reaction-specific isotherm ire¢ctierdf the
arrow according to the following mass-balance equation

TLEF—

s (4.4)

Ok«
where the parametedis the molar ratio of inert gas to metal oxide and was held constant fair 20l
simulations. The point at which the reduction isotherm crosses the mapar@fic isotherm represents the
L , and oxygen content at which the gas and solid phases are in equilibrium attne: tesmodynamic

endpoint for the reduction reaction. The WS reaction is described according to the equation

~ 5 6
TLIE O F
1/“HTI'AKT;p : K.

(4.5)

where - ; «is the equilibrium constant for dissociating one mole of watedsat Further details of these
simulations can be found in the SI.

To see the impact of the amount of steam, we simulated excess and stoichiometrto-stadm-
ratios (U= 1C and ). For the sam&e andTox, changing the amount of steam substantially influences the
fuel productivityand conversion ée Saecifically, for LSMA, decreasing steam amount causes predicted
Ho SURGXFWLYLW\ WR GHFUHDVH IURP WR » Frddu@tivity isRQ2 FHULD

PRO J DQG LV ODUJHO\ XQDIIHFWHG E\ MW HuUe té- b Qifldrépde MWHDP LC

thermodynamics between the two oxides. In Figure 2a- b, for ceria, the low temperataris cieeply
sloped and takes on values of small oxygen deficiency even at Iguwhich means that ceria can be
oxidized even in a reducing environmentTak. This is not the case for the perosvkite, for which the
isotherm affox is shallowly sloped at low. , and largely parallel to the isothermTag. This reflects the

tendancy for Hto further reduce the oxide, rather than feOHo oxidize the oxide.
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Figure 4.2 Simulated closed-reactor thermochemical cycles of Jee lines), CZ05 (red lines) and
LSMA (green lines). The thick solid lines represent the equilibriugh as a function of oxygen

stoichiometry Tat 850 °C (upper lines) and 1350 °C (lower lines). The dashed lines rephesevlution
of Ls DQG / GXULQJ D VW-ByEI®ihia dibs&@IXeattor Wit ekcBsS inert gats 10°) and the

corresponding stable oxidation-with-water h&eiffFOH ZLWK D HJ[F B ¥nd i nwWikylWvater
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The thermodynamic deactivation behavior of LSMA relative to ceria and CZ05rica risult of
HDFK PDWHULDOTV 8 brdWrtHalpy &f ReOudtion.HJSiNY Wik &alysis first presented by
Meredig et al. [98], one can build a screening map showing which metal oxedd®eanodynamically
suited for two-step water-splitting at a range eDHH, conditions.

Figure 4.3.sshows a parametric plot of the thermodynamic paramefers : T;and O  : T; of
reduction for ceria [46], CZ05 [41], [99], [100], and LSMA [101] (calculation detaits be found in the
SI). The gray lines represent equilibrium for water-splitting at*€5and varied bD:H..

Materials above each water-splitting line spontaneously uptake oxygen in the presdraenof s
and hydrogen (WS favorable). Furthermore, as a material oxidizes (following thewdelés to the right
and U \ U), it becomes more difficult for oxidation to continue, requiring large®:H, ratios.
Ultimately, it is the position of the final point on the curve at near stoichigro&t L 4 s; that dictates
whether a material can completely reoxidize in steam. All the materials included in

Figure 4.3.a can undergo WS at 8&Din pure steam. However, adding just 10 ppsidisteam
causes several of the oxygen-content symbols for LSMA to lie below ABeHHof 10000:1 contour,
indicatingthat W KHUH LV VRPH 3ddéhstdichixnme®y thatfdahHdDbe accesed in such a two-step
cycle. Thus, LSMA that has very low enthalpy, will exibit less hydrogen productivignwonversion is
required to be at least 0.001% and all water splitting is thermodynamiecdifivorable at bD:H, below
~200 even for deep reduction of the oxide. Ceria, on the other hand, will experience norchgdgegen
productivity unless the amount of hydrogen mixed with steam is very high. CZG% lids between the
two materials, begins to deactivate whei®HH, < 100. Of the three materials in this study, only €e#h

produce large quantities of hydrogen whe®HH; is required to be 1.
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Figure 4.3a) Thermodynamic property maps showing favorability regions for water-splittirig at 850
°C and variable kD:H, (water splitting is favorable for dots above the gray lines). Each piasents a
different oxygen content, which increases to the left in intervals of 0.02 from @@B%. White symbols
show the final oxygen non-stoichiometry for the reduction conditions used for experiments in
Figure 4.1. b) Oxidation temperature dependence of RRR for ceria, CZ05 and LSMA.
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The curves in Figure 3b are derived from the same thermodynamic dagpees4B.a, but instead
demonstrate how oxidation temperature also affects RRR. Any combinatioi©dfiA-nd temperature
below a given line will drive further oxidation (WS) for that oxide, while aagnbination of HO:H, and
temperature above the line will instead lead to reduction of the oxidellFntides considered here,
decreasinglox increases the favorability for lower8:H,; however, lower ¥x also negatively impacts
the reaction kinetics, leading to longer cycles and decreasptbHuction rates. It should be noted that,
interestingly, LSMA has very little oxidation temperature dependence, whict pethaps be exploited
by less traditional STCH cycle parameters.

The thermodynamic deactivation behavior of LSMA relative to ceria is not appareaditionhal
WS experiments as the rate of steam supply greatly exceeds®}ogriiore) the Hbeing produced. The
key conclusion is that LSMA needs an extremely large steam excess to driveplititeg, which drops
WKH UHDFWRUfV HIILFLHQF\ GXH WR WKHMKRDW Q& V\WHFX FBDVL\VQRIF L7IKW
that LSMA is not likely to be a practical STCH material without new reactor design approaches. Analyses
such as those provided by Figure 4.2 and

Figure 4.3 are a necessary portion of the material evaluation process when thétatbelynamic
data is available (of course, it should again be noted that these analyses consither tbielynodynamic
favorability for WS, and therefore disregard kinetic limitations). Howeherntodynamic investigations
of new materials can be a time and resource consuming process that can take awssy $oveening of
new candidates. Alternately, the proposed RRR testing protocol provides a wragitd evaluate the
potential of candidate STCH materials while considering realistic reactatiooadnd bypassing the need

for thermodynamic investigation.
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4.1 Experimental methods

The WS experiment was performed in a Stagnation Flow Reactor at Sandia Nadlooratories
as described elsewhere [65], [102], [103]. The sample is loaded at a zirconia boat. Aftwbats heats
the material at the desirddx. A laser heats the sample to e at the controlled rate of 10 °C/s. A Mass
Spectrometer and an oxygen sensor measure the amouptaleg&sed during reduction. The material is
cooled down at a controlled rate to thex By controlling the laser power. Steam, or, in the case of the RRR
experiment, a mixture of steam and hydrogen, is introduced into the reacatiniitihe reoxidation (WS)
reaction. The amount of hydrogen produced is inferred by the amounteie@sed during the subsequent
reduction, because of the Mass Spectrometer difficulties of differentiatirtdp fiduced from the Hn
the background.

For the 40 vol. % water WS experiment, 200 sccm of pure steam was flowed with 300 sccm of Ar
as a carrier gas during oxidation. The RRR experiments were performed withlledramounts of ki
mixed in steam. For the high ratio of 1000:1, 4 sccm of 5%bklanced with Ar) was added to 200sccm
of steam and then balanced with Ar to reach 500 sccm of total flow. Tkedatios of 100:1, 10:1 and 2:1
were achieved by mixing 200 sccm of pure steam with 2, 20 and 100 sccm of k0@¥%aid with the

balance to 500 sccm being Ar.
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4.4 Supporting information

This section will describe the simulation of thermodynamic favorabititywater splitting and
predicted fuel productivity details.

,Q D 3FORVHG UHDFWRU"~ WKH SDUWLDO SUHV®DXIXD RW LR QJ HRQ
oxide nonstoichiometry changg Uby applying simple mass balance equations to known initial and final
states. For the reduction half-cycles, it was assumed that the reactolledasith J{, adneles of pure

inert gas andJé s Mmoles of oxide with initial oxygen stoichiometr;at temperature i (high
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temperature). Based on the reaction given in equation (1), the number of moles of oxydenctien of

Uis then:

Js 0 L2203 (4.6)

Assuming the total gas pressure is fixed at 1 bar, the partial pressure of oxygen in units of

bar is
L7 64, L 25
21 L——#A | jBoueyy & g (4.7)
EPn ?;B_Oéé ; ay, A ? 06
OUDIT Ya A

and the parametelf, 4 Q,g\e“Q sy, s ameasure of how much excess inert gas was added to the reactor. The
end-reaction-state is reached when the gas and solid are in equilibrium. Equilﬂ@_riémﬂotherms have

been measured or calculated for many nonstoichiometric oxides and are available énatiueditin this

simulation, 2 :U; was compared to the equilibrium isotherms for cerium oxide [52] aneBhkaMnOs
[47] at Twi. Numerical methods were used to solve for the intersection point betﬁgeeﬁl; and the
isotherm for each material. The resulting nonstoichiomégwas considered as the starting point for the
next half-cycle.

For the oxidation-with-water half-cycle, it was assumed that the reactanivally filled with
J¢ smoles of pure steam anif, s of oxide with initial non-stoichiometryyy At the Tio (low temperature)
values investigated in this work, water dissociates to form non-negligilolerdasof oxygen and hydrogen.

t 6.0t 6:0F 6:0; (4.8)

Thus, one needs to consider both oxygen uptake by the oxide as given in equation (2) also tlagiodissoci

of water to formUmoles of oxygen and Umoles of hydrogen.

Js ;LU (4.9)

J UL tUBAF Wlhs (4.10)
Js:GLJY sFtUFRY (4.1)

Joack s :GEJ :BGEJ s: ULUEJS (4.12)
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The partial pressure of each gas is thus:

20 Ly (4.13

61>k R? o]

2 0 L% (4.14)
e éb_K?G‘l?k "R? oéiK‘

2 UL . (4.13

Equilibrium is reached wheiand Uare chosen such tha@ :U; falls on the relevant equilibrium

isotherm line at TLO and the equilibrium constant expression for water dissociatiosfisdati

Ze sbrsol 25 gE tZ¢2-h (4.19
Zegsbsgl FZd2 B sF tZe "2 — F sh (4.17)
Rearranging the expression fag
U] Lm (4 18
=75 '
K.

Substituting the above equation fgrwe now have an equation describing mass balance of oxygen

between the gas and solid phases during the water-splitting step:

1 D
Zegibsgl Z€s gF tZe—> F sc (4.19

' i UK o o R

7" O 3

Again, J‘L‘. SV\/]"'Q s Is a measure of how much excess water was added to the reactor. Once again,
the end-reaction-state is the nonstoichiometry value wh&ye U; intersects the material-specific
equilibrium isotherm. If the resulting nonstoichiometiyyM Afrom the previous reduction half-cycle, up

to 10 additRQDO LWHUDWLRQV ZHUH SHUIRUPHG XQWLGVgpoit sM&DEOH F\F

WKH R[LGDWLRQ HQGSRLQWS5Wad tdathetlG E\ OHVV WKDQ /
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CHAPTER 5
BaCe.2dMnoe.750s., 2 A PROMISING PEROVSKITE-TYPE OXIDE FOR SOLAR

THERMOCHEMICAL HYDROGEN PRODUCTION
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aColorado School of Mines, Department of Metallurgical and Materials Engineering, Golden, CO, USA
®Clemson University, Clemson, Materials Science and Engineering, SC, USA

¢Sandia National Laboratories, Combustion Research Facility, Livermore, CA, USA

Abstract

Solar-thermal based hydrogen production technologies employing two-step metal aigde w
splitting cycles are emerging as a viable approach to renewable and sustainalfigelsol&iowever,
materials innovations that overcome thermodynamic constraints native to the clase of solar-thermal
water splitting oxides are required to increase solar utilization asakgs efficiency. Lowering oxide
thermal reduction temperature while maintaining high water-splitting favorabi@ymportant ways to
enhance such performance metrics. Recent attention to perovskite-type oxidesteativalto ceria,
which is widely viewed as the state-of-the art redox material, is driven by deatedghermodynamic
and structural tuning derived through engineered composition. Here we discuss the uniqtiegpaiper
BaCe 23Ving 7505 (BCM) within the context of thermochemical water splitting materialstligirBCM is a
novel example of a line compound with B-site substitution of Mn by Ce. It &l8bits a polymorph phase
transition during thermal reduction and yields nearly Bore H than ceria when reduced at lower
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temperature (1350 °C). More importantly, BCM exhibits faster oxidation kirettsiigher water-splitting
favorability than SiLaiMnyAl1,Os (X, y = 0.4, 0.6), which is a well-studied and popular Mn-based
perovskite formulation. The unique properties manifested by BCM through engineered compudteati

new pathways towards unlocking higher performing materials for solar thermochemical wtiteg.spl

5.1 Introduction

A solar-driven two-step thermochemical cycle for splitting either w@icalled STCH or STC
hydrogen) or carbon dioxide utilizing metal oxides has the potential to provideriadasale quantities
of renewable solar fuels. First proposed by Nakamura [21], the cycle cheimidageptively simple and
avoids known technological barriers associated with other multistep gaswgptijicles [95], [104].
Unfortunately even the simple stoichiometric cycle chemistries proposed by Nakamuthers are
subject to undesired thermally-driven phenomena, such as phase change, metal vofatiiatdiing, and
complex solid solution behavior, that have thus far confounded further developmenapptbach [17],
[32]. Recently, non-stoichiometric oxides have emerged as the preferred redox-actival fieatwo-step
gas-splitting cycles because they are able to maintain phase stability underrénee extermal and
chemical stresses encountered in a solar thermochemical reactor envirordBgnin[this approach, a
suitable oxide is defected by driving oxygen spontaneously from the lattice at high temperature. However,
unlike the stoichiometric reaction, the oxygen deficiency does not result in phase clemogeposition,
or disproportionation. When the reduced oxide is exposed to steam or carbon dioxidéianschdtable
for spontaneous reoxidation, oxygen is stripped from the gas molecule and transferred back inde.the oxi
And as in the stoichiometric cycle, hydrogen or carbon monoxide is the net product of the reactions.
Ceria (Ce®) remains the benchmark material for $eéaghase non-stoichiometric STCH cycling
[105]. It is favored because of a combination of phase stability, fast kaustics, and high fuel selectivity

[23],[38]. 2QH Rl FHULDYV JUHDWHVW DWWULEXWRYHQY &XUK QUROHRID G E
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Ceria will thermodynamically favor net hydrogen production over deeper meti ceduction when
splitting water under exceedingly low gas-phase oxygen chemical potential tiigh atel selectivity and
low steamto-hydrogen ratio; ~2:1 [53]). This attribute results in reasonables@liettivity for reoxidation
conditions with gas-phase oxygen chemical potential many orders of magnitudetislothe thermal
reduction condition. Unfortunately, these benefits are offset by the extremiltehigerature (>1550 °C)
required to reduce ceria to an extent deemed commercially viable [51], [106]. Thenatombiof
complicated engineering, exotic materials, and greatly reduced solar recéitien@és necessary to
support such temperatures make the need for reduction temperatures below 140€raGviefb0], [107]
(IIRUWV WR RYHUFRPH FHULDYV WKHUPD O[4QH6K BW, [68]Q[108, PLWDW L
[109], thus necessitating a search for new redox materials that can sustain bdtlehgglectivity and
high fuel yield, but at lower thermal reduction temperatures.

Increasingly, the search for new STCH cycle materials has turned towards perovs&iterestr
oxides [110]. Perovskites have many desirable traits, including high struotleednce for non-
stoichiometry, tunable point-defect thermodynamics, good chemical stabilityadodg history of
application in related fields that require oxygen exchange functionality (sucldeséde fuel cells [111],
chemical looping [112], and electrochemical water splitting [113]). Wkearch into perovskite-based
STCH materials is still in its infancy, several compounds includiggaSmMnyAl1,0s.; (SLMA) [66] and
Lao.sCa.sMn14Al,Os.; (LCMA) [43] have shown promise.

Based on the insights provided by these prior perovskite oxide candidates, weeitleh&f
BaCeMn1.Os.; perovskite as a potential source of new STCH materials. Our selectios sfyshem is
based on leveraging the desired perovskite-associated traits mentioned above, pattie@bilijytto tune
the point defect thermodynamics. Here this is achieved by double occupancy ofténadsagl both cerium
and manganese cations. We hypothesize that the multi-valent transition metal Mnwihtéat in the
accommodation of charge accumulation during redox (likely a§/Mn3*) while the Ce-Mn site mixing
will allow for optimization of the oxygen vacancy formation energy. As showirabie 1, the estimated
oxygen vacancy formation enerdg,) for BaMnQ; is extremely low (near zero) whike, for BaCeQ is
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extremely high (near 20 eV). Although sufficient experimental data is reotable to satisfactorily
establishe, with high confidence in these compounds, alternative measurgs few., based on a recent
simple formula for estimating, in oxides developed by Deml et al. [83]) or comparisons of the bond
dissociation energies for Mn-O and Ce-O bonds show the same trends: BeW&Sy to reduce as the
Mn-O bond is relatively weak, while BaCe@® difficult to reduce because the Ce-O bond is relatively
strong. Thus, Mn/Ce B-site mixing in the Bala:1.0s.; system may provide a pathway to optimize
between these two extremes. Furthermore, this strategy enables thrifting of tiehexpee-earth element
Ce in a STCH-active compound while still retaining its beneficial prgserCeria has long been
understood to yield beneficial thermodynamics based on its rare increase in entiogyetlirction over
the range of defect concentrations in the fluorite phase relevant to STC. Thistmasdamtly shown to be
UHODWHG GLUHFWO\ Wdrur€ [8%), [144],Tavd le&isitE We pBsQitilky df \detiudh additions
to other systems having positive entropic impacts.

