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ABSTRACT

This thesis describes two separate projects. The first part of the thesis involves the
synthesis of materials for enabling thermochemical water splitting at temperatures below
1000°C, while the second part focuses on the structure-property relationships for the
catalytic conversion of methanol-to-olefins.

In the first project, metal oxide clusters are impregnated in a silica support and tested
as catalysts for the thermochemical splitting of water at temperatures below 1000°C. These
supported catalysts are able to do either the oxidation or reduction half cycle, but not both.
Thermodynamic analyses reveal that for most common metal / metal oxide pairs, a
thermochemical water splitting cycle can not occur in two steps below 1000°C. Thus, a
multi-step thermochemical cycle is developed using Mn;O, and Na,CO;. This new cycle can
be closed at temperatures that do not exceed 850°C. Additionally, three metal spinels (Mn,
Fe and Co based) are investigated with three alkali metal carbonates (Li, Na and K) for both
thermochemical water splitting and thermochemical CO, reduction. The manganese, sodium
system is found to be the optimal combination for water splitting.

The second project explores the effects that zeolite structure has on the product
selectivity in the methanol-to-olefins (MTO) reaction. After first ensuring that literature
results on the more common MTO catalysts could be reproduced, the effects of several
zeolite structure features on product selectivity are elucidated. Structural features such as
channel width and channel eccentricity, cage size (tested on the LEV, CHA and AFX
frameworks) and framework composition (tested on the LEV, AEI, CHA and AFX
frameworks) are explored. It is found that the product selectivity does not have a strong
correlation with channel width and eccentricity. Ethylene selectivity did increase with a
reduction in cage size, while propylene selectivity is a maximum with the CHA cage. The

most consistent theme noted is that between the aluminosilicates (zeolites) and the
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silicoaluminophosphates (SAPOs), the effect of temperature on the C,_/C,_ is the same (if
the aluminosilicate shows an increase in C,_/C,_ with an increase in temperature, so does the

silicoaluminophosphate, etc.).
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Chapter 1 Overview of Thesis

1.1 Overall Summary

This thesis is a summary of some of the work I did while in the ME Davis group at
Caltech. It can most generally be classified as attempts to synthesize various materials with the
objective of being able to direct chemical reactivity in a certain way. Not all the materials
presented in this thesis work are truly catalytic as they do not exhibit catalytic turnovers, but
rather, conduct cyclic stoichiometric reactions. As with a large body of research being
conducted today, the reactions being studied can be broadly classified as having the end goal of
finding alternatives to fossil fuels. However, this is where the similarities between the projects
that I did ends, and this first chapter is meant to serve as a guide for how the rest of this
document is laid out.

The thesis is separated into two parts. Part I details my attempts at creating materials
that will split water with thermal energy as the only energy input. Part II of this thesis looks at
my attempts to understand structure-property relations for the zeolite catalyzed conversion of
Methanol to light olefins. In chapters 1.2 and 1.3, I will briefly summarize how each of these

parts of the thesis are organized.

1.2 Materials for Thermochemical Water Splitting

Part I of the thesis looks at materials made for thermochemical water splitting. Chapter
2 provides an introduction to the field of thermochemical water splitting. It also includes a brief
summary of some of the drawbacks of existing systems that have been explored in the literature
to conduct this process. Two specific examples from the literature are analyzed, the sulfur-
iodine cycle and a metal / metal oxide cycle.

Chapters 3 and 4 look at active nanoparticles impregnated on a hydrophilic pure silicon

zeolite *BEA support. Chapter 3 provides a proof of concept of why this approach was studied



in order to tackle the problem in question in this part of the thesis. It looks at two examples of
oxidation by water, and thermal reduction, and the impact that impregnation has on the
minimum temperature required for these reactions. Chapter 4 then looks at combining this
approach with multiple metal nanoparticles in an attempt to synthesize particles with oxygen
atoms bridging multiple metal centers that would possess the reduction and oxidation properties
that were an intermediate between the individual metals.

Chapter 5 then presents a thermodynamic analysis of a generic 2-step water-splitting
cycle. Given that chapters 2-4 present multiple approaches that were attempted but failed,
chapter 5 looks at whether the 2-step cycle is even thermodynamically feasible.

Given that chapter 5 shows why a two-step water splitting cycle is not
thermodynamically feasible, chapters 6-7 then present an analysis of several thermochemical
cycles that were successful in splitting water, and CO,. The first cycle that satisfied the criteria
is described in chapter 6 in thorough detail. Chapter 7 then looks at other cycles obtained
through variations of the metals involved in the first cycle.

Finally, Chapter 8 concludes this part of the thesis, by looking at the main conclusions
drawn from the work done thus far, and offering suggestions for directions for future research
that seem promising. It looks at some of the shortcomings of the cycle presented in chapter 6,

and suggests possible routes to improve this cycle.