In this paper, we explore the water splitting efficacy of BMPexOs.; and compare the redox
activity of this material system against a Gdi@nchmark and SLMA. Of particular interest here, and
unique to this effort, is our exploration of the extent to which Risl@eOs.; maintains water splitting
favorability under reoxidation conditions that are challenged by low gas-phase oxygeoatip®tential
(e.g., HO:H; ratio <2000). Such water splitting conditions are rarely investigated by thiaradese
community, yet considered a key metric when screening for commercial viability [44], [53].

Table 5.1: Oxygen vacancy formation energies and oxygen-cation bond dissociatioaeseioerdjie two

family end-member compounds (BaMnénd BaCeg). See supplemental information for details on the
calculationofse, EDVHG RQ 'HPOYV PRGHO

Compound | E, reported in the literatur¢ E, calculated based on | Bond dissociation energy

(eV) '"HPO YV PRG83]O| CeO or Mn-O (eV) [115]
BaMnO; 0.04[96] 4.1 3.75
BaCeQ 19.20[116] 15.1 8.19
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5.2 Experimental

Initially, seven different compound formulations were synthesized tohgesetdox behavior of a
large breadth of the Ba@éni.,Os.; compositional rangex = 0, 0.05, 0.15, 0.25, 0.50, 0.75, and 1, which
we label BMO, BCO5M95, BC15M85, BC25M75, BC50M50, BC75M25, and BCO respectively. All seven
compositions were synthesized using a sol-gel modified Pechini method [117]. Instwiehjometric
amounts of the precursors, barium nitrate (Alfa Aesar 99 %), cerium nitrdte A@bar 99.5 %) ah
manganese acetate tetrahydrate (Alfa Aesar 98 %) were dissolved in deionereahdaonstantly stirred
with ethylenediaminetetraacetic acid (EDTA) and citric acid under heat. Ammdmnydroxide was used
to adjust the pH. Once the gels were formed, they were dried at 165 °C and subseduamty wsing a
two-step heat-treatment profile designed to avoid Mn loss; first, the powdezscalcined at 800 °C for
10 h at a ramp rate of 10 °C/min and cooled back to 75 °C; then the powdercalgared at the final
temperature of 1400 °C for 5 h at the same heating rate. Later, pure phasgMa§>€0s., was produced
using the same technique.

Sip.aLao éMno Al 0.403. 1 (SLMA4664) and Syelao.sMnoeAlo4Os.; (SLMAG464) were synthesized
following a similar approach. Strontium nitrate, aluminum nitrate, mangamgsge tetrahydrate, and
lanthanum nitrate hexahydrate were dissolved in deionized water and added to ammahixitdyy
EDTA and citric acid heated at 80-120 °C until a gel formed. The gel wasetnausfo a drying oven at
250 °C for 3 h. The sample was crushed and calcined at 800 °C for 6 h. A sdcovadica was done at
1350 °C for 24 h. Commercial cerium oxide powder (Sigma Aldrich 99.995 %) was used for comparison.

Powder X-ray diffraction (XRD) was performed on all samples using a PAbB&IWW3040
diffractometer in Braggo UHQWDQR JHRPHWU\ VXUYH\LQJ WKH UDQJH EHWZ

f DQG &X .. UDQEI580898 Bn@ 154439 A. PANalytical Highscore Plus software was used

for Rietveld refinement.
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High-temperature X-ray diffraction (HTXRD) was carried out at San@@oNal Laboratories in
Albuquerque ataBragp UHWDQR FRQILJXUDWLRQ ;5" VXUYH\LQJ WKH UDQJI
UDGLDWLRQ5%land 1.54439 A, using programmable divergence slit equipped with a Pt heating
stage and controlled atmosphere. UHP He was used during the reduction step, flown thmugiean
getter which ensured a pOf about 16.

The samples were prepared by firstly crushing them using a mortar and pestle agdreddanol
to form a liquid solution. This solution was carefully deposited onto the (1k)nytstabilized zirconia
single crystal plate (10 x 10 x 0.5 mm) to obtain an even layer of sample. Thetf{ge was rotated about
2° in the xz direction to skip the single crystal diffraction peak during normal scan.

The HTXRD run was carried out by heating the sample at 10 °C/min from room temperature (RT)
to 1350 °C in He flow taking a scan at every 50 °C from 850 °C to 3%6&ch scan taking about 10 min
to be completed). The 1350 °C isotherm was carried out for 1h 30min.

Temperature Program Reduction (TPR) experiments were accomplished using a Sesyam Set
Evolution configured for thermal gravimetric analysis (TGA) with alumina blesito test the samples
oxygen extent of reduction. The TPR experiment consisted of heating a sample atibGé@880 °C in
UHP N, and holding isothermally for 1 h. The sample was subsequently cooled to 1000 °C fddiothed
introduction of air to initiate reoxidation. The change in mass was measurddrasien of temperature
and time.

7KH PDWHULDOVY ZDWHU VSOLWWLQJ FDSDBEE®UWMWRWU IZHHW H. C
stagnation flow reactor (SFR) coupled with a laser-based sample heater aasls aspactrometer
downstream from the reactor. All systems were operated at sub ambient pressure)(TbeTdetails of
which have been published elsewhere [102], [103], [118]. The mass spectrometer wasaaltirey
aliquots of Q@ and H prepared by mass flow controllers and taken from known gas mixture standards (25%
Oz in Ar and 5% H in Ar). Powder samples (~100 mg) were placed on a zirconia platform forming a
loosely-packed shallow bed, and the reactor was heated to the oxidation temp&gsajureder UHP Ar
atmosphere. Samples were heated by the laser at 10 °C/Edt@athe reduction temperaturgf), where
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they were held for 330 s, unless indicated otherwise. Upon turning off the laser, the samples degled to
in a matter of seconds, minimizing the potential for reoxidation with ang senount of @still in the
chamber. 40 vol.% water vapor (in Ar gas flow) was introduced to iniggba@dation. The total amounts
of O, released and +produced were calculated by integrating the baseline-corrected mass spectrometer
signals over the entire gas evolution envelope. A numerical approach developed by McCan[ébét
[66], [103] was used to extract pseudo second-order rate constants gooddction from the transient
response function of the mass spectrometer. This procedure corrects the measured instrument response for
physical phenomena such as gas mixing and detector time lag, which enables more accurate quantification
R1 WKH P DW H U-ktBx®©Kingticvddpohke\($e©31)G

Finally, water splitting performance was tested under lower stednydrogen ratios to assess the
PDWHULDOYV SHUIRUPDQFH XQGHRW®YPRUWVLRIYD O:l6VRMR.FG LWH. R QKL J&RIC
of hydrogen were mixed with steam, essentially fixing the initial gas-phagemxpemical potential prior
to the reoxidation (WS) step. The stetorydrogen ratios tested, with associated log(values (in atm)
at 850 °C, were 1333:1 (-11.6), 1000:1 (-11.9), 750:1 (-12.1), 500:1 (-12.5) and 285:1 (-13). In some
instances, the controlled amounts of hydrogen introduced to the chamber generate a background hydrogen
signal that is often much larger than the hydrogen produced by water splitting. Due toitai®firin the
measurement, the amount of hydrogen produced during the oxidation step was inferréx fooggen
peak measured during a subsequent reduction cycle. The material will only reduce in a subsequient cycle i
it has oxidized in the previous cycle, ensuring validity of this indireedsurement approach. If no

oxidation was achieved, then no subsequent reduction is detected in the following cycle.

5.3 Results and discussion

X-ray diffraction of all seven samples are reported in Figure 5.10. The idémifeeses, and their
relative amounts as calculated by Rietveld refinement are shown in Figure 5.1. Analysis revedltethat
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the predicted mixed B-site occupancy occurs, all Bsi@exOs.; compositions besides the BCO and BMO
end-members produce a perovskite-related line compound,BDe 750s.,, with the excess Ce and/or
Mn accommodated by additional simple perovskite secondary phases such as, B2dM@03;, and
cerium oxide. Our observations of the Bd@e.,xOs.; phase behavior are consistent with Fuentes et al.

[119], who concluded that the Ce/Mn B-site shared perovskite can only be formed in the 25% Ce/75% Mn

ratio.

3% 3% 6%

Phase (wt %)

BMO BC25M75 BC50M50 BC75M25  BCO
Target Composition

|. BaMnO, [ CeO, [ BaCeO, [l 10H-Ba.Ce, ,-Mn,,-0,. [l 12R-BaCe, ,-Mn,,-0,

Figure 5.1 Summary of phases present in five of the target compositions.

Interestingly, the BaGesMing 750s. line compound exhibits two known polytypesRland 1™
[120], [121], with the 1R polytype generally believed to be the thermodynamically stable low-temperature
phase. In our as-prepared samples, the dalytype dominates. Furthermore, Rietveld analysis of the
BC25M75 sample before and after the first reduction/oxidation cycle indicates ¢hatirtbrity 1(H

polymorph phase converts almost completely to the (l2ase after the first cycle (see Supplementary

section and Figure 5.11).
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Thus, upon cycling, the BC25M75 sample attains >958%&B&2Ce »gVing 7:0s.; phase purity, with
only minor traces of 18-BasCe; 29Vinz 74015, and CeQ.

To better understand the R2o 1(H behavior, HTXRD was performed at Sandia National
Laboratories in Albuquerque. As Figure 5.2 demonstrates, under thermally reducingonserttiéi 1R
phase slowly begins to convert toHLQpon heating above 1150 °C. The oxygen non-stoichiometry appears
to be required for this transition to occur, as HTXRD scans Bfggtformed under air do not show this
phase transformation at 1150 °C. With further heating under highly reducing coasdithe phase
conversion behavior extends to a new, previously unreported, poMtyfeat begins to appear around
1350 °C and grows during the high temperature soak. This new phase requires even further non-
stoichiometry to appear (the oxygen getter used on the HTXRD prothécesquired low oxygen partial
pressure, only known to be below the 100 ppb sensitivity limit of the attached oxygen sewsal3o
appears to be fully reversible. Initially, it was suspected that this phasevidasce of decomposition,
however, we have successfully obtained nearly pure-phagmlytype after long high-temperature
reductions and quenching. XRD analysis of this new polytype shows no evidence of additionalgphases
such as ceria or barium cerate) that would indicate decomposition. In retrdbpegolytype behavior
observed here for BCM should not be surprising, since the parent perovskite BMO also diitypeg0
with increasing oxygen non-stoichiometry [122]. The phase changes in BMO are relalistbttions
caused by different ordering of octahedral layers. As first shown by Matia$l&x(, [121], the polytypes
for 12R and 1M also include cerium cation ordering. This makes the phase transitions rglatoxel
STCH WS cycle tests are insufficient in duration (~ 5 minutes) to pgremtR to 1(H phase change; the
10H phase can only be obtained when reducing the BCM material at higher temperatloeg fones
(several hours). We produced a purélample and did simulated WS cycles in the TGA wisHl@w
instead of steam (results shown in the Sl). After several redox runs Hreafriple converted fully to B2
phase (demonstrated by the XRD) and subsequently remained in BhephEse. The detailed
thermodynamics of this system and its various polytypes is the subject of ostaiyg The intriguing
nature of these distortional-type phase changes, which do not coincide with full clarmesgen
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stoichiometry, (like those of early STCH materials like FeO t@kR1], [26]) points towards a potentially

exciting new mechanism for enhancing the per-cycle hydrogen productivity in BCM and rel@keld ST

active perovskite systems.

1350
1350
1350
1350
1350

1250

Temperature (°C)

1150

Intensity (a. w.)

1050

950
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22

20 (°)
Figure 5.2 High Temperature XRD done on aRBaCe:dMnos0s.; sample, heating from room

temperature to 1350 °C in He flow. At 1150 °C th& hihase starts to convert toH@hase and by 1350
°C the onset of a nettt polytype phase (N) is also apparent.

The samples were subjected to our Temperature Programmed Reduction screening protocol in
order to quantify their redox behavior in comparison to previously identifiedHSdabdidates (ceria,
SLMA4664 and SLMA6464), as shown in Figure 3. SLMA4664 and SLMA6464 are used for comparison

here because they are perovskite oxides with promising water splitting c4pagif$6], despite showing
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very strong kinetic limitations, while ceria (a fluorite) is the entrbenchmark material for STCH
application.[105] Ceria and SLMA6464 essentially represent boundaries of the STiGihpace space
of interest. Ceria provides an upper boundary with its unmatched reoxidation cajabilay extent of
reduction, while SLMA6464 provides a lower boundary due to its large extent of reductigodrut
reoxidation performance. From a cycle thermodynamic perspective, any promising méltdialy need

to fall in between these two limits [53].
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Figure 5.3 Temperature Programmed Reduction experiment evaluates the extent of reduction (formation
of oxygen vacancies of) and reversibility of samples BCO, ceria, SLMA 4664, BC25M75, SLMA6464
and BMO. Reduction at 1350 °C for 1 h and Oxidation in air at 1000 °C.

The TPR experiment reveals that BCO has no significant reduction and poor reoxidatite

water splitting application. BMO, on the other hand, reduces to an extreme (i.&r treater extent than

65



even BCM), which indicates that the driving force for reoxidation Wy be too low to split water.
These TPR results are consistent with Epeand oxygen bond strength estimates for BMO and BCO
provided in Table 5.1.

As viable STCH materials must be cycle-able, mass recovery upon reoxidation is alporaarim
consideration. While it should be noted that none of the experiments in Figure 5.3 show a compiete retur
to zero upon oxidation, that is not necessarily indicative of whether sampleseezpdrcomplete
reoxidation. Testing is conducted on as-calcined powders with only a low sgomedournout (500 °C in
air) before the experiment. While this removes most sources of irreversible mass |ldssgelgsurface
adsorbed water and stray organics, some irreversible mass losses not related tm nedwycsitill occu
upon heating to 1350 °C (e.g., strongly bound water, residual surface carbonates anddgdetix). As
a general guideline, we typically consider materials that reoxidizehowe net difference in oxygen non-
stoichiometry ("G of < 0.05 (representing a recovery to within ~0.2% of the starting na$s fully
reoxidized, and therefore reversible/cycle-able.

BMO did not return to its original stoichiometry after reoxidation, whicty imdicate stability
issues such as sintering and/or partial decomposition. BC25M75 also failed to ebmpletidize during
initial testing, however, on subsequent cycling, no further unrecoverable redoatiomed (as shown in
Figure S4).

The water splitting capability of six materials; BMO, BC25M75, BC50M50, BC75M2%) Band
ceria (used as a reference) were tested at the SFR under the reduction coniditidB8%0 °C and oxidation
condition ofTox 1000 °C with 40 vol. % of k. H, production was highest for the BC25M75 composition,
falling off sharply for compositions on either side. Neither end-member congpo@CO, BMO) splits
water under the test conditions used. Based on the prior TPR results, we cenfettBCO does not
sufficiently reduce affre = 1350 °C, and therefore does not split a detectable amount of water upon
exposure to steam in the reoxidation step at 1000 °C. In contrast, BMO reduces yo@edsherefore
likely does not provide sufficient driving force for water splitting upon exmgusteam afox 1000°C.

As shown in Figure 5.4, the average production for the intermediate compositions (BC25M75,
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BC50M50, and BC75M25) closely correlates with the amount BfB2Ce 29VIng 7505, phase present in
each sample. Early on, we therefore concluded that tReBaZe »9VIng 7503, phase represents the
dominant active water splitting compound in this compositional family. Only, Edetiscussed above, did

it become apparent that the distinction between the 10H and 12R was unnecessary for this analysis.
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Figure 5.4 Average H productivity over 3 cyclesgnol H/g sample) for BMO, BC25M75, BC50M50,

BC75M25, BCO, and ceria (included as a reference). Superimposed on this data is thepteatve
fraction of the hypothesized active water-splitting phasd&rB2Ce »9Mng7s03.)) in each sample. H
productivity closely correlates with the percentage &-BACe.2gVIno.750s.; present in each sample.

It is important to note that the BC25M75 and BC50M50 samples contain small amounts (less than
5 %) of ceria as a secondary phase, and ceria is clearly an active WS matenaj.tBead#l productivity
of ceria by the percentage of ceria phase present in these samples, however, suggasissiasponsible
for only a small portion of the total WS response of these materials underptlesl dpst conditions. In
BC25M75 and BC50M50, for example, the residual ceria should contribute less than #d tortiee H
production, far smaller than the 135 pmol/g and 97 pmol/g of totgiréduction measured for these

samples respectively. Even for BC75M25, which contains ~15 % ceria, only ~5umdtig aain be

attributed to the ceria phase, with the rest of the ~40 umol/g of tefadduction attributable to the B2
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BaCe »3Ving 750s.; phase. This analysis supports our supposition that B&da 750s.; is the dominant
water splitting phase in these samples under the applied test conditions. Subgepguentphase 12
BaCe 29Mno.7:03./ (which for simplicity we abbreviate as BCM hereinafter) was synthesizédecame
the primary material for continued investigations.

BCM was tested for water splitting and compared to ceria (the benchmark STCHabhatedi
SLMA4664 (currently the most promising STCH perovskite). Performance comparisons ardygenbral
meaningful when carried out at same cycle conditions due to different mategiat®dynamic properties
and kinetic limitations, therefore all three materials were tested umelexatme experimental conditions
using the same testing protocol. A further comparison of BCM to other prgnWésh materials (albeit
tested under non-identical conditions) can be found in the Sl for reference.

Representative water splitting cycle data for BCM, SLMA4664, and ceria are shéiguie 5.5
Each sample was subjected to an initial reduction step from a fully oxidizedadtatved by two complete
water splitting cycles, each comprised of a reoxidation step and a subsequent reduction step.