1.3 Structure-property relations in the zeolite catalyzed conversion of methanol
to light olefins

As with the first chapter of Part I of the thesis, the first chapter of this part of the thesis,

chapter 9 provides an introduction to the field of methanol-to-olefins chemistry. It looks at the

motivation for studying this reaction in light of the need to find replacements for fossil fuels.

Then it provides a brief background of what has been done in the field, and the postulated

mechanism for this reaction and some of the commercialized catalysts for this process.



There were three main studies conducted on how the methanol to olefins reaction is
affected by structures in the catalyst framework. These were the effect of changing channel
shape (chapter 10), effect of changing cage size (chapter 11) and effect of changing framework
composition (chapter 12) respectively. Chapter 11 also provides a quick look at how changing
the acid site concentration differently affects the 3 different structures studied.

Chapter 13 is a survey of the effect of ion exchange treatments on the catalytic activity
of the zeolitic material. Ion exchange is a common post-synthetic treatment that is employed in
order to get the catalyst into its active protonic state. This chapter looks at the effect that this
treatment has on both some of the characterizations performed on the zeolites and on the
catalytic activity.

While the surveys presented in chapters 10-12 provide more cohesive studies of effects
of different zeolite structures on product selectivities in the methanol to olefins reaction, there
was a much larger body of zeolite structures that was studied. The structures that could not be
grouped into cohesive studies are presented in Chapter 14.

Finally, chapter 15 concludes this part of the thesis by summarizing the key findings
from the various studies that were conducted. This chapter also provides some suggestions

about future directions in the area of understanding structure-property relations.



Chapter 2 Introduction to Thermochemical Splitting of Water

2.1 Motivation for thermal water splitting

Thermochemical water splitting is the splitting of water into hydrogen and oxygen with
heat as the only input energy. This process would thus allow heat energy (either waste heat or
otherwise) to be captured and stored as hydrogen. Hydrogen can then be used in a multitude of
ways — from an energy carrier to later be used as fuel cells, to a chemical reagent required in
chemical processes. A large body of research literature has gone into hydrogen as an alternative
energy carrier and ways to generate hydrogen'”. Thermochemical water splitting provides a
route to utilize heat from sources of heat, ranging from high temperature heat sources like solar

concentrators to low temperature heat sources like waste heat from steam turbines.

2.2 Known processes for thermochemical splitting of water

Research on thermochemical water splitting catalysts has been carried out since the
1970s. The initial paradigm was to couple water splitting plants to nuclear power stations to
utilize the waste heat from these power stations to generate hydrogen®*’. With the growing push
for carbon neutral fuels, there is again a renewed interest in these reactions to supply hydrogen
as an alternative fuel. While these reactions do not provide the most thermodynamically
efficient method of generating a fuel, they rely on waste heat, making it an advantageous
process.

This section of this work summarizes the cycles that have been used for
thermochemical water splitting. One example each of cycles that operate at low temperature
and cycles that operate at high temperature will be explored in detail before elaborating on the
shortcomings of these cycles. Finally a proposed strategy as well as the goals for Part I of this

thesis shall be detailed.



2.2.1 Sulfur - Iodine Cycle & related cycles

The sulfur-iodine cycle was the first cycle to demonstrate that a thermochemical water
splitting cycle can be closed at low temperature. In this case, the maximum temperature
required is 800°C°. The converting species involved in this cycle are iodine (I,) and sulfur

dioxide (SO,). The cycle can be represented by the 3 reactions given below:

Water Splitting: 2H,0+S0,+I, = H,SO, +2HI 120°C
H, Evolution: 2HI =H, +], 450°C
O, Evolution: H,SO, = H,0+S0,+0.50, 800°C

Nett H,0 =H, + 0.50,

This cycle proceeds through a 3-step process. The first step splits the water between the
iodine and the sulfur dioxide. In this step, the sulfur is oxidized to sulfur dioxide, while the
iodine is reduced to hydrogen iodide. In the subsequent two steps, the products of the first step
are decomposed to yield hydrogen, oxygen, sulfur dioxide and iodine. This completes the cycle
by regenerating the initial species and hydrogen and oxygen as the only products.

There are several challenges that need to be overcome in order to employ this cycle on a
commercial scale. The chemicals involved as reaction intermediates are not only highly
corrosive (such as sulfuric acid at 800°C) but also highly miscible and form complex
equillibria. In a paper by Davis and Conger’, it was reported that the first step is carried out at

lower temperatures and at higher pressures such that the reaction occurs in the liquid phase.
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Figure 2-1 Process flowsheet for General Atomics sulfur-iodine cycle

Figure 2-1 ®*shows the process flowsheet from General Atomics for a proposed
thermochemical water splitting plant to be coupled to a nuclear reactor. As seen from this
setup, a lot of steps are required to separate the homogeneous mixture of HI, I,, and sulfuric
acid. The separation of the mixture requires multiple flash drums to form condensed phases as
well as a distillation tower. The fact that the fluids in concern are highly acidic makes it all the

more challenging for materials selection, as the reactor vessels would have to be lined with

inert, thermostable coatings.

Thus, while SO, and I, do achieve splitting of water into hydrogen and oxygen below
the target temperature, the industrial application of this process is made difficult by the highly
corrosive homogeneous mixture after the water splitting step. This example highlights one of

the main goals of this part of this work; to synthesize water-splitting materials that are largely

phase separated, and non-corrosive.




2.2.2 Metal Oxide & Mixed Metal Oxide cycles

Metal oxide cycles hope to achieve this reaction by having a condensed phase metal in
contact with a vapor phase containing water. This would make for easier separation as the solid
phase would be retained in the reactor bed, while the excess water and the product Hydrogen
and Oxygen would be in the vapor phase. There are many cycles that fall into the category’"?,

most of which proceed by the following two steps:

M,0,”M,0,,+0.50, T,

MO, , + H,0 2> M0, + H, T,

The first step is a thermal reduction step (that usually occurs at a higher temperature), in
which heat is used to break down a metal oxide into either an oxide with a lower oxidation
state, or down to the metal itself. The second step involves flushing the reduced metal (or metal
oxide) with water vapor at a moderate temperature to generate the Hydrogen, and recover the

original metal oxide. One example of this cycle is the Zinc / Zinc oxide cycle.

Zinc Oxide cycle
This cycle largely follows the general metal oxide cycle mechanism described above.

This cycle is an example of the case where the metal oxide is thermally reduced to the metal.

Zn + H,0 (g) 2 ZnO +H, (g) 400°C

ZnO(s) 2 Zn (g) + 0,(g) 1600-1800°C

In order to allow the thermal reduction of Zinc (II) Oxide to proceed at a reasonable
rate, the temperature required is so high that the product zinc is in a vapor phase. "*'* The vapor

formed presents an engineering challenge to prevent zinc precipitation in the reactor tubes.



Further, in order to achieve these high temperatures, the reaction is carried out atop a solar
concentrator'. In order to handle the phase changes that occur in the thermal reduction step, a
“vortex reactor” has to be used'. This is essentially a large screw conveyor with a window for
focused solar radiation input. A reactor utilizing this process was set up by the group of Prof
Steinfeld from ETH Zurich in a solar reactor in Spain. They were able to successfully
demonstrate a water splitting cycle in this reactor, however due to the immense energy required
for the moving parts of the reactor and the zinc flow path, they were only able to achieve an
overall efficiency of 4%.

This system does not involve corrosive materials as the Sulfur — Iodine cycle does,
however the high temperatures involved present several disadvantages. First, the high
temperatures require a significant source of heat, which, to be environmentally sustainable can
only come from a solar reactor. Further, the phase change of zinc during the cycle presents a
huge engineering challenge in preventing condensation in unwanted regions. The high
temperatures involved further present a challenge in preventing net heat (and energy) loss to the

environment.

2.3 Shortcomings of known cycles and objective for part (I) of thesis

From the above two sections of this work, the shortcomings of the two types of thermal
water splitting cycles are apparent. These shortcomings result in severe engineering challenges
that hinder the implementation of these cycles for commercial hydrogen production. The high
temperature cycles require a lower limit for the high temperature step that cannot be attained by
most heat sources. For instance, apart from solar concentrators, very few heat sources would be
able to provide the 1600-1800°C required for the Zn/ZnO thermochemical water splitting cycle.
Similar thermal reduction temperatures are required for the other metal / metal oxide cycles.

The low temperature cycles tend to form corrosive acids, and in particular acids that have
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complex disproportionation chemistry. This was highlighted with the sulfur-iodine cycle in
section 2.2.1.

For part (I) of this thesis, the objective was to develop thermochemical water splitting
cycles that would overcome the problems described above. First, the cycle should operate
entirely below 800°C. This temperature allows the utilization of heat from a large variety of
waste heat sources, such as excess heat from a thermal power plant or waste heat from metal
foundries. This also reduces the engineering challenges of operating at exceedingly high
temperatures. Second, the materials used in thermal water splitting should not contain any
corrosive species, nor should they form complex mixtures that require extensive separation post
reaction. Finally, the materials used in the thermal water splitting cycle should be phase
separated from the reactant and the product species, that is, solid materials employed for vapor

phase conversions.