While SLMA4664 releases a much larger amount p€él@ing the initial reduction than the other
materials, significantly less X(~60-70% of the initial cycle amount) is released during subsequent
reduction cycles. This is because the water splitting step is strongly kilyeticd thermodynamically
limited in SLMA. SLMA4664 is unable to fully reoxidize during the allotted cyclestimhich was chosen
to approximate cycle times associated with a commercial water splittingréaait does not incorporate
material storage.

BCM shows a similar, but far less severe kinetic limitation, as thev@lved during the initial

reduction step is slightly greater than that evolved in subsequent reduction cycles.
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Figure 5.5Water splitting experiment atk# 1350 °C for 330 s andok 850 °C with 40 vol% kD for 1200

s. Ceria was oxidized for 300 s, Peaks (blue) and Hpeaks (red) record the amount of oxygen and
hydrogen evolved per gram of sample as a function of time. Integrated tottile fost three peaks are
listed in the legend.
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Ceria, in contrast, evolves the same amount ofinCthe initial reduction and in subsequent
reduction cycles, indicating that its WS kinetics are sufficiently fast to péuthreoxidation within the
experimental cycle time.

In order to quantitatively compare the water splitting kinetics of BCM, SLM6A4&nd ceria, all
three were evaluated using a simplified solid-state kinetics model, the detaliikbfare briefly described
in the Supplemental Information. The secoRdJ GHU 3) ° NLQHWLF PRGHO KDV EHHQ VK
fit for ceria, and we find that it can also nicely fit the BCM kiodiehavior. We therefore applied this
model to analyze all three materials. The broad SLMA4664ddk shape (as shown in Figure 5.5b),
VXJJHVWY D VWURQJ WUDQVSRUW OLPLWDWUOR@DAGONKHUIMRIHE R
previously,[65], [66] SLMA4664 requires a coupled kinetic model where first-oedetion and diffusion
are considered in concert. While such analysis is outside the scope of the gtieberthis observation
further reinforces the fact that SLMA4664 presents additional kinetic limisatompared to BCM and
ceria. Table 5. summarizes the rate constagfsi@termined for ceria, BCM, and SLMA4664 fit to the F2
model atTre 1350 °C andox 850 °C and 1000 °C, respectively.

It is worth noticing that the calculated rate constants for BCM incredbethve increase ifox,
whereas for ceriiuk GHFUHDVHY DERXW WLPHYVY ZLWK WKH LQFUHDWH LQ \
reaction kinetics are slower at the 1000 °C compared to 856670.$TV UHR[LGDWLRQ NLQHWI
slowest of all three materials. This behavior is further evident when analyzing

Figure 5.6. In this plot, the as-measured mass normalizgutddiuction rate for each material
(scattered dots) is compared against the kinetic model (solid lines). Time id pidtigarithmic scale for

better visualization of the plot features.
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Table 5.2: Summary of the oxidation reaction rate constants using the second-oraey kiodel F2 for
BCM and Ceria alTox 850 °C and 1000 °C.

M B Gae:sF PisY
ko[s™]
Tox (°C) Sample
Standard log ko
H., peaks average
deviation
SLMA4664 0.0075 0.0005 -2.12
850 BCM 0.0131 0.0005 -1.88
CeQ 0.1827 0.0189 -0.74
SLMA4664 0.0078 0.0005 -2.11
1000 BCM 0.0161 0.0005 -1.79
CeQ 0.0756 0.0015 -1.12

7R IXUWKHU HYDOXDWH DQG FRPSDUH %&0fV K\GURJHQ SUR
standards, all three materials were examined under a range of oxidation and reductt@mmspndmely
variable Tox and oxidizing potential of the argon-steam mixture.

Figure 5.7 summarizes the total amount efprbduced by ceria, BCM, and SLMA4664 during
STCH cycling in the SFR with 40% stealiae = 1350 °C, andox = 750, 850, and 1000 °C, respectively.

The BCM, SLMA4664, and ceria hydrogen production data for two other reduction temperatures

is compiled in Table S4 of the Supporting Information.
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Figure 5.6 Mass normalized Hproduction rate as a function of time (scattered dots) measured during WS
at Tre 1350 °C andlox (a) 850 °C and (b) 1000 °C at 40 vol. % steam, and best fit (solid linégdler
from the solid-state kinetic model assuming second-order reaction. More details described in the SI.

&HULDTV QHW K\GURJHQ FDSDFLW\ LV HVVHQ\W UDWIHN ERGQ IS WQ
investigated. On the other hand, the positive slopes for BCM and SLMA4664 demonstrateithat
oxidation kinetic limitations can be countered, to an extent, by increasing thei@xitEnhperature.
SLMAA4664, in particular, benefits greatly by the 150 °C increase from 8% 2000 °C and shows larger

H. productivity than ceria and BCM over all the temperatures tested. In considedngparative analysis
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between these STCH materials, it should be noted thgiekdl is highly sensitive to absolute cycle times

making direct comparisons to previous works uninformative [66].
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Figure 5.7 Total H: produced per cycle by BCM (square), SLMA4664 (circle) and ceria (trianglg): at
of 1350 °C with 40 vol. % steam and various oxidation temperatures. Reduction hatiigg10 °C/s,
with a reduction time of 330 s and a reoxidation time of 1200 s.

Materials that support STCH cycle operation at loWwgrandTox are greatly desired for practical
reactor applications as this relaxes high-temperature reactor materialsmesis and generally improves
overall reactor efficiency, due to decreased thermal losses and less auprggdrto heat both redox

material and steam.

73



From this perspective, SLMA4664 appears highly attractive as it yields significaoéy ki than either
ceria or BCM across a range Tfe andTox conditions, and particularly at low@ke andTox (see Figures
S5a and S5b in the Supporting Information). BCMI&t1350 °C andox f& GRHV DSSURDFK Ft
high-temperature performance window by 2/3 Tat 1500 °C andTox = 1000 °C) [65], but at a
substantially lower cycleT. However, BCM yields lessHhan SLMA4664 at all temperatures placing its
performance characteristics in between our two material endpoint standards wheativelyrehigh
oxidizing potential of the argon-steam mixture is used to drive the remfidatiction to near completion.

1HW ZH DGGUHVV %&0TV FDSDELOLW\ WR SHUVESORWQERAU RIK
are more reducing than a mixture of 40 vol. % steam in argon. This is efextmportance because the
solarto-hydrogen conversion efficiency and commercial viability of STCH production technalagy
tightly coupled to the process steam requirement [53]. Preferably, a STCH mateiidinshimtain water
VSOLWWLQJ IDYRUDELOLW\ XQGHU 3KLJK FR@F: Hatded RQivERe GLW LR
cycle to completion is substantially below 1000:1 (and ideally less than 10:1 ¢88jwise the energy
required to produce the necessary steam greatly reduces the efficiency of the cycle.

In order to examine the performance of candidate materials under high conversidiorsnde
supplied a mixture of fHand argon to the 40 % steam (rather than balancing the 40 % steam with inert gas
only) during the water splitting step. We tested ceria, SLMA4664, and BCM with stelaydrogen ratios
of 1333:1, 1000:1, 750:1, 500:1 and 285:1 udingl350 °C andox 850 °C as thermal conditions for the
cycle. The results are presented in Figure 5.8.

& H U L D T &ro@eH pYodstion capacity is unchanged when the initial oxidizing potential of the
WS gas mixture is held at equivalent @rtial pressures between 2192 (1333:1) and 1.0L0*2 (285:1)

atmospheres.
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three materials: BCM (square), SLMA4664 (circle), and ceria (triangBect350 °C andox 850 °C.

This insensitivity to low HO:H; ratios is due in part to the high oxygen vacancy formation energy
found in ceria, which provides a strong thermodynamic driving force for waitingpeéven under strongly
reducing conditions. SLMA4664 on the other hand, sharply deactivates in the presendeaffingdrogen
(water splitting no longer proceeds atHH; ratios of 500:1). Thus, although SLMA4664 is promising due
to its high extent of reduction and large ptoduction capacity under abundancy of steam, the economics
of using SLMA in practical water splitting reactors is severely challehgeduse of low WS favorability
under realistic bO:H, ratios desired for efficient reactor operation [43]. BCM, on the diaed, shows

promising tolerance to high conversion conditions.
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While water splitting capacity in BCM gradually falls off as th&tH, ratio decreases, it does not
suffer from the drastic drop in performance seen in SLMA, and it maintaipsoduction close to that of
ceria all the way down to the 285:1®1H, ratio. This is the first known perovskite-based oxide to
demonstrate acceptable performance under high conversion conditions.

It has been recently shown by Zhai et al. [123] that the poly-cation oxide (FeM@k@¥so has
the ability to split water under similar high conversion conditions (100QQ:H#) under similar
temperature conditioriBe 1300 °C andox 800 °C. This material showed promising performance yielding
more H than ceria at that ratio and showing a similar trend to BCM, with a decreasegielddwith an
increase in conversion ratio to about 100:1, however at the cost of long redodtioxidation cycles of 5
h each. Within the same time frame of 10 hours, BCM would surpass:tpeotiiction at the high
conversion ratios tested to about 300:1.

Structural and compositional durability is an additional concern for any proposed redex activ
makerial because of the extreme chemical and thermal stresses encountered id aySI€CLimited
lifetime testing has been performed on BCM through rapid redox cycling (210 s recardidt® min
oxidation) in the SFR showing no deterioration in performance over 50 water-sittiieg ( T between
Tre 1350 °C andlox 850 °C) under 40 vol. % steam as shown in Figure 5.9. It is worth notinthéhat
scattering in the integrated hydrogen peaks for each cycle shown in Figure 5.9b, isatisitms in the
mass spectrometer detection.

While it is believed that the R210H phase change does not have sufficient time to occur during
rapid STCH cycling, this preliminary lifetime testing suggests that #vba phase change does occur, it

is clearly not detrimental to the water splitting performance.
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Figure 5.9 Stability experiment done in the BCM sample. The fifty hydrogen peaks are shdanand
the integrated amounts ob@nd H obtained in each cycle are plotted in (b). Reduction was dohe at
1350 °C for 210 s and oxidation with 40 vol. % steam was carried dgk &0 °C for 10 min. The data
was collected over three days of experiment.

Post-mortem XRD performed after the 50 cycles experiment reveals only the prafsérecéR
phase. This is a promising result because poor durability and phase instebiktyhampered other
prospective STCH redox materials systems [27], [50]. We speculate that if théccmniére altered such

that the phase change could occur during cycling, the phase change thermodynathindaciuboost the

WS performance. The molar volume per formula unit d® &2slightly lower than that of the HOphase,
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suggesting a slight increase in the standard absolute entropy of the system upon phase conversiion [124]
this phenomenon could be successfully exploited, it would represent the first exhapé@sskite where

nonstoichiometry participates in both phases during reaction.

5.4 Conclusions

The search for viable STCH materials within the vast perovskitéeogpace has led to the
discovery of a potentially attractive alternative to ceria, Bagno -s0s. With greatly improved reduction
capacity at temperatures < 1400 °C, BCM produces 140 pumol/g of hydrogen=at350 °C and dx =
850 °C, nearly a three-fold improvement over ceria at these same conditions. Aa@@R does not
ultimately have the large production capacity exhibited by another notable Mn-based candidate perovskite
(Sr.dLag.eMnosAl0.403) under oxidation in excess steam, it does have distinctively faster reoxidation
kinetics and greatly improved tolerance to the presence of hydrogen in dag¢iaxihalf cycle. In fact,

BCM is the first example of a perovskite demonstrated to retain water splitippapility under hgh
conversion conditions (steatm-hydrogen ratio in the order of 285:1). This combination points to the
potential of much higher overall sola-hydrogen conversion efficiencies than previous solar
thermochemical water splitting candidates based on nonstoichiometry in perovsHiteribe crystal
structures.

S3HUKDSY PRUH LPSRUWDQW WKDQ %&0fV SHUIWRURD Q\FKD MV R_S\H\
new paths towards STCH materials discovery. The presence of cerium on theoBtse perovskite and
its positive contribution to water-splitting opens the possibility of &rrfbcused search for other candidate

materials that can accommodate the addition of cerium as a major dopant
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And the intriguing prospect of leveraging polytypes with differentrnttoelynamics and oxygen

non-stoichiometry creates further new avenues for investigation.
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5.7 Supporting information

Theoretical bond strength analysis
The E values provided in Table 1 colugh ZHUH FDOFXODWHG[7T9 RFB®RUGLQI W
equation:

I L rayBAYHE rax @¢E~ P A E tdikiioR su (5.1)

where 0 +is the oxide formation enthalpy in eV/atony, &is the energy difference between the valence

band maximum and the center of the O 2p band in eV (inferred from DOS diagranted-épahe

literature) E,”FTY LV WKH FDOFXODWHG EDQG JDS LQ H9 DQG 0% LV WKH X
difference between O atoms and the atoms forming their first coordination shell, meaning

electronegativity subtracted from Mn and Ce electronegativities. The quantittefou&MO and BCO

are given in Table 5..

Table 5.3 Reported calculated values used to approximate the oxygen vacancy formation energy

Compound 0 +(eV/ atom) Eo2p (eV) ELTY (eV) 0%
BaMnO; 2.0 [125] 1.0 [126] 1.6 [126] 1.9
BaCeQ 17.5 [127] 0.8 [128] 1.5 [128] 2.3

X-ray diffraction analysis

Figure 5.10 5.10 demonstrates the XRD patterns obtained for the BaCexMnl1-xO3 samples
synthesized, where x = 0, 0.05, 0.15, 0.25, 0.50, 0.75 and 1 named respectively as BMO, BCO5M95,

BC15M85, BC25M75 (BCM), BC50M50, BC75M25 and BCO.
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Figure 5.10: X-ray diffraction comparison between the samples BaGeOs, where x = 0, 0.05, 0.15,
0.25, 0.50, 0.75, and 1.

From the diffraction patterns, it can be noticed that the pure phase structdlietegrcould not be
achieved, but instead a mixture of crystal structures compose most of the sémpleslso be noticed
that the samples BC25M75, BC50M50 and BC75M25 have the phases:Bate:0s.; (R-3m), BaCe®@
(Pnma) and CeO(Fm-3m) in common. Rietveld refinement results are shown in the Supplementary
section. Rietveld Refinement quantification was not possible for samples BCO5M95 and BC15M85 due to
the multitude of secondary phases formed. It is evident from the Rietveld refineseltd that there is

only one exact amount of Ce that can be added to the structure to fote/Me shared B-site layered

perovskite, which is 0.25 mol of Ce and 0.75 mol of Mn.
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Table 5.4 Crystal structures determined from Rietveld Refinement for each of the 5 sampied. stud

Sample BaCe2Mno703 BaCeG; CeO; BasCe1.29MIN3 78015 other

Space Groug R-3m Pnma  Fm3m P&/mmc
(ICSD) (166) (62) (225) (194)
58% BaMnQ
R-3m (166)
28% BaMnsO1¢/
BasMn3z010
BMO - - - - Cmca (64)
7% BaMnQ
P63 mc (186)
7% MnsO4
l41/amd (141)

BC25M75 83% - 3% 14% -
BC25M75

95% 3% 1% 1% -
cycled
BC50M50 61% 36% 3% - -
BC75M25 28% 58% 14% - -
BCO - 94% 6% - -

This behavior was confirmed in the literature by Fuentes et al. It was inditatedlthough
predictions suggest the potential occurrence of other amounts of Ce in the Bfesitingathe layering

sequence, however no attempts to synthesize &GO with different amounts of Ce were successful.
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Macias et al. though were able to synthesize a polytype of theBMDe 750s., (R-3m), identified
as 1MH-BasCe 29VIn3 78015 (P63/mmc). This polytype has the same stoichiometric cation ratios Ba:Ce:Mn,
respectively, 1:0.25:0.75, but has a difference in symmetry, forming a hexagonairsirié were able

to obtain this structure in very small quantity (14 %) in the BC25M75 sarrjgwever, after one TPR

cycle, (

Figure 5.11), where the sample was reduced at a high temperature and then re-oxidized at a lower

temperature, the polytype structure disappeared, forming a purer sample (3642 structure with

simple oxides as secondary phases).

——BC25M75 after cycle
—— BC25M75 as-calcined

Intensity (a.u.)

24 28 32 36 40 44
20
Figure 5.11 X-ray diffraction results for BC25M75 sample as calcined and afterisie PR cycle

(reduction at 1350 °C and re-oxidation at 1000 °C) shows the increase oRtb#uure and decrease of
the 1M structure.
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Temperature Programmed Reduction

The extent of the reduction, as well as the onset temperatures from the Temprograemed

Reduction (TPR) experiment, are summarized on Table 5.. The onset temperatures wereaihitaned

WHPSHUDWXUH ZKHUH / LV HTXDO WR

than ceria.

Table 5.5 ((WHQW R

7KH % &% 0 EXP\Q OREHW H |

UHGXFWLRQ DQG RQVHW W H fPotnHTE® &XpéetinkknD W/
where ke 1350 °C at 10 °C/min and held for 4 h angk TO00 °C.

Material Extent of reduction (mol O/ mol sample) or | Onset Temperature (°C) at
/ /
Ceria 0.049 1270
BCO 0.039 900
SLMA 0.088 1230
BC75M25 0.157 620
BC50M50 0.103 1300
BCM 0.182 850
BC15M85 0.227 1200
BCO5M95 0.345 950
BMO 0.424 790

The compositions between BCO and BMO generally follow the trend of manganese rich phase

reducing further than ceria rich phases, though the BC75M25 and BC50M50 positions reigense (F

5.12) 7KLV WUHQG ZRXOG OLNHO\ EH H[SHFWHG WRORUGRII WO WRF

end members, but since the compositions are mixed-phase, the deviations should perhaps be unsurprising.
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Figure 5.12Temperature Programmed Reduction experiment evaluates the extent of reduction (formation

Rl R[\JHQ YDFDQFLHV RU / DQG UHYHUVLEL®EWD RI WDPBEOHV %
BC25M75, BC15M85, BCO5M95 and BMO. Reduction at 1350 °C for 1 h in Up#hiN Oxidation in air

at 1000 °C.

The compositions between BCO and BMO generally follow the trend of manganese rich phase
reducing further than ceria rich phases, though the BC75M25 and BC50M50 positions reverse. This trend
ZRXOG OLNHO\ EH H[SHFWHG WR KROG LI DOOWRH S\RAR. WM QR5Q N HAHEW
but since the compositions are mixed-phase, the deviations should perhaps be unsurprising.

TPR was performed on the BCM sample, where three consecutive reduction (1350 °C) and

oxidation (1000 °C) cycles are shown in Figure 5.13.
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Figure 5.13BCM three consecutive reduction and oxidation cycles at 1350 °C in U #lh and 1000
°C for 30 min in air respectively. The experiment indicates that afeefirtst redox cycle BCM two
polytypes were all converted to the main phade 12

Reduction 1350°C - UHP N,

JI,

Figure 5.13 suggests that the firs&k® F\FOH UHGXFHV WR D KLJKHU H[WHQW
recover its mass. However, upon further cycling the sample demonstrates completevedibility. This
behavior might be attributed to theH.@econdary phase conversion taRl#imary phase, as shown by

XRD.

Water-splitting experiments using Stagnation Flow Reactor

,Q WKH PDLQ WH[W %&O0fV ZDWHU VSOLWWLQJ SFHHURL XDGHH Z
identical testing conditions. Direct comparison with other promising mateeadsted in the literature is
not easy because of the diversity of cycle conditions used. A brief list of satieeopromising materials

for STCH reported in the literature can be found in Table 5. below.
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Table 5.6 Non-exhaustive list of promising STCH

materials reported in the lilerdbr comparison of

performance.
Material H» production Reduction step Oxidation step
( mol/g) conditions conditions

Cey.75Zr0202 354 [71] 1400 °C for 45 min 1000 °C for 35 mint80
% RH

Cen.752r9.260- 162 [58] 1450 °C for 45 min 950 °C for 25 min+80
% RH

CersF&.1502 536 [67] 1500 °C for 30 min 1150 °C for 30 min+
pH20 0.5-0.84 atm

Cen.ssC0.1502 768 [67] 1500 °C for 30 min 1150 °C for 30 min+
pH20 0.5-0.84 atm

CeyssNio.1502 688 [67] 1500 °C for 30 min 1150 °C for 30 minz
pH20 0.5-0.84 atm

Cey.ggVing 1507 491 [67] 1500 °C for 30 min 1150 °C for 30 min+
pH20 0.5-0.84 atm

Sro.aLao.eMno.6Al 0.403 307 [65] 1350 °C for 30 min 1000 °C for 1000st40
vol% HO

Sro.eLao.aMno 6Al 0.403 277 [65] 1350 °C for 30 min 1000 °C for 1000st40
vol% HO

Sro.aLao.eMno.sAl 0.603 220 [65] 1350 °C for 30 min 1000 °C for 1000st40
vol% H,O

CaTi.7F&.203 39 [65] 1400 °C for 30 min 1100 °C for 1000st40

vol% HO
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The three samples BC25M75 (BCM), SLMA and ceria (powder samples of surfaGe2dired/g,
0.99 /g and 2.24 r#g respectively) were tested for water splitting under variemsafid Tre conditions.
The experiment was accomplished at Sandia in the Stagnation Flow Reactor (SFR) as dastitébed i
experimental section. Three oxidation temperatures and three reduction temperaxgeprabed
maintaining the same reduction and oxidation times of 330 s and 20 min respectivelyfaamfd where
the oxidation hold time was only of 5 minutes. 40 vol. % of steam was used in ati@wndihe average
of the amounts of hydrogen produced per mass of material during each cycle is rep®ebld 5. and

Figure 5.14.

Table 5.7: Hydrogen production (umol/g of sample) @t {750 °C, 850 °C and 1000 °C) ande{1250
°C, 1350 °C) with 40 vol. % steam.

Tox (°C) Sample Tre ()
1250 1350 1400

BCM 52 99 136

750 SLMA 74 150 205
Ceria 28 46 67
BCM 56 139 165

850 SLMA 89 194 256
Ceria 26 50 68
BCM 86 146 181

1000 SLMA 105 224 292
Ceria 26 53 71
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Figure 5.14Total H, produced per cycle by BCM (red), SLMA (blue) and Ceria (yellow) akapT1250
°C and b) ke of 1400 °C with 40% steam and various oxidation temperatures. Reduction heatiad tat
°Cl/s, with a reduction time of 330 s and a reoxidation time of 1200 s.

In considering this comparative analysis of ceria, BCM, and SLMA4664, it should be noted that at
Tre 1350 °C and d&x 1000 °C, we have previously reported per-cycle SLMA4664rdduction values
significantly higher (as high as 277 pumol/g [66]) than those presented here. IS gield is highly
sensitive to cycle time. In the present analysis, we used a 330 s reduction lieteettonatch realistic
STCH reactor cycle durations. In our previous work, a reduction time of 1800 ssedg66], which

increases the extent of reduction and thus increases the measured water splitting capacity ofahe mate
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Numerical kinetics analysis

The kinetic behavior of the samples was analyzed by using a numerical approach developed by
McDaniel et al. to separate the solid-state chemistry kinetic process from thagdyother events: 1- the
time it takes for steam to enter the reactor, 2- the time lag of idetectd 3- the dispersion effects of H
being produced and transported to the detector. A simulated oxidation experiment arasguewhere an
empty zirconia boat was held at two oxidation temperatures 850 °C and 1000 °C. Insirlydstdam,
trace amounts of hydrogen in 40 vol. % steam where inserted in the r@adtdetected in the mass
spectrometer. The effects of the three events intrinsic to the experimentasettipen numerically
determined by fitting a continuous stirred tank reactor (CSTR) model consiistihip, case of seven serial
tanks to the resulting hydrogen signal. The fitted parameters for the reactthren be applied to simple
kinetic model curves, such as reaction-order, diffusion among other ones to proclulegesi hydrogen
production curves. Finally, using numerical methods, the kinetic model parametadjusted to fit the
simulated curve to the actual experimental data and therefore extratietmate-governing mechanisms
in the materials such as surface reactions and bulk diffusion. The computational meth@izissedlin
further detail in McDaniel et al. [65] and Scheffe et al .[103ble 5. compiles the fitted parameters for
the reactor using four blank runs.

Table 5. and Table 5. compile the calculated rate constants for each material atighcasidg
all the four mixing models. The r-square is also reported as an indicatiatngf $uitability. An average
of the rate constants as well as the standard deviation for gacldition and material is reported in the

main manuscript.
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Table 5.8 Fitted parameters for the reactor calculated from four blank runs that used arst@nsccm
trace amount of H(5 % H balanced in Ar) mixed in the 40 vol. % steam flow.

Tox (°C) Mixing model Trace H; flow to (S) tau
identification (sccm)
M850-1 2 17.7 0.2617
M850-2 2 20.7 0.2887
850
M850-3 4 18.4 0.2740
M850-4 4 19.2 0.2929
M1000-1 2 19.0 0.2613
M1000-2 2 16.2 0.2486
1000
M1000-3 4 17.5 0.2580
M1000-4 4 18.2 0.2741

Table 5.9 Rate constants calculated for BCM using the four different mixing models atC3&0d® 1000
°C.

Tox (°C) H2 peak Mixing model Ko r-square
M850-1 0.0132 0.9960
M850-2 0.0131 0.9950

1st
M850-3 0.0121 0.9956
M850-4 0.0130 0.9949

850

M850-1 0.0129 0.9942
M850-2 0.0128 0.9916

2nd
M850-3 0.0128 0.9944
M850-4 0.0127 0.9944
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Table 5.9 continued

Tox (°C) H2 peak Mixing model Ko r-square
M1000-1 0.0168 0.9946

M1000-2 0.0167 0.9980

el M1000-3 0.0168 0.9971

M1000-4 0.0167 0.9974

1000

M1000-1 0.0157 0.9886

M1000-2 0.0157 0.9943

2nd M1000-3 0.0158 0.9924

M1000-4 0.0157 0.9933

To ensure that the WS results measured in this study could be fully adribuhe 1R phase, we
conducted a simulated WS cycle on thélXthase using TGA. We prepared a phase-puiresiinple by
reducing a BCM 1R sample for 24 h under UHP Nlow at 1350 °C. 50.3mg of Hdsample was loaded

into a Pt crucible and heated under 100 sccm Ukl MO °C/min to bx 850 °C.

The reduction step was carried out heating the sample to TRE 1350 °C at 99tenfastest we
could heat in the TGA to simulate the laser heating) and holding the tgomedior 330 s. The sample was
then cooled to dx at the same fast ramp rate and 16 sccm of synthetic air was flowed fan i@iniiiate

oxidation.

The synthetic air flow was turned off the and UHPgss was flowed for 10 min to purge the O

from the chamber before the subsequent reduction step. Figure S6 shows the TGA simulated run results.
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Table 5.10Rate constants calculated for ceria using the four different mixodgls at 850 °C and 1000
°C.

Tox (°C) H2 peak Mixing model Ko r-square
M850-1 0.1784 0.9858
M850-2 0.1697 0.9693
1st
M850-3 0.1703 0.9892
M850-4 0.1561 0.9915
850
M850-1 0.2134 0.9935
M850-2 0.2010 0.9792
2nd
M850-3 0.1953 0.9936
M850-4 0.1774 0.9937
M1000-1 0.0768 0.9705
M1000-2 0.0764 0.9881
1st
M1000-3 0.0780 0.9836
M1000-4 0.0756 0.984
1000
M1000-1 0.0744 0.9781
g M1000-2 0.0737 0.9915
2n
M1000-3 0.0759 0.9891
M1000-4 0.0738 0.9896

Figure 5.15hows the XRD results on the HHGsample before and after the simulated run. Before

TGA cycling, the sample presents only thédlthase.
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Figure 5.1510H sample tested on 5 simulated WS cycles carried out in a TGA. The sample was heated at
10 °C /min to Bx 850 °C in UHP M The reduction step was done by heating the sample at 99 °C /min to
Tre 1350 °C and held for 330s. The sample was then coolesktat P9 °C /min and 16 sccm of synthetic

air (21% Q balanced in B mixed with 100 sccm of UHP Nvas flowed for 10 min. The oxidizing flow

was turned off and 100 sccm of UHR purged the chamber for another 10 min preparing the sample for
the subsequent reduction cycle.

However, after TGA cycle, the sample is converted entirely to tRephase. This demonstrates
that under the SFR WS conditions used in this study, any reminisdeémithe®e is converted to theR.2

phase.
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Figure 516: XRD done on 1B samples before and after WS simulated runs done in TGA. The as prepared
sample indicates the presence dfijfthase, whereas the sample after the TGA WS simulated run indicates
that the 161 phase was converted toR phase.

95



CHAPTER 6
PHASE IDENTIFICATION OF THE LAYERED PEROVSKITE GiSR.AMNO4AND APPLICATION

FOR SOLAR THERMOCHEMICAL WATER SPLITTING
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Abstract

Ruddlesden-Popper (layered perovskite) phases are attracting significant ideeeste of their
unique potential for many applications requiring mixed ionic and electronic condudteite we report a
new, previously undiscovered layered perovskite of compositiogsriG#nO, (a = 0.1, 0.2, and 0.3).
Furthermore, we demonstrate that this new system is suitable for solar thermothemiogen
production (STCH). Synchrotron radiation X-ray diffraction and Transmissionr&heMicroscopy are
performed to characterize this new system. Density Functional Theory calculationseo$iaiagy and
oxygen vacancy formation energy (1.76, 2.24 and 2.66 eV/ O atom, respectively reitising Ce content)

reinforce the potential of this phase for STCH application. Experimental hydrogen podastlts show
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that this materials system produces 2-3X more hydrogen than the benchmark STCHedzidd a

reduction temperature of 1400 °C and an oxidation temperature of 1000 °C.

6.1 Introduction

Perovskite oxides are of great scientific interest due to their compositiersatility and the
resulting breadth of physical properties they exhibit. Perovskite oxides @eé/wtudied for numerous
applications including solid oxide fuel cells [72], colossal magnetoresistor, sitdiiferroics [75]
chemical looping [73], and solar thermochemical hydrogen production (STCH) [20]. Gurtieate are
about 254 confirmed, experimentally synthesized inorganic perovskites.[86] Howevet, deosity
functional theory (DFT) and machine learning (ML) screening efforts sugggsthere are yet hundreds
more stable perovskite or perovskite-related oxides remaining to be discovered and synthesized, [84], [86]
[129]. In this paper, we report one such new perovskite-related compousd, &m0, (CSM), a IkNiFs-
type[130] layered perovskite which is a known Ruddlesden-Popper phase. Our dissfoZ&iy was
triggered by a search for new STCH-active materials. Here, we provide detadldis validating its
structure and show that CSM indeed possesses intriguing thermochemical watag spltivior that
makes it potentially attractive for STCH application.

In a two-step thermochemical water-splitting process, a STCH-active oxidduiseckat a high
temperatureTrg, typically 1300-1500 °C) in low oxygen environments, driving the production of oxygen
vacancies. The oxide is then cooled to a lower temperaluxe typically 800-1000 °C), where steam is
introduced, and the driving force for reoxidation leads to the dissociatitwe dfytirogen-oxygen bonds,
thereby reoxidizing the STCH material and liberating hydrogen gas. The suitabdifgrospective oxide
material for STCH application is intrinsically tied to the energguired to create/fill oxygen vacancies
during this cyclic reduction/oxidation process. Ceria, the benchmark materi@T i, represents the

upper limit in the range of viable oxygen vacancy formation endtgya about 5 eV/O atom [131]. Any
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material having ark, at or above this value will likely require impractically high tempeesuabove
1550 °C) for meaningful reduction to occur. The cubic perovskiteasSiMnyAl 1,05[66] (SLMA), having

anE, between 1.5 and 2.5 eV/O atom [80], depending on exact composition, represents tta lpatent
limit for STCH materials [84], [98], becauBgalso directly impacts the driving force for oxide reoxidation
in the presence of steam. In esseBg@ust be low enough to allow a reasonable level of nonstoichiometry
during reduction at reactor-attainable conditions (i < 1400°C) but must be high enough to overcome
the O-H bond strength of water to ensure sufficient driving force forwplitting during the reoxidation
step.

In the search for new STCH-active materials, perovskite and perovskiedreleitles provide
fertile hunting grounds because of their compositional flexibility and toleramcdarfge degrees of
nonstoichiometry. A and B-site cation selection, site-substitution (doping), orderétisffdcts, and
structural distortions can all be used to alter the thermodynamics of oxgcgemcy formation. The tradeoff
between the energy requirements for reduction and oxidation, and the demonstrable abilitizt¢30e
[83], is crucial to the continued search for suitable STCH candidates.

We have recently shown that the perovskite oxide Baf¥i,7:0; (BCM) attains good STCH
performance. However, BCM forms a line compouird, it can only form with an exact composition, a
Ce/Mn ratio of 0.25/0.75, likely due to size constraints on the A and B-sites, elinnbhates the possibility
for redox tunability via substitutional doping. Motivated by the success of BCMwithutthe goal of
identifying related perovskites possessing greater compositional tunability, we hypothegigzdbald
be analogously doped on the B-site of SrMridbwever, we instead obtained an unexpected structure, part
of the Ruddlesden-Popper family AO(ABR(wheren = 1) [132], known as a HiFs-type [130] layered
perovskite, where Ce shares the A-site with Sr. Layered perovskites are aftgrest for their increased
oxygen ion mobility due to the rock salt interlayers formed by AO (where ttaidn in the rock salt layer
is the same as the A cation in the AB$@rovskite layer). The AO layers may potentially serve as highways

for oxygen ion transport because they can accommodate interstitial oxygen [133], [134].
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The layered perovskite we discovered heraSG&eMnO;, (Figure 6.1), has never been reported in
the literature, motivating the detailed structural analysis from synchratdiation X-ray diffraction and

high-resolution transmission electron microscopy (HR-TEM) reported in this paper.

Figure 6.1 llustration of the C&5r...MnOsRuddlesden-Popper layered perovskite crystal structure. Purple
octahedra are Mnand green/yellow atoms denote the A-site positions which are randomly shared
between Sr and Ce atoms.

DFT calculations and preliminary WS experiments suggested that this phase has tiwd fsten
water splitting. This phase is one of the few layered-perovskites suggestddidrapplication [93]. More
extensive testing on purified phase samples corroborate these encouraging obsehigtilighting the

promise of this structure for STCH and opening new avenues of explorattbe faext generation of water

splitting materials.
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6.2 Experimental

In this section the synthesis and characterization techniques parameters are desciébeit! i
Parameters for the DFT calculations are discussed and the water splitting testgrararaetiso explained

in detail.

Synthesis

Five samples spanning the nominal SiD&.,Os; compositional space were synthesized With
0, 0.3, 0.5, 0.7 and 1 using the sol-gel modified Pechini synthesis route described by Shfhiiret al.
Stoichiometric amounts of strontium nitrate (Alfa Aesar 99%), cerium aitrakahydrate (Alfa Aesar
99.5%) and manganese acetate tetrahydrate (Alfa Aesar 98+%) were stirred inedeioaier, with
ethylenediaminetetraacetic acid (EDTA), citric acid, and ammonium hydroxigeHf@adjustment while
heating at 90 °C. Once the gel was formed, it was transferred to a dryingtd&h°C to dry completely.
The resulting charcoal-like samples were calcined first at 800 °C for 10 heamsiuihsequently at 1400 °C
for 5 h.