2.4 General approach for this part of the thesis

The approach for this section of the thesis is focused on studying how to reduce the
energetic requirements of the metal oxide cycle by learning lessons from the multiple-step low
temperature cycles. Studying the metal oxide thermochemical cycles from literature, it is
apparent that the largest energy uptake lies in the thermal reduction. This is evidenced by the
reaction temperatures required for thermal reduction to proceed. First, attempts to lower the
temperature required for the thermal reduction will be detailed. Second, attempts will be made
to try to obtain a working system where the reduction temperature has been lowered while
maintaining the water reduction ability. A schematic of this reaction cycle is shown below in

figure 2-2.
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MO,+H,0 > MOy, > T,
MOy, +H, Tt MO,+0.50,
0.50,
H,0

Figure 2-2 Proposed schematic for 2-step thermochemical water splitting cycle

In this schematic, the reduced and oxidized species doing the thermochemical cycle are
represented by a generic species, M, for convenience. In order to achieve a complete closed
cycle, this species M can either be representative of a single element, or representative of
multiple elements, the bridging oxygen between them being the easily removed / added oxygen
atom to complete the cycle. Ideally, a two-step cycle would be preferred as it reduces the
necessity for separation of reactions and products between the various stages. However, if such
a two-step cycle cannot be closed, then multiple-step cycles must be considered in order to
achieve the desired cycle.

All proposed materials were tested using an Altamira AMI-200 catalyst characterization
system. Effluent gases were analyzed by a Dycor Dymaxion D2000 mass spectrometer. Water
was introduced by flowing inert through a water bubbler filled with either D,O or H,O held at

30°C. The furnace for the AMI was set up to allow thermal treatments up to 1200°C.
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Chapter 3 Particle size changes as a means for lowering reduction

temperature

3.1 Introduction

The largest obstacle in achieving the target for this part of the thesis is the high
temperature required to do break down the oxidized material. One possible means to
achieve this is through the lowering of particle sizes. During the reduction and oxidation
of a metal or a metal oxide, one of the major components in the energy required to
change the oxidation state is the energy required to change the lattice structure of the
metal / metal oxide, and to move oxygen into and out of these lattice coordinates in
bulk. Thus, if this lattice energy component is reduced, the energy requirement for
reduction and oxidation reactions could be reduced significantly as well. One possible
approach to reduce these lattice associated contributions is to reduce the size of the

cluster of atoms being oxidized and reduced'?. This approach will be examined here.

3.2 Objective

The aim of this section is to study the effect of reducing cluster size on the temperature
of the oxidation and reduction half cycles for a thermochemical water splitting cycle. Here
temperature is being used as a proxy for the energy requirement for the oxidation / reduction
half cycles. Starting with the base case of a bulk metal oxide particle, particles of smaller sizes
will be synthesized to test the hypothesis, and to understand where the effects of particle size
changes on the temperature required for the oxidation and reduction half cycles.

One strategy to attempt to achieve a reduced particle size is impregnating these metal

oxide particles in the channels of a zeolite. Metal impregnation into zeolites has previously
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been employed to reduce active metal particle sizes for hydrocarbon reactions’. A similar
approach can be taken by using reducible metal oxide species. Here, as a proof of concept,
particles of CuO and FeO will be synthesized as occluded species in the channels of a
hydrophilic pure silica zeolite beta*. This material was chosen as a support because it would be
inert to the redox reactions occurring at the metal active centers, while providing a size limit to
the metal clusters that can form within the pores of the zeolite. The zeolite has channels that
have Van der Waal’s pore radii of between 5A and 7.5A. At most 12A clusters can be formed
at the channel intersections. These correspond to clusters with at most 6 metal atoms across in a

M"O type metal oxide.

3.3 Synthetic strategy

Based on work by the Ngrskov group, the cluster size has to be below 5A! to start
seeing truly dramatic changes in energies and turnover frequencies for oxygen reduction. In
order to exploit this, comparisons between the bulk metal oxides and their clusters impregnated
on inert supports had to be studied. In particular, impregnation into zeolite pores ensures that
the metal oxide clusters are of the same sizes that would start to exhibit these dramatic changes
in energies in the theoretical study. In order to allow aqueous impregnation on an inert support
that had minimal diffusion limitations, hydrophilic Si-*BEA was chosen to act as a support.
The *BEA zeolite framework has a 3-dimensional network of pores that are larger than 5A, but
less than 7A.

MO,/Si-*BEA was synthesized by post synthetic treatment on CIT-6. Fresh CIT-6 was
made from the known literature recipe for CIT-6.” The occluded TEA+ organic species were
removed by calcining the as-made material to 580°C in medical grade air. Due to the harsh
conditions of the calcination the framework zinc of CIT-6 is removed to form extraframework,
intracrystalline ZnO clusters. These clusters must be removed from the material in order to get

a clean material for the impregnation of the metal oxide. These clusters are removed through an
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acetic acid extraction treatment similar to what was reported by Andy & Davis *: 3 sequential
extractions with fresh 50 mass % solutions of glacial acetic acid in water.

After zinc removal was confirmed by EDS, the pure Si-*BEA was impregnated by
incipient wetness. Typically 10 ml of a metal nitrate solution was used per gram of zeolite. The
amount of metal nitrate was calculated to yield 5 wt % of oxide upon completion of the
treatment. After leaving the solution in contact with the zeolite for a period of 12h, the water
was dried from the slurry by heating the slurry to 100°C. At this point, there should be clusters
of metal nitrates occluded in the pores of the pure silica zeolite. In order to convert the nitrate
clusters into clusters of metal oxides of the desired oxidation state, a calcination treatment
under Ar was conducted. This treatment was conducted in situ in the reactor prior to the
conducting reactivity tests listed below. Even though these experiments were carried out to
show that independently the size reduction principle could be used for both the thermal
reduction and oxidation half-cycles, the other half reaction was also tested on each of the

catalysts.

3.4 CuO impregnated in Si-*BEA

CuO was used as the metal oxide to prove that for the thermal reduction step, particle
size changes affect the thermodynamics of the thermal reduction step. As the two bookends for
the sizes of CuO particles synthesized, CuO on Si-*BEA (made using the synthesis protocol
described above) In addition to bulk CuO and CuO impregnated on Si-*BEA, a third size of
particles was also studied. These particles were synthesized by accident due to harsh exchange
conditions while exchanging Cu®* onto Al-*BEA. XRD characterization revealed that they
were a Copper II — silicate phase known as Antlerite.

The sizes of these particles were characterized by electron microscopy. The sizes of the
copper silicate and bulk copper oxide phases were determined by SEM, the size of the occluded

copper species were found by TEM studies on sectioned zeolite crystals. The electron
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micrographs from these analyses are shown below in figure 3-1. This set of particles span 3
orders of magnitude. However, the copper (I) silicates that are shown in figure 3-1 (b) have a

very high aspect ratio, making it difficult to determine which the critical dimension is.
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a) Mag= 143KX |_| WD= 13mm Photo No. =8636  Time :18:28:14
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b) |_| WD= 12mm Photo No.=4300 Time :19:12:43
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Figure 3-1 Electron micrographs of Copper (II) containing particles of various sizes. (a) Bulk CuO,
(b) Copper (II) silicate, (¢) CuO impregnated in Si-*BEA (by TEM)

The following procedure was followed for the thermal reduction: the reactor tube was
loaded and the material was heated in Ar to 350°C at 10°C /min, and held at 350°C for 1 hour.
This was all done under a 50 cm’/min gas flow. This ensured that the particles being tested
were in the copper (II) oxide state. After the hold, the solid was cooled back down to 50°C. The
sample was then ramped at 5°C/min under the same flow to 975°C, and then held for 1 hour at
that temperature before cooling it down to 50°C.

The thermal reduction profiles are provided in figure 3-2. The reduction temperature for
the bulk copper oxide is 80°C higher than the CuO impregnated zeolite beta. It is about 70°C
higher than the antlerite particles. The reduction temperature decreases with decreasing particle
size. Further, it is seen that the intensities for the impregnated particles are two orders of

magnitude higher than the bulk particles on a per mole of copper basis.
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Thermal reduction Profiles
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Figure 3-2 Thermal reduction profiles for different particle sizes

The thermal reduction of copper (II) oxide to copper (I) oxide should yield the same
amount of oxygen per mole of copper: 0.25 mol. However, different amounts of oxygen are
evolved due to incomplete oxidation-reduction within the temperature range studied. The
limited temperature range would only reduce the surface species. Thus, where smaller amounts
of oxygen are evolved, the energy barrier for bulk reduction has yet to be overcome. For the
optimal species, the surface area would be maximized and this would present the lowest
energetic barrier for reduction.

The anomaly in this result is the intensity of the antlerite particle reduction. This might
be because of the shape of the formed crystals. The initial crystals formed were rod like and
had a very narrow diameter. Thus, the exposed surface area may be very high. Further, the
antlerite particles were likely made of very dispersed copper ions with coordinated silica and
sulfate groups. This dispersion may have formed an even more reducible species than copper
(i1) oxide nanoclusters.

The second observation made was the consistency of the reduction temperature over
consecutive runs on the same loaded material. Over consecutive runs, it was noted that the

maximum thermal reduction occurred within an error bound of 10 °C for the impregnated
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particles. However, both the bulk oxide and the antlerite particles show larger changes in the
thermal reduction temperature. There is an especially pronounced decrease in peak reduction
temperature between the first reduction and the second reduction for the bulk material (80°C).