Three CeSraMnO4 samplesd = 0.1, 0.2 and 0.3) were synthesized following the evaportdton-
dryness procedure of Karita et al. [135], [136], where nitrates of the pnetairsors, in this case strontium
nitrate (Alfa Aesar 99%), cerium nitrate hexahydrate (Alfa Aesar 99%inanganese nitrate tetrahydrate
(Alfa Aesar 99%) in the stoichiometric ratios were stirred in deionizatmand heated at 180 °C until
dry. The samples were calcined at 350 °C for 4 h to allow for the decomposition of the nitrates aind then a

1000 °C for 10 h. A second calcination took place at 1400 °C for 10 h.
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Characterization

Powder X-ray diffraction (XRD) patterns were measured on a PANalytical BOu8firactometer
surveying the 2range between 20° and 120° at a step size of 0.008° with. Cu-D G L D WILFREZIR |
and 1.5443%.

For structural characterization of the new phase3EevinO,), three samples were probed by
synchrotron radiation through the mail-in program offered by the Advanced Photon Source (AR&) 11
at Argonne National Laboratory & 0.412628 A powder XRD). Rietveld refinement of the resulting
diffraction patterns was conducted using the free software GBHSY] by indexing the patterns to the
tetragonal structure of space group I4/mmm (139).

Selected samples were also analyzed by Transmission Electron Microscopy SiElylp FEI
Talos operating at 200 kV. The microscope was equipped with four Energy DispeRayeSpectroscopy
(EDS) detectors optimized for compositional mapping. The TEM samples were prepdfedused lon
Beam (FIB) on a FEI Helios equipped with a dual-beam system that uses an eleatesnvgell as a Ga
gun for the milling steps. The milling was performed at 30 kV, bfiha thinning step at 2 kV was
performed to minimize surface damage.

High-resolution electron microscopy images (HRTEM) were processedthsitRISP software
[138] following the standard procedure described elsewhere [139] to idemtifnihcell in the image by
the Fourier Transform, averaging over a region of several unit cells and implosikgown symmetry.
Only the Fourier components with resolution smaller than the first crossover wighe were used for the
image at the Scherzer defocus condition. The regions from the image that yieldeadllest phase
residuals were used; that also coincided with the thinnest regions of #ti@.cijnese processed images
were compared with Multislice simulations performed using the JEMS softwadiffierent defocus and
thickness values. Once the thickness was discovered by finding the best masgnhibwsimulated and
experimental images, the other defocus images were compared with the resigéotive simulated image
for the same thickness.
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DFT calculations

DFT calculations were employed to check for phase stability using the Vadrinéio simulation
package (VASP) [140], [141] with projector-augmented wave method (PAW) [142] iptgenith the
Perdew-Burke-Ernzerhof generalized gradient approximation[143] to the XC functionatUDRE#4],
[145] was used for Mn and Ce elements £ 3.8 and 5 eV, respectively,= 0). The stability of the
compounds was calculated with respect to all phases in tk=BR-O system present in the Open
Quantum Materials Database (OQMD) [146]. We note that all compounds containing eesranmot
simply taken from OQMD, but were recalculated (in the present work) WwihCe pseudopotential
containing 12 valence electrons. The total number of phases for this set oéAtelen230. Among those,

23 were stable before adding the@xMnOq phases. The stability, or hull distance, for any arbitrary

Sr.CeMnOq compound is defined as in Equatidri 18V ORAE |« L]Jé‘ HPEE £ *0 (6.1

®c00

PANERAE | L ANERE £ oL 6.1)

where * yis the convex hull energy at tB&Ce,Mn.Oqcomposition and Ef‘ PR 4E s the formation
energy of the&sr.Ce;Mn.Oq4compound calculated in Equation 6.2 as:

oL 5ol F=@F >4 ?&4F @A (6.2)

where, ' :5 o H J ¢lk;is the DFT total energy of the S8Mn.O4 compound, andg 5, &, a5 sand
&g are the chemical potentials of strontium, cerium, manganese and oxygen, relpéldte chemical
potential of Sr is the DFT 0 K energy of the element. For Ce, Mn and O, the chpataraials are fitted
to experimental data using the FERE technique [147] because of the use of DFTahd(In) and the
phase transition between 0 K and 300 K (O) [146]. Compounds that are stable have a zero or negative hull
distance whereas compounds that are unstable have a positive hull distance.

The SEkCaMn1,03 compounds were generated by mixing Ce and Mn on the Mn site of the cubic
SrMnGQ; perovskite with the special quasirandom structure approach (SQS) [148]. SQBiceges

generated so that their short-range correlation functidfis & match those of a random alloy, thus
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allowing the calculation of random mixing despite periodic boundary conditions. SQ§emerated using
the Monte Carlo semi quasirandom structure (mcsqgs) as implemented in the Rélosefic Automated
Toolkit (ATAT).[149]

The structures of G8r.MnO, were created by taking LaSrMa®om the ICSD (collection code
number 153645) and substituting Ce for La. The SQS approach was used to meatéhaixing on the
(Ce-Sr) A-site.

Oxygen vacancy formation energy was calculated according to Equation 6.3:

"EL 5o I oleos E & F 500N I ol (6.4)
where' (5o H J plrsand’:5 N HN J ¢l.; are the DFT total energies of the defected and pristine

structures, respectively ardt is the chemical potential of oxygen, which was detailed above.

Testing for Solar Thermochemical Hydrogen Production

Temperature Programmed Reduction (TPR) was conducted to measure extent of reguation
func(WLRQ Rl WHPSHUDWXUH DV D SUHOLPLO®PW\6LQELSEBEPREW RI D P
sample was loaded into a Pt crucible and heated in a Setaram SetSys Evo Thermoigréd\ialgter
(TGA) to the reduction temperaturésf) of 1350 °C in UHP nitrogen at a ramp rate of 10 °C/min. After a
dwell of 1 h, the sample was cooled down to the oxidation temperdiie df 1000 °C at the same
temperature ramp rate and air was introduced. An oxygen sensor connected to the Exaggistem
monitored the oxygen content to confirm that the mass loss was due to oxygen releasassl heofile
was converted into moles of atomic oxygen per mole of samplég®in the ABQ@,) and was compared
for all the samples tested.

Water splitting performance tests were performed in the Stagnation Flow Reactor (SFR) at Sandia
National Laboratories (configurations of the system and experiment are dets@adhere [102], [150]).

Briefly, a powder sample on a zirconia platform was maintained at ttiatima temperature (1000 °C) by
a tubular furnace in argon atmosphere at 75 torr. The sample was heatembatrtiied rate of 10 °C/s to
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1400 °C by a laser. The reduction temperature was held for 330 s and the amount ofedggged during
reduction was measured in a calibrated mass spectrometer. The samples were then igncoedibatdlack

down to the oxidation temperature by turning off the laser and steam (40 walanced in argon) was
introduced to the reactor. The amount of hydrogen produced during the oxidation step and oxygen evolv
from the samples during the reduction step were measured by a mass spectrortietatetadted amounts

of hydrogen and oxygen were normalized by the mass of sample.

6.3 Results and discussion

Motivated by the perovskite Bage&Mno 7503, first synthesized by Fuentes et al. [119] and found
to be a promising STCH candidate, we attempted to synthesize five sampleSriGevn; »,Osz system I
=0,0.3,0.5, 0.7 and 1; denoted SMO, SCM3070, SCM5050, SCM7030, and SCO respectivelyelia sol-
with the goal of having the Ce cation sharing the perovskite B-siteMit The Goldschmidt tolerance
factor calculations (0.99, 0.96 and 0.93 respectively) indicated that it shoplosbible to form cubic
SrCe Mn0;, SrCesMngs0s and SrCeMno 03 respectively. However, powder X-ray diffraction
patterns obtained from the calcined samples revealed that the target compositions wengedotid all
samples showed the presence of mixed phases. Moreover, Rietveld refinement summagbésl 604 T
indicated the presence of an unexpected phase common to all the Ce-containing samplessd iagph
identified as belonging to the space group 14/mmm (139), knowK aiBs-type[130] Ruddlesden-Popper
phase, with a structure similar to that of SrLaC{H®1].

We turned to DFT calculations to corroborate the relative stabilithisfpreviously unknown
phase within the SGe-Mn-O system. The DFT-predicted relative phase stabilities and decomposition

reactions are summarized in Table 6.1.
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Table 6.1 DFT calculations of stability, decomposition reactions and oxygen vacancy formatigg efie
SrCeMn140s (b =0, 0.25, 0.5, 0.75, 1).

Oxygen vacancy

Stability N _ formation
Formula Decomposition reactions
[eV/atom] energy [eV/O
atom]
SrMnGs -0.026 | Stable 1.418

SrCe29VIng 7503 0.057 0.250 Ce@+ 0.250 SMn30q9 -
SrCe sMnos0s 0.062 0.450 Ce@+ 0.050 Sr@+ 0.500 SrCa.1MnO,4 -
0.475 Ce@+ 0.025 Sr@+ 0.250 SrCe&.1MnO4 +
SrCe .79VINg 2503 0.059 -
0.250 SsCeQy

SrCeQ 0.018 | 0.500 Ce@+ 0.500 SiICey -

The calculated stabilities indicate that the SrMrg@rovskite is stable, whereas doping this
compound with Ce on the B-site results in an instability and decomposition intgobdees, one of them
being the layered perovskite.

The confirmation of the formation of the layered perovskite led to additionald2k€Tlations to
further examine the stability of this phase as a function of the Ce cobfehtstability calculations not
only confirmed the probability of formation of three materialsSEeMnO,4 (a = 0.1, 0.2, 0.3, 1) but also
predicted that these materials could be suitable for WS based on model predictions aj¢hevaxgncy
formation energy (results summarized in Table 6.2). Results showed that Ce can bedtplyrated into
the structure in all three synthesized samples. While the reportedfdinia into the LaSraMnO,
structure is a = 1, [152] our results suggest that less Ce can be incorpotate@@%r..MnO, structure,

i.e.,the solubility limit for Ce in C£&5..MnQ; is likely to be significantly lower, probably closede 0.3.
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Table 6.2: DFT stability and oxygen vacancy formation energy calculations on CSM1, CSM2 and CSM3.

Formula Stability Decomposition reactions Oxygen vacancy
[eV/atom] formation energy
[eV/IO atom]
Ce.1Sr.oMNnO4 -0.012 | stable 1.763
Ce.2Sr.sMnOy 0.000 | stable 2.243
Ce.3Sr.7MnOy -0.007 | Stable 2.661
CeSrMnQ 0.061 | 0.500 CegOs + 0.500 SiMn20s -

Preliminary WS experiments (Table 6.5 and Figure 6.5) performed on the samples veithake |
amounts of this new phase (SCM5050 and SCM7030), as well as on the end members, ihdicied t
KoNiF.-type phase is in fact thermochemically active.

To facilitate further study, we attempted to isolate the new phase iptnigj via evaporatiore-
dryness synthesis approach, as further described in the experimental secsoreldthiely simple
synthesis approach utilizes nitrate precursors (rather than carbonates)citioats. This factor likely
contributes to its success in producing a phase-pure compound as the nitrate precursor decsmposi
occurs at much lower temperatures than corresponding carbonate decompositions, therebilykineti
promoting the formation of theKliF.-type structure. Ultimately, three samplesy &g sMnO4 (CSM1),
Ce&2Sn.sMnO4 (CSM2), and CesSr /MnO4 (CSM3) were successfully synthesized by the evaporatien-
dryness method.

Synchrotron radiation XRD was employed for structural analysis and the obtaimadtdgfams
are shown below in Figure 6.2 (a,b, and c) for the samples CSM1, CSM2 and CSM3, respg&ely.
reveals minor secondary phase peaks that increase with increasing Ce content. Howaresyief
secondary phase is minimal and is most likely due to inefficient mainigg synthesis, and/or incomplete

calcination.
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Figure 6.2: Powder X-ray diffraction using synchrotron radiation 0.412628 A) on (a) GgSr:.dMnO;,
(CSM1), (b) Ce2Sr.dMnO4 (CSM2)and (c) CesSn.MnO, (CSM3). Observed (dark), calculated (light
grey), difference plot (bottom) and expected phase peaks (vertical marks).
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Rietveld refinement was performed with GSA$137] using the Powder Diffraction File number
04-002-4381 on SeLa; .CoQy, modified using the software VESTA [153] to account for the different A-
site cation ratios and cation species Ce and Mn instead of La and Co respedsusdythe layered
perovskite nomenclature, (AO){A$B0s), wheren=1, the Ce cations were modelled as sharing the
perovskite A-sites randomly. The refinement analysis results are shown below in Tabkxpected, the
lattice parameters increase with increasing Ce content, from CSM1 to CSM3. Thacsite frefinement
confirms that Ce is being incorporated into the structure and that C&Mhé largest amount of Ce

compared to CSM2 and CSM1.

Table 6.3 Final structural parameters for £38r.oMnOs, C&.2Sr.gMnO4 and CesSr.7MNnOa,

Atom site® Sr (1) Ce(l) Mn(l) O(Q) 0 (2)
Cen.1Sr1.oMnO

x/a 0.0 0.0 0.0 0.0 0.0

y/b 0.0 0.0 0.0 0.5 0.0

zlc 0.35674 | 0.35655 0.0 0.0 0.15415
Uiso 0.01063 0.00473 0.00756 0.00795 0.01344
Frac. site 0.915 0.0854 1.0 1.024 0.9764
Cep.2Sr1.eMn0O 4°

x/a 0.0 0.0 0.0 0.0 0.0

y/b 0.0 0.0 0.0 0.5 0.0

zlc 0.35747 0.35528 0.0 0.0 0.15331
Uiso 0.00634 0.00209 @ 0.00394 0.00736  0.00516
Frac. site 0.888 0.112 1.0 0.983 1.0464
Cen.sSri.MnO

x/a 0.0 0.0 0.0 0.0 0.0

y/b 0.0 0.0 0.0 0.5 0.0

zlc 0.35674 0.36017 0.0 0.0 0.15779
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Table 6.3: continued

Atom site Sr (1) Ce (1) Mn (1) O (1) 0 (2
Uiso 0.00802 0.00820 0.00615 0.01381 0.02012
Frac. site 0.8624 0.1384 1.0 1.050 1.2424

aSpace group: [4/mmm (139)

bFor C@.1Sn.dMinOs, a = 3.81477 Ac = 12.45533 AV = 181.256 A GOF = 2.76
°For Ce,SndVinO4, a = 3.82784 Ac = 12.45831 AV = 182.543 A GOF = 3.73
9For CesSr./MnOs, a = 3.82548 Ac = 12.46784 AV = 182.458 A GOF=4.85

A thorough Transmission Electron Microscopy (TEM) study using a combination ofoelect
diffraction and high-resolution transmission electron microscopy (HRTEM) pesformed on sample
CSM1, which is the closest to pure phase, to further characterize itsustruche first step of the TEM
analysis consisted of taking a series of selected area diffraction pa@&DP) and convergent beam
electron diffractions (CBED). The combination of these two techniques camneah® symmetry of a
given phase. SADP and CBED patterns of all three major zone axis, namé&l@1hd100] and [110], are
given in Figure 6.3.

The CBED pattern from the [001] zone axis reveals a 4mm symmetry while theafid(]10]
patterns both reveal a 2mm symmetry. The diffraction pattern in Figurer@etied 90° relative to the
diffraction patterns in b and c.

The SADPs displayed in Figure 6.3 also confirm the | centering of the phade tHaesystematic

absence of the+k+l=(2n-1) reflections.
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- mirrors

Figure 6.2 Indexed SADPs (left) and CBED patterns (right) of the three main zone axtd® of
Ce&.1Sn.oMnOq layered perovskite: a) [001], b) [100], and c) [110]. The yellow lines reprdsentitror
symmetries present in each CBED pattern and they confirm the 14/mmm gpape The diffraction

patterns are not necessarily at the same scale.
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No other systematic absences were observed; therefore, the space group is symoweiic.
the electron diffraction results confirm that the space group of the pemiskit/mmm. The measured
lattice parameters by TEM aae= 3.8A andc = 12.5A, which match the values measured from synchrotron
XRD (Table 6.3), further confirming this is indeed the phase present in the &8Mie. The CSM2 and
CSM3 samples were also analyzed by TEM electron diffraction, confirming presetieesaime phase
(Figure 6.6 in the supporting information section).

The layered structure was confirmed using HRTEM by a combination of image procasding
simulation using a defocus series. HRTEM images were acquired in the two ghaijesdion axes, the
[100] and the [110], under different defocus conditions. Two processing steps eviramed on the
images using the software CRISP [154]. The firstimposed an average over hofidrétsells to remove
the random noise from the HRTEM images, while the second consisted of takingea tffansform of the
image to extract its Fourier coefficients, which in turn were related to théuserdactor of the sample.
The 2mm symmetry was imposed in both zone axes, which forces phase and amgditucieons on
symmetrically related reflections, and an image was reconstructed from thesednsiifcture factors.
This procedure, valid since the symmetry of the zone axis is known and has been prove@®bygdti@cts
several aberrations from the microscope and the image acquisition process. Thesgeptgldrages
were compared to multi-slice simulations produced by the JEMS software, with inforrdatisad from
the refined atomic positions of the synchrotron XRD patterns. The multieslicelations were performed
by varying the defocus and the sample thickness. Based on image comparison, the thickness of the sample
was determined to be around 28 nm; the simulated and experimental imagfésréartdlefocus conditions
can be seen in Figure 6.3. The simulated images match well with the experimestdhe heavier Ce and
Sr atoms can be easily distinguished, especially on the [100] projection, in Waitayéred structure is

confirmed.
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Figure 6.3 Simulated and experimental images of the two shortest projections of the layereskiper
under two different defocus conditions. The projections of the unit cells osathe orientations are
displayed for comparison.

EDS analysis was also performed in the TEM to verify that the chemical coimpadithe layered
perovskite was consistent with expectations. The Sr to Ce ratios measaagopies CSM1, CSM2 and
CSM3 were 16.9, 8.9 and 5.9, respectively, close to the nominal expected values of 19, 9 and 5.7. Table
6.6 in the supporting information shows the EDS results.
The DFT calculated oxygen vacancy formation energies of the CSM family (1.8, 2.2 and 2.7 eV
O atom for CSM1, CSM2 and CSM3 respectively, see Table 6.2) are within theaagebf 1.5t0 5 eV/
O atom required for potential STCH materials [80], [84]. In addition, layered giétes also potentially
enable enhanced oxygen ion mobility (e.g., Ivanov et al. [155], [156] have attributedrdased mobility
of the layered perovskite Lar,..MnO4 compared to the regular }&xr.,MnO;s to the layered aspect of this

structure).
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These characteristics make CSM an excellent potential candidate for STCH application.

To confirm the potential for water splitting seen in the preliminary testing, TPR was conducted on
the three samples (shown in Figure 6.7). All three samples show complete redox ligvensder the
TPR test cycle conditions. Consistent with the oxygen vacancy formation energwttahsiCSM1,
having the smallest amount of Ce (and the lowest oxygen vacancy formation enerthg ,laagest extent
RI UHGXFWLRQ / &60 ZKLFK E6 QaaDd.tiekefatektes hyimest dxyyenivapanByX Q
IRUPDWLRQ HQHUJ\ KDV WKH VPDOOHVW /

ORWLYDWHG E\ WKHVH SURPLVLQJ 735 UHVXGWVWXMH QUHNIWNSDE
using Sandia National Laboratories SFR test facility usifigeaof 1400 °C and dox of 1000 °C with
40 vol. % steam (Figure 6.5). CSM2 shows the greatest per-cyg#ictivity (247 Fnol/g) because it
balances a moderate extent of reduction with adequate driving force (as quantified by dmevaxgmncy
formation energy) to approach complete reoxidation in steam. CSM1 yieldsladatgnt of reduction but
cannot fully reoxidize in steam due to the relatively low oxygen vacamoyation energy. Thus, its full
redox capacity is not utilized. CSM3 has a relatively small extent of redatidrtherefore a small redox
capacity) because it has the highest oxygen vacancy formation energy of the thresitoams. In general,
under the same testing conditions, the hydrogen production performance of CSM3 is compdrabtd to t
BCM, at 181PPRO J DQG PXFK EHW by Thekoer@vierkbiall Enfe¥ compositions is
generally consistent with that of STCH materials havingghealues predicted by our DFT calculations.
This agreement represents an important advancement in expanding the use of DFTooaldalatiobe

for new STCH materials.
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Figure 6.5: Water splitting results for two complete cyclekat 1400 °C for 330 s and @sx = 1000 °C
for 1200 s. Blue lines are oxygen peaks evolved during reduction and red lines are hydrogest petdd
during the reoxidation (water splitting) step. The peaks were integratettttata the total amount of
hydrogen and oxygen produced, with the results listed in the legend. For the oxygen vafiresytiee
indicates the oxygen produced by the initial reduction, with the second value coriegptmdhe
subsequent cycles average. The hydrogen value refers to the average hydrogen production.
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6.4 Conclusions

Motivated by the development of BCM as a successful perovskite material@ét, 8% expanded
our search for new Ce and Mn-containing perovskites. We replaced Ba by Sr on the pesnaittgreater
structural and compositional flexibility, since BCM is a line-compound mathat lacks this
compositional tunability. In the process of synthesizing the M&a,03 compositional family, however,
we identified the unexpected formation of a layered perovskii®riGnO4, previously unreported in the
literature for this compositional family.

Nearly phase-pure G&ndMnOs CesSngMnOs and CesSnMnOs compositions were
successfully synthesized by the evaporatisdryness method and the structures were characterized by
synchrotron radiation X-ray diffraction and transmission electron microscopy.

By correctly predicting the stability of €&n oMnO., Ce 2ShsMnOs, and CesSr MnOs, DFT
calculations played a key role in the computational and experimental iterativecarookorating the
existence of those phases and the prediction for STCH application. The oxygen vacaatigrianergy
calculated from first-principles flagged those compounds as good candidatesefosplitting, values that
were found to be consistent with results from TPR. The samples were then testatefasplitting and
two of the compositions were shown to produce more hydrogen than ceria and BCM undtel igkesht
conditions. This new phase and its promising performance further motivates the search foitperovsk
related compounds with unique and potentially valuable STCH properties. The DFitystahililations
and the calculated oxygen vacancy formation energy predictions of WS performancghhitdi

possibility of harnessing computation to accelerate the development of new STCH-active materials.
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6.7 Supporting information

Five samples of composition SiBn1.,0s, where b =0, 0.3, 0.5, 0.7 and 1 were synthesized via
sol-gel. The samples were named SMO, SCM3070, SCM5050, SCM7030 and SCO accordingly.

Powder X-ray diffraction (XRD) patterns are shown in Figure 6.4.
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Figure 6.4 XRD of samples SMO, SCM3070, SCM5050, SCM7030 and SCO.
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Rietveld refinement was performed on the patterns using the PANalytgizddire Plus software

in semi-automatic mode. The quantification of the identified phases is reported in weighabterb 1.

Table 6.4: Rietveld refinement of the samples SMO, SCM3070, SCM5050, SCM7030 and SCO.

Identified phases (from XRD)
Sample name| Target structure
Pnma 14/mmm Fm-3m -
(SrCeQ) | (CeSrxMnOs) (CeQ) (SrMn0O5)
SMO SrMnG; - - - 93% P63/mmc
7% Cmca
SCM3070 SrCe iMnoO3 - 21% 14% 65% P4/mbm
SCM5050 SrCe sMnps0s3 8% 53% 27% 12% P4/mbm
SCM7030 SrCe.7Mno.303 52% 33% 15% -
SCO SrCeQ 100% - - -

Preliminary WS was done on all samples and the results are reported on thelzasizeplot
(Figure 6.5). The left y-axis gives the amount of the two possible watttingpactive phases, ceria and
CesSnr..MnO, (layered-perovskite), contained in all the samples, the compositions of which pioceed
increasing at.% Ce along the x-axis. The analysis of the active phases cae by domparing the left-
axis i.e. the relative amount of active phase present and the right y-axis i.e. the afmoydrogen

produced by each sample, which is quantified in pmolxgsdd gram of sample.
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Figure 6.5: Active phase plot. Comparison between SCM5050 and SCM7030 hydrogen production and
amount of water splitting active phases present in each sample. WS experimeatferased at reduction
temperature of 1400 °C in Ar and oxidation temperature of 1000 °C with 50W20for 1000 s. Ceria

was tested at the same temperature conditions.

Table 6.5: Preliminary water splitting summary. WS was performe@@at400 °C for 330 s and abd
1000 °C for 1000 s in 50 vol.% steam balanced with argon.

H2 production
Sample name Target structure
(umol/g)

SCO SrCeQ 0
SCM7030 SrCe /Mng 303 100
SCM5050 SrCe.sMno.s0s3 140
SCM3070 SrCe.sMno. 703 NA

SMO SrMnG; 0
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Figure 6.6: Additional TEM characterization results of the CSM samples. (ap ®A[100] zone axis of
the layered perovskite in the CSM 2 sample. (b) SADP of [001] zone axis of the layereskjperin the
CSM 3 sample and (¢) EDS map with bright fietdcanning transmission electron microscopy image of
CSM 1 sample showing its single-phase character.
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7KH VDPSOHYTV SKDVH FRPSRVLWLRQ ZDV HYDOXDWHG WKURX.

The EDS results are expected to have an error of approximately 5 at. %.

Table 6.6: Atomic composition obtained from EDS measurements on samples CSM1, CSM2 and CSM3.

Sample Sr (at. %) Mn (at. %) Ce (at. %)
CsSM1 64.3 31.9 3.8
CSM2 61.9 31.1 7.0
CSM3 57.6 32.7 9.7

The Temperature Programmed Reduction (TPR) screening protocol was used as a onethod t
evaluate the redox behavior of the three layered perovskite materials (CSM1, CSM2 and CSM3) as shown
in Figure 6.7. Ceria and BCM (Ba&@&Mno.7s0s) redox curves are added for comparison. Ceria is the
current state-of-the-art STCH material while BCM has been shown to be asimgpperovskite for STCH

because of its potential to split water under reducing environments (under high conversioor=)nditi
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Figure 6.7 Temperature Programmed Reduction performed on CSM1, CSM2 and CSM3. BCM
(BaCe 29Ving 7503) and ceria (Ceg) are added for comparison. In this experiment, we measured extent of
reduction as a function of temperature. Reduction was dong 4850 °C for 1 h in nitrogen followed by
oxidation at Bx 1000 °C for 1 h in air.
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CHAPTER 7

CONCLUSIONS

The main objective of this work was to find new materials for STCHraadlissertation introduces
two products of that work, the perovskite BCM and the layered perovskite CSMatharoduce more
hydrogen than the state-of-the-art material ceria.

To facilitate this search for new materials, it was necessary to both improspebeé at which
materials couple be tested and better define the design requirements. Throughput was greatly improved by
WKH GHYHORSHG RI WKH 735 UDSLG VFUHHQLIRDMWRHHMRBRR GV AKHGR [ HLL
and suitability for water splitting. This method was employed to screen 60eranpositions. And fuel
conversion has slowly begun to be understood as one of the most important design requirenatet f
splitting materials. Its rise in importance is tied to the recognition that wodemtly developed reactor
schemes, steam production is a cost and efficiency driver and most testiagdafate materials has
occurred under conditions where the supply of steam is essentially limithesémjpact of constraining
this condition was shown through detailed thermodynamic analysis to greatly ithpablydrogen
production potential of many STCH candidates. But this thermodynamic informatiat often known
for newly developed candidates, so an experimental protocol for testing under titesmmiersion
conditions was developed. With this protocol, SLMA, previously considered as a promisingptafati
STCH, fails to split water when tested under true high conversion conditiong)gribki case for why
researchers should take this key requirement into account when designing and testing materials.

BCM and CSM, identified by TPR as promising, break the trend of STCH perewsdkitived from
LaMnQOs. The different compositions, specifically the inclusion of Ce, introduced not gobg
performance but new pathways of materials discovery. And although BCM was shown to havesadiecrea
H; yield compared to SLMA, it is still much larger than ceria under the same WSicnsd@ind improved
on the redox kinetics of SLMA. It is also the first non-stoichiometry STr@adderial to have multiple
polytypes, 1R and 1®, although they were not found to be present under the normal cycle conditions
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%&0 zDV VKRZQ WR RSHUDWH DW PRGHUDWH KLJK,pr&dQctidnBtVLRQ FR
all steamto-hydrogen ratios tested. It still fails to split water at the ultimate stedmdrogen ratio target
of 10:1, however, its vast improvement over previous perovskites is encouraging.
CSM is one of the first Ruddlesden-Popper phase materials to be test€€kbaBd represents a
previously unreported compositional family. Diffraction information was abthifor these new phases
using synchrotron XRD and TEM. Two of the compositions tested had highmotiuction than BCM,
however all three showed poorer high conversion performance. CSM opens new design directians such a
new compounds containing Ce and new possible layered perovskites.
JLQDOO\ %&0YfV LQWHUHVWLQJ SRO\Wt&kersbi REfrm&1de DQG L
prompted a deeper investigation into its phase change and thermodynamic propertiesisSgntl post-
synthesis processing conditions were found that allow for pure phase samples of gype polbe
produced, including a new, previously unreported, polytyp@esting of these pure phases showed that
each may have different redox thermodynamics, a tantalizing hint thatiaiteriat cycle conditions may

DOORZ IRU WKH DFFHVVLQJ RI WKHVH SKDVH FKDQJHYV WR IXUWKHL

7.1 Future Work

Overall, STCH is still in its infancy and there is a vast amount of warkddfe done, even when
only considering the search for improved redox materials. This work fallswotdroad categories: 1)
better understand the existing materials and correlate their material projpenydsagen production; and
2) follow new material development pathways to produce improved materials.

On the existing materials front, BCM is the most intriguing yet least uodersnaterial system.
The thermodynamic properties of BCM need to be explored further, more sphcificalolating the 18
andH polytypes into their temperature and reduction level regimes and evaluaiadbpendent redox
properties. A computational investigation, in conjunction with experimental study, couldr apsstons
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about whether it is possil WR WDNH DGYDQWDJH RI WKH SKDVH FKDQJH GXLU
performance is also not well understood, and a better understanding could at leagtutanlgiseaterials
development.

BCM, being a line-compound, is incapableEftuning through compositional variation, unlike
SLMA for example. However, by further doping BCM with new cations one may be abledifyrthe
lattice to accommodate for a different Ce/Mn ratio, or otherwise Blteand potentially improve WS
ability.

Water-splitting experiments have not been performed on SCM yet and the role of stwacture
composition is also up for debate. SCM and its sister material CSM are reasoasblinatomposition
while having different structures, making them a perfect subject of studptove our understanding of
the correlation.

KHQ ORRNLQJ WR QHZ SDWKzZD\V RI GHYHORSPHQWOIR/QFH DJIL
discovery, it was generally believed that phase changes were detrimental to WS thamicslybut that
is no longer seen as a certainty. Many of the manganates appear to have simitae gmavior in
response to oxygen non-stoichiometry, so there may be other compositional fantiilipbagie changes
that are better suited to WS.

A last suggestion for future development is the further exploration aflBsadkn-Popper phases
for STCH. The Cgr-CoQs could be compared to CSM as well as other Mn/Co compositions. More
importantly, only a few ABO, structures have been studied for STCH [93]. The universe of these RP phases

is vast and might lead to surprisingly interestingokbduction performance.
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APPENDIXA

COAND H2 PRODUCTION LITERATURE REVIEW ON DOPED-CERIA AND PEROVSKITE

Table A.1: Fluorite oxide materials CO production via thermochemicalspliiting compiled from Jiang

et al. [57].

MATERIALS

Material [ref]

CO production

Reduction step

Oxidation step

(umol/g) conditions conditions
CeQ[57] 201 1400 °C for 40 min 700 °C for 3-5 mint
500 sccm CQ
CeQ[57] 241 1500 °C for 40 min 700 °C for 3-5 mint
500 sccm CQ
CeQ[57] 348 1500 °C for 40 min 800 °C for 3-5 mint
500 sccm CQ
CeQ[57] 250 1500 °C for 40 min 900 °C for 3-5 mint
500 sccm CQ
CeQ[57] 147 1500 °C for 40 min 1000 °C for 3-5 mint
500 sccm C®
CeQ[57] 161 1500 °C for 40 min 1100 °C for 3-5 mint
500 sccm C®
Cey.7Zr0.260:[57] 335 1400 °C for 40 min 700 °C for 30-120 min
+500 sccm C®
Ce.752r0.2602[57] 446 1400 °C for 40 min 800 °C for 30-120 min

+500 sccm CQ
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Table A.1: continued

Material [ref]

CO production

Reduction step

Oxidation step

(umol/g) conditions conditions
Cey.7Zro.2§0:[57] 473 1400 °C for 40 min 900 °C for 30-120 min
+500 sccm CQ
Cen.752r0.2802[57] 420 1400 °C for 40 min 1000 °C for 30-120
min *500 sccm C©®
Ce.75Zr0.2802[57] 451 1400 °C for 40 min 1100 °C for 30-120
min *500 sccm C©@
Cen.73Hf0.2502[57] 112 1400 °C for 40 min 1100 °C for 90-130
min *500 sccm C©@
Ceygolio.2d02[57] 54 1400 °C for 40 min 900 °C for 1-5 minx
500 sccm C®
Ceygolio.2d02[57] 36 1400 °C for 40 min 1000 °C for 1-5 mint
500 scenCO,
Ceygolio.2d02[57] 18 1400 °C for 40 min 1100 °C for 1-5 mint
500 sccm CQ
Cen.sd-a0.1502[57] 250 1500 °C for 40 min 700 °C for 30-120 min
+500 sccm CQ
Ceygdan 1502[57] 272 1500 °C for 40 min 800 °C for 30-120 min
+500 sccm CQ
Cengdan.1502[57] 228 1500 °C for 40 min 900 °C for 30-120 min

+500 sccm C®
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Table A.2: Fluorite oxide materials;Hbroduction via thermochemical.@ splitting compiled from the

literature.

Material [ref]

H> production

Reduction step

Oxidation step

(umol/g) conditions conditions

Ceria [59] 9 1500 °C for 10 min 1000 °C for 5min %
0.02 mol HO in 100
sccm Ar

Ceria [59] 13 1400 °C for 10 min 1000 °C for 5min %
0.02 mol HO in 100
sccm Ar

Ceria [59] 34 1300 °C for 10 min 1000 °C for 5min %
0.02 mol HO in 100
sccm Ar

Cen.752r0.2502[71] 354 1400 °C for 45 min 1000 °C for 35 mirt80
% RH

Ce.75210.2602[58] 140 1450 °C for 120 min | 845 °C for 60 min+20-
30 mol.%

Ce.752r0.2602[58] 168 1450 °C for 120 min | 945 °C for 60 min+20-
30 mol.%

Ce.75Zr0.2802[58] 238 1450 °C for 120 min | 1045 °C for 60 mint
20-30 mol.%

Ce s e.140:[67] 536 1500 °C for 30 min 1150 °C for 30 mint
pH20 0.5-0.84 atm

Ce.85C00.150,[67] 768 1500 °C for 30 min 1150 °C for 30 mint

pH20 0.5-0.84 atm
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Table A.2: continued

Material [ref]

H2 production

(umol/g)

Reduction step

conditions

Oxidation step

conditions

Cen.sNio.1502[67]

688

1500 °C for 30 min

1150 °C for 30 minz

pH20O 0.5-0.84 atm

Cey.gMno.1502[67]

491

1500 °C for 30 min

1150 °C for 30 minz

pH20 0.5-0.84 atm

Cen.9dMINo.1002[59]

168

1500 °C for 10 min

1000 °C for 5min
0.02 mol HO in 100

sccm Ar

Cey.odMno.1d02[59]

88

1400 °C for 10 min

1000 °C for 5min *
0.02 mol HO in 100

sccm Ar

Cen.9dMINo.1002[59]

24

1300 °C for 10 min

1000 °C for 5min
0.02 mol HO in 100

sccm Ar

Cey.odFe.1d02[59]

87

1500 °C for 10 min

1000 °C for 5min
0.02 mol HO in 100

sccm Ar

Cey.od-e.1002[59]

171

1400 °C for 10 min

1000 °C for 5min *
0.02 mol HO in 100

sccm Ar

Cey.od-e.100.[59]

10

1300 °C for 10 min

1000 °C for 5min
0.02 mol HO in 100

sccm Ar
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Table A.2: continued

Material [ref]

H2 production

(umol/g)

Reduction step

conditions

Oxidation step

conditions

Cey.oNio.1d02[59]

122

1500 °C for 10 min

1000 °C for 5min
0.02 mol HO in 100

sccm Ar

Cey.adNio.1002[59]

48

1400 °C for 10 min

1000 °C for 5min *
0.02 mol HO in 100

sccm Ar

Ce.odNio.1002[59]

27

1300 °C for 10 min

1000 °C for 5min
0.02 mol HO in 100

sccm Ar

Cen.olClo.1002[59]

44

1500 °C for 10 min

1000 °C for 5min
0.02 mol HO in 100

sccm Ar

Cen.olClo.1002[59]

1400 °C for 10 min

1000 °C for 5min *
0.02 mol HO in 100

sccm Ar

Cen.olClo.1002[59]

1300 °C for 10 min

1000 °C for 5min *
0.02 mol HO in 100

sccmAr
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Table A.3: Perovskite oxide materials suggested for CO production via thermoah&} splitting
extracted from the literature.