A comparison of the reduction profiles for all 3 materials is shown in figure 3-3.

Figure 3-3 Thermal reduction profile comparison over consecutive runs for (left) impregnated
Cu*(left), antlerite particles (center) and bulk Cu** (right)

Another observation from this figure is that the intensity of desorption changes over
different runs. This is seen across the 3 different sized particles. While expected for the two
larger particle sizes, it is not expected for the impregnated material. This is because sintering is
a possibility in the antlerite particles and the bulk material due to contact between different
particles. However, the particles in the impregnated material are isolated, and as such cannot
move and coalesce.

Both the intensity of the desorption peak and the temperature at which this happens can
be explained by the sintering of copper oxide particles. Literature evidence® suggests that
sintering is prominent if the temperature is raised to above 50% of the absolute melting
temperature of the compound. The temperature reached during the reduction is at least 1123 K
during the studies while the temperature at which sintering would be come significant is 737K.
Since sintering is occurring, it could be postulated that the particles go past a critical particle
diameter where the reduction thermodynamics change. This phenomenon was observed in a

study by Niklasson et al.” They postulated that as the particles go into the nanoparticle regime,
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the diffusivity into the bulk material becomes more nonlinear, speeding up the oxidation
process. Though the results on the paper are for kinetic studies, an argument based on the
energetic requirements of a larger crystal lattice can be made as well.

Through this series of experiments, it was shown that impregnated nanoclusters of
Copper (II) Oxide inside zeolites are more active than the bulk material of the same
composition. This higher activity could be used to engineer a catalyst that reacts at a lower

temperature than the known heterogeneous catalysts.

3.5 FeO impregnated in Si-*BEA

FeO on Si-*BEA was prepared in a manner similar to what was described for
synthesizing CuO on Si-*BEA. A solution of Fe(NO,), was impregnated onto a hydrophilic Si-
*BEA sample that was prepared in the manner described above. However, unlike the case with
Cu, for Fe, only the bulk material and the impregnated material were tested for their reaction
temperature. In a very similar protocol to what was done with Cu, the impregnated material
was dried, and heated to 350°C under Ar to allow decomposition of the nitrate anion to the
oxide. Upon decomposition, the oxide was cooled again to 50°C to start the water oxidation
experiment.

The results from water oxidation experiments are presented in figure 3-4. In both
figures, the water traces on the mass spec are shown in green, the hydrogen traces are in pink.
The temperature profile is in blue, and on the left axis. While the total hydrogen evolved is
greatly different between the two samples, the key observation is the temperature for the first
pulse where hydrogen is observed. For the impregnated material, hydrogen evolution starts as
low as 130°C, while for the bulk iron particles, a temperature of 190°C is required for the

hydrogen evolution to be observed.
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Figure 3-4 Water Oxidation Pulses on (left) Bulk Fe particles, (right) impregnated Fe particles

While this is not as significant a change as what was seen with the CuO reduction, it
still serves as a second proof of concept for being able to reduce the temperature required for
the oxidation state change through this technique. While both of these examples do prove the
concept, they also show that this alone is insufficient in being able to complete the entire water
splitting cycle.

Upon testing the copper material for water oxidation, and the iron oxide for thermal
reduction, both materials were unsuccessful in doing the other half of the cycle. In order to test
this, upon completion of their respective half-cycles (reduction for Cu, oxidation for Fe), the
materials were cooled down to 50°C, and the other half cycle was started. For the reduced Cu
species, the solid was heated under argon to the maximum temperature the reactor could sustain
(1200°C) while pulsing water over the catalyst. For the oxidized Fe species, the solid was
heated under argon to 1200°C again, but without water pulses. In both cases, no reaction was
observed. Thus, there needs to be a combination of the size reduction strategy with other

strategies in order to close the cycle under the target temperature of 1000°C.
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Chapter 4 Mixed metal oxide clusters as a means for lowering

reduction temperature

4.1 Objective

The objective of this section of this work is to attempt to exploit oxygen atoms with
multiple metal coordinations in addition to reduced particle size to attempt to complete a water
splitting cycle under the target temperature. In the previous section of this work, reducing the
particle size as a means to lower reaction temperature for the two independent half reactions
was demonstrated with metal particles of two different metals, copper and iron.

The schematic of the proposed strategy is demonstrated below in figure 4-1. A summary
of the previous section is shown in the first two columns, with cartoons of the structures being
oxidized or reduced. The rightmost column shows one possible proposed structure for this
section of the work. In it, the oxygen atoms that are bound to both iron and copper centers may
have chemical behavior that is a combination of both of the oxygen atoms in the two left most
structures. The intended effect is similar to atoms of gold in contact with titania in Au/Ti0O,

catalysts'.
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Water splitting

Figure 4-1 Proposed strategy to complete water splitting cycle

In addition to the Iron-Copper mixed metal oxide, Nickel-Copper was also attempted.
Nickel exhibited similar behavior to iron, in that it was able to split water to yield hydrogen,
but it did not thermally reduce under the target temperature. In the following section, the data

from tests conducted on both of these mixed metal oxides are presented.
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4.2 Strategies for obtaining mixed-metal oxides

The synthesis of the single metal oxide clusters was a straightforward exercise in
incipient wetness impregnation, similar to what was done previously’’. However, creating a
mixed metal oxide cluster is a more challenging procedure’. This is because of the challenge of
creating colocalized metal oxides of the two different metals.

Sequential impregnation of the two metals would not be a satisfactory solution because
the deposition of particles of the first metal would result in pore blockage, restricting deposition
of the second metal. In light of this, a mixed solution of metal acetates was chosen as the
impregnation medium. The drying and activation procedure was identical to what was
described in chapter 3 for the single metal clusters.

As mentioned above, it is critical that the two metal species be adjacent to one another,
with shared oxygen atoms. This is analogous to the ideal way to characterize colocalization of
mixed metal oxides would be through transmission electron microscopy. However, due to
difficulty in processing zeolitic materials for TEM analysis, a direct chemical analysis approach
was taken in trying to ascertain if the metal particles were colocalized. The samples were
directly analyzed for their activity in a full cycle, and their activity was compared to separately
impregnated single metal particles. In order to evaluate the mixed metal oxide for the full
thermochemical cycle, as the individual metal particles would allow both halves to occur
independently. Only a regeneration to the original state would prove a complete cycle can
occur.

The main drawback of this approach is that a negative answer could imply a failure both
in synthesis of colocalized nanoparticles or the failure of the synthesized particles to conduct
the entire cycle. However, given the lack of a method to independently verify the

colocalization, this was the way used to judge whether this method can be used to make
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materials that can be used for thermochemical, be it due to inability to synthesize the right

materials, or due to the inability of the materials to conduct the whole cycle.

4.3 Tests on mixed metal oxides

The key data from the Fe-Cu system are shown in figure 4-2, and the Ni-Cu system are
shown in figure 4-3. In summary, neither of these mixed metal oxides are able to complete the
two half reactions such that the cycle would be complete. The mixed metal clusters behave like
independently impregnated clusters, and the hypothesis of being able to synthesize clusters
where the shared oxygen atoms have properties of both the oxidizable metal and the reducible
metal proved to be incorrect.

In figure 4-2, the first and second thermal treatment on Fe-Cu on Si-*BEA is shown.
Between the two thermal treatments, the material was pulsed with water on a temperature ramp
starting at 150°C, and reaching 1000°C. During the water splitting step, water splitting behavior
analogous to what was seen in section 3.4 was observed. As seen here, the second thermal
treatment under inert yielded no peaks associated with oxygen, suggesting that the water pulses
did not reoxidize the species responsible for the oxygen evolution in the first thermal treatment.
That is, the Fe-Cu system, synthesized this way, was incapable of completing a water splitting

cycle.

o et 4

Figure 4-2 Successive thermal treatments to Fe-Cu oxide particles on Si-*BEA

Figure 4-3 shows the mass spectrometer data from the Ni-Cu particles impregnated on

Si-*BEA. There are several interesting points from these successive thermal reduction profiles.
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Again, as with the Fe-Cu system, between the successive thermal treatments, an oxidation
treatment that involved water pulses on a temperature ramp up to 1000°C was conducted.

The first point of note is that in all 3 thermal reduction profiles, there is O, being
evolved. Thus, it would seem that the material can be oxidized by the water pulsing treatment.
Second, the temperature at which the thermal reduction occurs is shifted by 150°C between the
first and the second thermal reduction. This suggests a change in the nature of the species being
reduced between the first and the second thermal treatment. This is further shown by the
significant reduction in the quantity of O, being evolved in the thermal treatment. As indicated
by the units on the y-axis, there is a 10-fold reduction in the amount of oxygen being generated
from the first reduction to the second reduction. However, after that, the second and third

thermal reductions yield an almost identical temperature profile.
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Figure 4-3 Successive thermal reduction profiles on Ni-Cu on Si-*BEA

These data, as a whole, suggest that the water splitting cycle might be completed by the
Ni-Cu species impregnated in Si-*BEA. It also suggests that the oxygen in the original species

(first reduction) was more tightly bound to the metal structure than the subsequent removed
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oxygens. However, closer examination of the water pluses revealed negligible H, formation.
Thus, there was a question of the source of oxygen used to oxidise the metals in order to
generate reducible oxygen. Upon further evaluation of all the traces during the water pulses, it
was seen that water pulse carried along with it entrained oxygen (see figure 4-4). Given that the
oxygen is a stronger oxidizing agent that the water that was carried by the inert, it was
hypothesized that the entrained oxygen was in fact what caused the oxidation, and the ability to