Material [ref] CO production Reduction step Oxidation step
(umol/g) conditions conditions

Lag.65510.33MN0O3 [89] 138 1400 °C for 45 min 1100 °C for 60 mint
40 vol.%

Lag 50S10.50MN0O3[89] 325 1400 °C for 45 min 1100 °C for 60 mint
40 vol.%

Lag.esCan.3sMN03[89] 175 1400 °C for 45 min 1100 °C for 60 mint
40 vol.%

Lao.sCa.sMnOs[89] 525 1400 °C for 45 min 1100 °C for 60 mint
40 vol.%

LaosCa.sMn0Os[89] 481 1350 °C for 45 min 1000 °C for 60 mint
40 vol.%

Lap.3sCa.6sMN0O3[89] 350 1400 °C for 45 min 1100 °C for 60 mint
40 vol.%

Lao /Sr.sFeQ[89] 72 1300 °C for 45 min 1100 °C for 60 mint
40 vol.%

Y 0.5Ca.sMnOs[91] 671 1400 °C for 45 min 900 °C for 60 min+40
vol.%

Ndo.sCa sMnOs[91] 538 1400 °C for 45 min 1100 °C for 60 mint
40 vol.%

SmysCa.sMnOs[91] 590 1400 °C for 45 min 1100 °C for 60 mint
40 vol.%
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Table A.3: continued

Material [ref] CO production Reduction step Oxidation step
(umol/g) conditions conditions
GdhsCasMnOs[91] 637 1400 °C for 45 min 1100 °C for 60 mint
40 vol.%
Dyo.5Ca.sMnOs[91] 566 1400 °C for 45 min 1100 °C for 60 mint
40 vol.%
Y 0.55l.sMNO3[91] 757 1400 °C for 45 min 900 °C for 60 min+40
vol.%
Ndo.sSr.sMNnO3[91] 441 1400 °C for 45 rim 1100 °C for 60 mint
40 vol.%
SMmy.sSro.sMnO3[91] 526 1400 °C for 45 min 1100 °C for 60 mint
40 vol.%
GthsSrhsMnO5[91] 487 1400 °C for 45 min 1100 °C for 60 mint
40 vol.%
Dyo.5Sh.sMnO3[91] 554 1400 °C for 45 min 1100 °C for 60 mint
40 vol.%
Lao.sBao.sMn0Os[92] 159 1400 °C for 45 min 1050 °C for 60 mint
50 vol.%
Lag.s50S10.50MNo.75Al 0.2603[92] | 186 1400 °C for 45 min 1050 °C for 60 min+
50 vol.%
Lao.50S10.50MNo.60Al 0.4003[92] | 187 1400 °C for 45 min 1050 °C for 60 mint
50 vol.%
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Table A.3: continued

Material [ref] CO production Reduction step Oxidation step
(umol/g) conditions conditions
Lag sS.sMNo gdMgo.170:[92] | 207 1400 °C for 45 min 1050 °C for 60 minz*
50 vol.%
Lao.6S10.4Cro.8dC 00,2003 [88] 157 1200 °C for 60 min 800 °C for 30 min+50
vol.%

Table A.4 Perovskite oxide materials suggested forgfoduction via thermochemical.8 splitting
extracted from the literature.

Material [ref] H2 production Reduction step Oxidation step
(umol/g) conditions conditions
Lao.sSr.sMn0Os[89] 308 1400 °C for 100 min | 1000 °C for 100 min
40 vol.%
Lao sCap.sMnO3[89] 407 1400 °C for 100 min | 1000 °C for 100 mint
40 vol.%
Sro.aLao.eMno 6Al 0403 [65] 307 1350 °C for 30 min | 1000 °C for 1000s+40
vol% H.O
Sro.eLao.aMno 6Al 0403 [65] 277 1350 °C for 30 min | 1000 °C for 1000s+40
vol% H.O
Sio.4La0.6MNo.4Al 0,603 [65] 220 1350 °C for 30 min | 1000 °C for 1000s+40
vol% H,O
CaTi.7Fe.303[65] 39 1400 °C for 30 min | 1100 °C for 100040
vol% HO
LaSrCoQ[93] 107 1300 °C for 60 min | 800 °C for 45 min+80
vol.%

136



Table A.4: continued

Material [ref]

H2 production

Reduction step

Oxidation step

(umol/g) conditions conditions
Bao.50S10.50C00.80F.2003[93] | 102 1000 °C for 60 min | 800 °C for 45 min+80
vol.%
Lao 6Sr0.4Cro.sdC0.2003[88] | 50 1200 °C for 60 min | 800 °C for 30 min+

2.5 vol.%

137




APPENDIX B

TEMPERATURE PROGRAMMED REDUCTION RESULTS FOR PEROVSKITE FAMILIES
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Figure B.1: Temperature programmed reduction results for,MayOsz family. Reduction was carried
in a TGA at 1350 °C for 1h in UHP;Nlow. Oxidation was carried for 5 min in synthetic air flow.
Samples tested were CazZr50Mn50 = Gadiing s¢03, CaZr40Mn60 = CazgndvingsdOs, CaZr30Mn70 =
CaZp.3dVing 7003, CaZr20Mn80 = CazriMnesdOs and CaZrlOMn90 = CadidVng.odOs.
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Figure B.2 Temperature programmed reduction results for (FaeZyOs family. Reduction was carried in
a TGA at 1200 °C for 1h in UHP2Mlow. Oxidation was carried for 5 min in synthetic air flow. Samples
tested were CaZr50Fe50 = CadF ey 5403, CaZr4d0Fe60 = Cagdideosds, CaZr30Fe70 =

CaZnp.sFe 7003, CazZr20Fe80 = Cagdsde.sdOs and CaZr1l0Fe90 = CaxiFen.ofOs. Signal to noise ratio
is very small, leading to noisy data.
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Figure B.3: Temperature programmed reduction results for,BBljOs family. Reduction was carried in
a TGA at 1350 °C for 1h in UHP2Mlow. Oxidation was carried for 5 min in synthetic air flow. Samples
tested were CaTi80Nb20 = Ca#d\by 2003, CaTi90Nb10 = CaTBied\Nbo.100s, CaTi95NbO5 =

CaTi.edNbo 0s0s. Signal to noise ratio is very small, leading to noisy data.
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Figure B.4: Temperature programmed reduction results for ANNaraily as well as related compositions
such as CeFe = CeFgénd CaCe50Mn50 = CagsMnos003. Reduction was carried in a TGA at 1350
°C for 1h in UHP Mflow. Oxidation was carried for 5 min in synthetic air flow. Other samples tested
were YMn = YMnQ, CeMn = CeMn@, CaMn = CaMn@.
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Figure B.5: Temperature programmed reduction results for Am@ly as well as related compositions
such as CaSn = CaSg@GrSn = SrSng)and BaSn = BaSnOReduction was carried in a TGA at 1200 °C
for 1h in UHP N flow. Oxidation was carried for 5 min in synthetic air flow.
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Figure B.6: Temperature programmed reduction results for8rdxOs family as well as related
compositions such as SrZrl0Mn90 =Sr@MNo 9Oz, SrZr20Mn80 =SrZy20MnosQs, and SrZr30Mn70
=SrZr.3dMno.7d0s. Reduction was carried in a TGA at 1350 °C for 1h in UHHIdW. Oxidation was
carried for 5 min in synthetic air flow.
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Figure B.7: Temperature programmed reduction results forSsZ0sz family as well as related
compositions such as SrZrl0Fe90 = SidFen odOs, SrZr20Fe80 = Srdpd&.sd0s, and SrZr30Fe70 =
SrZro 30Fe. 7003, SrZr4d0Fe60 = Srénde.6dOz. and SrZr50Fe50 = SrgddFe.s40:. Reduction was carried
in a TGA at 1200 °C for 1h in UHP;Nlow. Oxidation was carried for 5 min in synthetic air flow.
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Figure B.8 Temperature programmed reduction results fegSr,«MoO, family as well as related

compositions such as LaMo = LaM®, Lal9SrO1Mo =LaiocSh.1dMo0Os, and Lal8Sr02Mo =

Lai.scSr.20M004. Reduction was carried in a TGA at 1350 °C for 1h in UHRdW. Oxidation was carried
for 5 min in synthetic air flow.
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Figure B.9: Temperature programmed reduction results for LM family as well as related
compositions such as LaV = La¥Q@.aMn30V70 = LaMB 30V 07003, and LaMn50V50 = LaM§koV 0.500s.
Reduction was carried in a TGA at 1350 °C for 1h in UHHI®W. Oxidation was carried for 5 min in
synthetic air flow.
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Figure B.10: Temperature programmed reduction resul&nfioa; «xMno sdCen.4d0s family as well as related
compositions such as Sr95La05Mn60Ce40 St.od a0.09MNoedC.4003, Sr90LalOMn60Ce40 =
Sro.90L80.10MNo.6dCE.4d0s, and Sr80La20Mn60Ce40S% sd_ao.2dMNo sdCe.4d0s. Reduction was carried in a
TGA at 1350 °C for 1h in UHP Nlow. Oxidation was carried for 5 min in synthetic air flow.
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Figure B.11: Temperature programmed reduction results for,NBnLiOs family as well as related
compositions such as SrTi95Nb05 = SINbg 003, SITI9ONb10 = SrhigdNbo 1003, and SrTiB0ONb20 =
SrTio.sdNbo.2dOs. Reduction was carried in a TGA at 1450 °C for 1h in UHRdW. Oxidation was carried
for 5 min in synthetic air flow.
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Figure B.12: Temperature programmed reduction results for$bEg; family as well as related
compositions such as SrFe90Nb10 = Gei¢o100s, SIFe80ND20 = SrlyedNbo 2003, SrFe70Nb30 =
SrFe.70Nbo.3f03 and SrFe60Nb40 = Sr&gNbo 4dOs. Reduction was carried in a TGA at 1350 °C for 1hin
UHP N, flow. Oxidation was carried for 5 min in synthetic air flow.
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Figure B.13: Temperature programmed reduction results for\GrID; family as well as related
compositions such as SrTi95V05 = SV .0603 and SrTi90V10 = SrbioV.100s. Reduction was carried
in a TGA at 1350 °C for 1h in UHP;Nlow. Oxidation was carried for 5 min in synthetic air flow.
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APPENDIX C

WATER SPLITTING RESULTS OBTAINED FOR PEROVSKITES

Table C.1Water splitting experiment performed in SFR, under 40 vol. % steam. Reductionas&00

s and oxidation time was 20 min.

Material Temperature Average & Average H
condition Tre-Tox released during | production (umol/g)
(°C) reduction
(umol/g)

Cap.2Ce 802 1350-1000 16 83
CeFeQ 1350-1000 16 30
FeTiOs 1350-850 90 108
FeTiOs 1350-1000 94 146
Sio.6d-20.40MNo.55Al 0.40NB0.0503 | 1350-1000 143 290
Sto.60-80.40MN0.55A1 0.40ND0.0s03 | 1350-1000 80 180
impreg. 1% Ru particles
Sio.9d-a0.10MnNo 50C 5003 1350-850 38 127
Sio.9d-80.10MNo.56CE».5003 1400-1000 45 151
Ca.od-a0.10MNo scCe.5003 1350-850 72 122
Ca.9d-a0.10MNo.50C & 5003 1400-1000 83 164
B&o.9d-a0.10MNo 50C& 5003 1350-850 88 42
Bap.od_a0.10MINo.50C&.5003 1400-1000 160 50
SrFeoNb2gOs 1350-850 16 35
CaMnysCe.s03 1350-850 42 115
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APPENDIX D

INVESTIGATION OF BaCe29Mno.7s03 POLYTYPES

Once BaCeg:3Mnp 750; (BCM) was established as an interesting candidate for STCH (Chapter 5),
particularly its improved performance under high conversion water splitting, fimthestigation required

XQGHUVWDQ G L Ghafg&ltehavid to Datddm its thermodynamic properties.

D.1 Introduction

BCM was identified by Macias et al.[120], [121] to have multiple p@lgs/that could be achieved
by altering the synthesis route. TheRland 16 BCM polytypes were shown to assume a rhombohedral
and hexagonal symmetries, respectively with manganese and cerium octahedra forminlg specia
arrangements,e. ordering. The 1R nomenclature is represented by twelve cation octahedra forming a
repeating block (nine Mngand three Ceg), whereas the H nomenclature is due to ten octahedra (eight
MnOs and two CeG). The two polytypes are shown below in Figure D.1.

As was discussed previously, mixed phase samplésdtd 1®) convert completely to the R2
phase after the first redox cycl&E 1350 °C andlox 1000°C). This suggests that the synthesis routes
reported in Macias et al. are not the exclusive pathway to accessing thyggeeso Further evidence can
EH IRXQG LQ % &€igny, Baldri®k Qhate are five reported polytypes, with each assuming a
different oxygen nonstoichiometry. The most oxidizedNBa-O phase is rhombohedral REBaMnO; g9
and then it assumes hexagonal phases when reducdeBaNnG; o5 Further reduction forms the phases

6H-BaMnO.95, 10H-BaMnGs 91, and H-BaMnOs 65,
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12R 10H

Figure D.1: Crystal structure Bagz@Mno 7s03 (BCM) 12R and 1® polytypes.

Similar to the BCM polytypes, the number accompanying the symmetry is redatteel number
of repeating Mn octahedra. However, in the case of the BaMegstem, the phases go from ordered
octahedra to disordered in the case of tHephhase. The In-O system was also shown to form a few
polytypes that were dependent on the oxygen stoichiometry.

In this chapter | will describe all the study we did in identifying the itmmg for obtaining the
two polytypes. During high temperature XRD we detected the presenciicd 8CM polytype. | will
then describe all the thermodynamic characterization we have done oRfbtesk2. | will finally comment
on the potential for using one of the other polytypes for WS.
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D.2 Experimental

Several experimental methods have been employed for this effort. In this sectionidedtser
sample preparation and characterization techniques used for the identification of phases am@tpmntif

of oxygen nonstoichiometry.

Sample preparation

BaCe »9Ving 7:03 (BCM) was prepared by the modified Pechini sol-gel method. Stoichiometric
amounts of barium nitrate (Alfa Aesar 99 %), cerium nitrate hexahydrate (A§arA99.5 %) and
manganese nitrate (Alfa Aesar 98 %) were mixed in deionized watec. &itd and EDTA in the molar
ratio of 2:1 were added and the solution was heated in a hot plate unden@osnstirring. Ammonium
hydroxide was added for adjustment of the pH to about 11 and the solution was evapoicaatie@el
was formed, the sample was moved to a drying oven for 48 h at 160 °C wtieedl ito a charcoal-like
powder.

The sample was then calcined in two steps. First at 800 °C for 10h folloveesklopnd calcination
at 1400 °C for 5 h. Both calcinations used a heating and cooling ramp t8té@fmin and were performed
in static air.

Once the powder sample was ready, it was subjected to a heat treatmehidieeraent of the
desired BCM phase. The aakined starting BCM material was composed of 90% aad 10% 18l
phase. 1R sample was obtained by taking the starting powder and heating it to 1350 °C in UHP Ar with a
dwell of 5 h. The sample was then cooled to 1000 °C and synthetic air (2b@abced with Ar) was
LOQWURGXFHG IRU K 7KLV UHGR[ F\FOH ZDHN pkaseRtiMRgHasel WR FRQY I

The 1MH pure phase sample was obtained by taking the as-calcined sample and pressing it into a
pellet with the addition of small amounts of binder (PVA 5% solution in water), sinteah@ 350 °C for

10 h at a slow ramp rate of 1 °C/min. The presence of binder burnout at higher temperatures decreased the
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localpQ IRUFLQJ WKH VDPSOH WR VWD\ 3UHGXFHGd phase.@ddithraZL QJ IR U
once sintered, the pellet could not easily reoxidize due to the much longerodifeisgth, trapping the
10H phase during cooling. Alternative methods were also tested to obtairHtpgh&8e, such as taking an
ascalcined BCM powder sample and heating it to 135@nd holding for 24 h and cooling in UHR bf
Ar. However, this method typically yields only about 75 to 85% pBase, likely due to small amounts of
O; still present in the reactor are enough to keep thehigher than necessary for full 20H conversion
and/or slightly oxidize the sample during cooling, which could lead to the cionesf the some 10
phase back to 2

Attempts to mitigate the remnant oxygen lead to the formation of an unreportbgdhitype
W K D Wit§ri¢e Mag hinted at by the high-temperature XRD work. Finally, we discovered that by reducing
the as-calcined sample at lower@#dmospheres at the same temperature we may obtain a third polytype
of the BCM phase, which we will cail phase, due to its lower ordering sequence. To obtain neaHpure
the as-calcined sample was heated to 1350 °C and held for 48 h in with a gas Bbw@&sccm of UHP
Ar and 8.7 sccm of 1% tbalanced with Ar (there was residual 10H present in initial runsomitha 24

h dwell).

X-ray diffraction characterization

Powder X-ray diffraction (XRD) patterns were measured on a PANalytical BOu8firactometer
surveyinga2 UDQJH EHWZHHQ f DQG f DW D VWHS V£]1B46588and f ZLWK
1.54439 A. Incident slits of ¥4° and ¥%° and a detector slit of 5.0° was used. The pawgdes were
crushed using mortar and pestle to obtain a fine powder and then placed eriyS#Dzero background
sample holder cut at an off-set angle, to skip the 110 diffraction peak. Qeisieldirefinement for phase
LGHQWLILFDWLRQ ZDV GRQH XVLQJ ;9SHUW +LJKVFRUH 30XV

High-temperature XRD was carried out at Sandia National Laboratories inusitzuge on a Brag-

Bretano configuration XRD surveyinga2 DQJH EHWZHHQ f DQG f ZL®BGMWX.. UDGL
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and 1.54439 A, using programmable divergence slit equipped with a Pt heating stage aiécontr
atmosphere. UHP He was used during the reduction step, passing through an oxygehighttarsured
a pQ below 1 ppm, and synthetic air (21 % léalanced in B was used during the oxidation steps.

The samples were prepared by firstly crushing them using a mortar and pestle agaredidanol
to form a liquid solution. This solution was carefully deposited onto (1) mitstabilized zirconia single
crystal plates (10 x 10 x 0.5 mm) to obtain an even layer of sample. Hbestage was rotated about 2°
in the xz direction to skip the single crystal diffraction peak during noscais. All experiments were

performed on samples that contained greater than 98plase with a remainder of H@phase.

Simulated water splitting cycles

Regular WS testing is carried out in the Stagnation Flow reactor (SFR) afSatdire the
reduction step is done under Ar flow and heating rate of 10 °Cstt360 °C for 5 min and the oxidation
cycle is done at dx 850 °C for 20 min under 200 sccm® flow and 300 sccm Ar (40 vol. %28).
Simulated cycles were designed to mimic the thermal and redox conditions of the SFR Sisiacam
Setsys Evolution Thermogravimetric Analyzer (TGA). This allowed for moredregdox cycle/XRD
iterations. Before cycle testing, powder of all three pure phase polyygresloaded into the TGA and
reoxidized in synthetic air by heating to 850 °C and holding for 1 h. Since thisioricas below the
1100 °C phase change, oxidation occurred without reversion to a different polytype. Basoiwx{RD
confirmed that all three phases remained unchanged. The now oxidized samplesanfdlibe nevH
polytype, 50.3 mg and 50.2 mg respectively, were each loaded into a Pt crucible and cycieegive t
the TGA under the simulated cycles. The samples were initially heated to dagi@mxitemperature ok
850°C °C in a flowing environment of 100 sccm of UHR. N'he first redox cycle was carried out by
heating the sample tord 1350 °C at a ramp rate of 99 °C/min (simulating the laser fast heatig r

followed by a hold of 5 min. The sample was then cooled down at the same rapid ramp at@50 IC
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and 16 sccm of synthetic air (21% kalanced with By was added for 10 min. The air flow was turned off

and purged by the Nlow for another 10 min before the next.

D.3 Results and discussion

From early in the work on BCM, there were tantalizing hints in the XRD armx feehavior that
phase changes might occur in this system. To determine the thermodynamic propertibt \wé BSt
needed to understand these phase changes and determine the conditions for the formation of each one. The

phase change analysis will be now discussed.

D.3.1 Phase change evaluation

While quench studies are useful, ultimately there is little substitute -&turevaluation of phase
changes. To that end, HT-XRD was employed to test BCM under various temparatuneygen partial
pressure conditions.

Experiment 1 mimics a typical redox cycle. The sample was heated at 10 °@mirrdom
temperature (RT) to 1350 °C in He flow taking a scan at every 50 °C from 850135@d°C (each scan
taking about 10 min to be completed). The 1350 °C isotherm was held for 1h 30min. Thewasyboled
to 1150 °C and synthetic air was introduced. The oxidation step dwell wasd the sample was cooled
down to RT. Figure D.2 shows selected spectra from important points of the expefiheecbmplete

experiment results are shown in Figures D.8, D.9 and D.10.
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Figure D.2: High temperature XRD done orRIBaCe 2gMnoe.7s0s. The powder samples was deposited
onto an YSZ 110 single crystal plate and was heated to 1350 °C under He atmosphere. gdtbean i
of 1.5 h, the sample was cooled to 1150 °C and oxidized in synthetic air forR phdge converts to H0

phase as well as a new polytype phase upon reduction. Symbols represent the highiRied 1eH
(1) andH ( ) polytype phase peaks.

As expected during heating, all peaks shift to lower angles due to latticatlesqransion. By the
time the sample has reached 1150 °C, the first hints of tHeph@se can be seen, and by the time the
1350 °C isotherm has concluded, thdRlghase has completely converted téd1@haracterized by the
disappearance of the 27.7° peak and the increase of the 28.4° peak. The highestpetessity the 1R
and 1M phases nearly overlap, which makes it difficult to distinguish between the ow@vdr, when
comparing the beginning and the end of the reduction isotherm at 1350 °C theubtle &ut distinct shift
fromthe 1R SKDVHY{V f SHDN WR WHKhase. A nénpDiytype phasK &lso started to
appear, identified by the 25.7° and 30.9° peaks. Upon cooling and oxidationtithed the new polytype

phases remained. Some peak broadening can be seen, a product of the lattice becaagigglycr
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stressed, but overall, there is no evidence of a return of tReplidse. These temperature and time
conditions we were apparently not conducive to a return to the original phase upon oxidation.

Early preliminary redox experiments indicated that th&® 1@ 104 phase transition could be
dependent on both temperature (above 1150 °C) and reduction level (oxygen nonstoichiometry).
Experiment 2 (Figure D.3) was carried out to confirm this observation, by 8ngjde sample to the same

redox temperature profile as Experiment 1, however only synthetic air was used.

Figure D.3: High temperature XRD done orRIBaCe.2gMno.7s0s. The powder samples was deposited
onto an YSZ 110 single crystal plate and was heated to 1350 °C under syitlietic@mosphere. After
an isotherm of 1.5 h, the sample was cooled to 1150 °C followed by a dwell of R phd&e decreases in
intensity giving place to 1 phase and a small amount of tHeolytype phase. Symbols represent the
highlighted 1R (] ), 10H (1) andH ( ) polytype phase peaks.

10H and the newiH polytype phase start to appear during heating at approximately the same ti

they appeared in the previous experiment, however, tRph&se never completely disappears. By the end

of the experiment all three phases are present.
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A third scan, Experiment 3, was carried out while heating the sample to atweerature,
1150 °C for the same time duration of 1.5 h under He flow. The samplén&rasdoled to 1000 °C and
synthetic air was introduced, followed by a dwell of 1 h before cooling loaxdotn temperature. In this
experiment (Figure D.4), the Rphase starts to decrease in intensity and theptidse starts to increase,
however upon cooling, the HOphase slowly converts back toRLZI'he oxidation isotherm clearly did not
allow enough time for complete reversibility. This indicates that this phes&tton is kinetically limited,
which is expected for a transition that requires some cation rearrangement. Slyptisarg is some
evidence that the H phase starts to appear during the oxidation step, indicated by a fewk&att2ea°

and 30.9°. The reason for its appearance under these conditions is not yet understood.

Figure D.4: High temperature XRD done orRiIBaCe »3Mng 7503. The powder sample was deposited onto
an YSZ 110 single crystal plate and was heated to 1150 °C under synthetic ainitmsplagre. After an
isotherm of 1.5 h, the sample was cooled to 1050 °C followed by a dwell of R ph&&e starts to converts
to 1H phase and upon oxidation it slowly converts back . B2small amount oH polytype phase is
present at the end of the experiment. Symbols represent the highligfik¢d L210H (1) andH ( )
polytype phase peaks.
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Once the basic parameters for triggering the phase changes were definedHbyXR®, our
attention turned to the possibility of preparing phase pure samples of each afatpotittypes. Ultimately,
this was achieved using the sample preparation conditions detailed in the experinotiotal Adong
reduction and reoxidation cycle is necessary to convert tHepb@se to 1R, achieving samples above
95% 1R phase. Long oxidation alone has been found to be insufficient for the converkdbh dfappears
that once partially reoxidized, the Hlecomes a metastable phase until the oxygen nonstoichiometry is
returned to pre-oxidation levels. To that end, highl Zontent material can be achieved by heating the
sample to 1350 °C in inert atmosphere for reduction of the sample witihddagtion times on the order
of 5 to 10 h. However, by pressing the powder into a pellet, with bindestatie air environment of a
furnace could still initiate conversion. The local sample environment during iodssut was reducing
enough to force the sample to reduce and flip the phasédtali® was then retained during cooling, even
LQ DLU GXH WR WKH GHQVH SHOOHW fV BpdiyyWw ghasd Was xcedsstbl&R [\JH Q
when H was introduced during the heat treatment in order to drop the oxygen partial pressure below what
is achievable in an inert environment alone (in our system, this is typicalhearder of tens of ppm).
Once 8.6 sccm of 1% dbalanced with Ar was added to the typical 100 sccm of UHP Ar (~40 ppgm H
Ar), the residual oxygen was consumed leaving an oxygen partial pressure on the order®cftaxa0
1350 °C (~10-20 ppm Hi and after very long reduction times, nearly pure H phase was produced. This
was consistent to the HT-XRD results that first showed small amouktssifice the flowing He in the
XRD chamber passed through an oxygen getter, dropping the oxygen content to |&€86 fam(the limit
of the attached oxygen sensor).

The phase change fromR20 1(H was further studied using Differential Scanning Calorimetry
(DSC). A 1R sample was heated to 1250 °C, followed by an isotherm of 10 min and the sample was then
cooled to 1000 °C under synthetic air flow. This experiment was done at differénghates and a heat

flow peak was detected during heating, shown in Figure D.5.
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Figure D.5: Differential Scanning Calorimetry performed on Ba@&n,-Os. The sample was heated
from 1000 °C to 1250 °C under flowing UHP, [dt various heating rates 10, 20 and 40 °C/min. The
endothermic peak indicates the heat capacity required for the phase changeRnuml@2 phase. The
data and plot presented here was a contribution from Dr. Eric Coker.

The peaks detected at the various heating rates, indicate the heat capacity ofettieapsition
from 12R to 1H at temperature about 1170 °C. A rough integration of the peak at the fast ramp rat
(40 °C/min) indicates that the heat capacity of the phase transition ista®@ul/g. This indicates that this
is an endothermic phase change, as expected, requiring smaller amount of energy.

From all these TGA redox and XRD experiments one may conclude that Ehe@hkze is
BaCe 29VIng 7503 most stable oxidized phase at lower temperature. THehAse can be achieved by about
1170 °C when the sample suffers oxygen reduction, shown by the DSC experimentHTpiea$® may
achieve a larger reduction level tharRLZhe H polytype is an even more reduced phase, achieved by
reducing BCM for a long time at elevated temperature. It achieves a ladgetion level than 1. The
phase change might be kinetically limited requiring cation rearrangemeitttéohappen which is the
reason why the HandH polytypes can be locked in and exist at lower temperatures. These polytypes are

completely reversible to Rafter a few of redox cycles.
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The 1M and theH polytype samples were tested in the TGA for 5 simulated WS cycbesitigate
their redox capacity under the regular WS temperature conditigad 850 °C and dx 850 °C). Results
are shown in

Figure D.6.

Figure D.6: Simulated five WS cycles onH.(blue) andH (black) polytype. Reduction was carried out in
100 sccm UHP Bflow at Tre 1350 °C for 5 min and oxidation carried out in 100 sccnaid 16 sccm
(21 % Q balanced with B flow at Tox 850 °C for 20 min.

The 1M sample achieved consistent reduction levels obaldd ZHLJIJKW LH 0O/
all five cycles. The mass gain during reoxidation was also similar for all cycles, howesantpie never
returns to its starting oxidation level. XRD performed on the sample (shown in Figure D.t&)addhat

after the simulated cycles, the sample converted almost fully fréitd @R phase.
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The H polytype sample behaved differently. Like theHl8ample, the initial reduction step
H[SHULHQFHG WKH ODUJHVW PDVV ORVV D RERnedlly twice thhitlofltkeN L H
10H sample. However, the reoxidation and later redox cycles saw larger oxidatlomséoby smaller
reductions until an apparent equilibrium was reached by the last cycle, and overall the sample had actuall
gained mass. The final cycle of theexperiment was nearly identical to that of the lastl t@cle. This
was explained by the post cycle XRD (Figure D.11) which once again showed nearly completsicn
back to 1R.

The simulated WS cycles suggested that the fully oxidized polytype phaddesndi® achieve
higher reduction levels than theR.phase. This assumption was confirmed by the TPR performed on all

three phases (Figure D.7

Figure D.7: Temperature programmed reduction performed on:B&@Gw® 7:0; 12R, 10H andH polytypes.
Reduction was carried out under flowing fér 1 h at 1350 °C and oxidation was carried out in flowing
synthetic air for 1 h at 1000 °C.
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The 1R phase shows close to full oxygen recoverability by the end of the experiment.Hhe 10
phase has the same onset reduction temperature compar&daddadt 1050 °C), however it reduces more
and does not completely recover all the oxygen released during reduction. Ladtypdhgype starts to
reduce at a much lower temperature around 850 °C and achieves the largest réshedtiamong all
samples. It surprisingly recovers all the oxygen released during oxidationd&ion samples after TPR
(shown in Figure D.12) indicate that the majority oH1€ample converted to R2leaving behind a small
amount of 161 phase. Thél sample, on the other hand, only partially converted kb dd the remainder
either stayed as thé polytype or converted to a possibly unidentified transition phase and there was no
evidence of 1R. The lack of complete conversion during a single redox cycle is unsurpridigigtiof the
TPR results that showed that a few cycles were necessary to completetysegnples back to the B2
phase. Itis also possible that the higher oxidation temperature (1000 °C) contolibitetktative stability

of the H phase.

D.4 Conclusion

BCM showed interesting STCH properties and was investigated concerning its thermiodynam
properties for a fundamental understanding of its WS performance. However, from préBus
experiments it was identified that BCM suffers a polytypic phase changgydwygen reduction. The
phase change was further investigated by high temperature XRD and a new polytype avaseatidd
when the sample is extremely reduced. The characterization experiments indicately thatlined BCM
assumes the R2polytype, and when reduced above 1100 °C it changes phaséitdJpOn further
reduction, the samples suffer a second phase changeHmthlgtype.

We are fairly confident that during the WS experiments, the BCM sample is staying dseltb
the short reduction times, however, as seen in the experiments performed, ithte poseitiate a phase

change to the more reduced polytypes but increasing the reduction time. The phaserigange
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EHQHILFLDO IRU :6 VL Q FH{antiH finasesviigRt higye \&/|1&r@ev\driving force for reduction.
When combining the larger reduction capacity from thid 4@dH polytypes and the larger driving force
for reoxidation from the 1R one may increase the production while still maintain the tolerance for high

conversion water splitting.
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Figure D.8: High temperature X-ray Diffraction on Bagno 7503, Experiment 1. The sample starts at

room temperature at He flow and is heated to 1350 °C with a dwell of 1.5 h. The sample is then cooled to
1150 °C and synthetic air is introduced (21%b&@anced with B. After a dwell of 1 h the sample is

cooled down to room temperature. This experiment starts witRal&se and at the reduction step, the
sample suffers a phase change tbHl &ddH polytype.
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FigureD.9: High temperature X-ray Diffraction on BaCéving 7503, Experiment 2. The sample starts at

room temperature in air flow and is heated to 1350 °C with a dwell of 1.5 h. The sample is then cooled to
1150 °C. After a dwell of 1 h the sample is cooled down to room temperature. This experiment starts with
a 1R phase and a partial phase change occurs formidgh@H polytype.
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Figure D.10: High temperature X-ray Diffraction on Ba&®lno 750;, Experiment 3. The sample starts at
room temperature in air flow and is heated to 1150 °C with a dwell of 1.5 h. The sample is then cooled to
1000 °C. After a dwell of 1 h the sample is cooled down to room temperature. A small amouiht of 10
phase starts to appear at the end of the reduction step as welHasdlyeype.
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Figure D.11: XRD on starting samples and after the cycle WS simulated cycles performed on TGA. a)
10H phase sample converted taRzhase and ) polytype sample converted toR phase.

173



FigureD.12: XRD performed on BaGeMno.7s0s 10H andH polytype samples after TPR run. TheH10
sample converted its majority toRphase having a small amount oHLBhase still present. Thésample
converted partially to 1.
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FigureD.13: Differential Scanning Calorimetry performed on Ba&dno 7s0s. The samples were loaded
into an alumina crucible and heated to the oxidation temperature 1050 °C undek, 86i2. Nhe sample
were further heated from the oxidation temperature to the reduction temperature h2Hré€ different
heating rates 10, 20 and 40 °C/min. After a dwell of 10 min, the temperatureopasdiat same ramp
rates to the oxidation temperature under synthetic air flow. The phase cirandeR to 1(H phase was
identified during heating.
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