“complete” the cycle shown above.
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Figure 4-4 Entrained oxygen in bubbler seen in O, trace of water pulses

In order to confirm this, a control experiment was first conducted to quantify the
amount of entrained oxygen that is evolved through the pulses. This test was conducted with no
catalyst present in the reactor u-tube, and the temperature and pulse profile identical to the run
shown above in 4-4. The area under the m/z=32 curve was integrated, and this number was
compared to the integrals seen above in figure 4-4. Any unaccounted for oxygen species can be
assumed to have reacted with the solid present in the reactor. The total integral of the

unaccounted oxygen was 95% of the integral of the oxygen seen in the second and third
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reduction runs in figure 4-3 above. Thus, the oxidation was caused not by the water splitting, as

intended, but rather by the entrained oxygen.

44 Conclusions from mixed metal oxide testing

The data above show that the two attempts at mixed-metal oxide cycles were
unsuccessful in yielding a system that was capable of completing a full thermochemical water
splitting cycle. The metal particles behaved as independent oxides would. The only promising
data was seen with the Ni-Cu system in the very first reduction, where the species showed a
thermal reduction temperature that was slightly more elevated than the regular CuO reduction
temperature.

At this point, an essentially infinite number of combinations between various transition
metals can be envisioned and tested, and to test such a large combination of metals would be
beyond the scope and timeline for this thesis work. Before investigating in further detail the
possibility of recreating a Ni-Cu species that would give rise to the first thermal reduction peak
seen in figure 4-3, or other combinations of transition metals that would yield more promise in
being able to close the cycle, a thermodynamic analysis of the entire thermochemical water

splitting cycle needs to be conducted.
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Chapter 5 Thermodynamic analysis of 2-step water splitting cycles’

5.1 Objective

In this section of this work, a thermodynamic analysis will be conducted on an arbitrary
two-step water splitting cycle to determine the conditions required of the oxidized and reduced
metal species in order to be able to close the cycle under 1000°C. The analysis will be
conducted by assuming that the cycle is conducted on an arbitrary metal, M. Using elementary
equations for the Gibbs free energy change for the reaction, expressions involving only the
material properties of the metal in question will be obtained. Upon completing the analysis
under standard conditions, temperature and partial pressure corrections will be applied to bring
the analysis model as close to the actual reaction conditions as possible. This is similar to what
was shown by Meredig & Wolverton'. The only caveat of this approach is that it is impossible
to evaluate the drop due to the approach taken in chapters 2 and 3 of this thesis. Most of the

tabulated data are available for bulk metals and metal oxides.

5.2 Base model for thermodynamic analysis

As stated above, the thermodynamic analysis is conducted on a generic metal, M, which
. . L 1
is cycling between an oxidized state, Ox, and a reduced state, Red, where Red + 5 0, - Ox,

through the two-step thermochemical water splitting cycle. The chemical reactions involved,

and the temperatures at which they occur are given below:

Red + H,0 - Ox + H, (T;) (5-1)

Ox - Red + % 0, (Ty) (5-2)

# Originally published in PNAS DOI: 10.1073/pnas.1206407109
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For each of these reactions, the overall Gibbs free energy change was calculated by
AGryn = 2iAGproquct i — 2ilGreactanti - These Gibbs free energy changes were then

deconvoluted into enthalpic and entropic contributions by the relationship between AG and 4H,

AG = AH —TAS:

Acfl = AH; oy + AH;y, — AHf goq — AHp 0 — Ty (4S5 0x + AS i, — ASf rea — ASf h,0)

(5-3)

AHf.OZ
2

Asf,oz

T
AGZZ = AHf,Red + 5

— AHyox = Ty (ASpea + L2 = 4575,) (54

In the above expressions, the enthalpy and entropy values are at the temperature that the
reaction is occurring at (T, for reaction 5-1, and T, for reaction 5-2). The end goal of this
analysis is to find expressions such as (L\HfT,‘;2 ed — AH;‘})X), where T, is the standard reference
temperature, 298K. These values can then be compared against tabulated values available in
any number of reference texts ° to determine which of the combinations of metals would
provide the most ideal mixture for completing the cycle. In order to assess the thermodynamic
feasibility of a cycle, it was assumed that each reaction is equilibrated at the temperature at
which it is occurring, such that AG; = AG, = 0. The next step is to combine the terms so that
the tabulated enthalpic and entropic expressions are the subjects of the formulae.

From 5-3:
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1 T T, 1 T T, T, T, _ T T
T_I(AHf,lc)x - AHfj?ed) + T_l(AHf,le - AHf,lyzo - (ASquz - ASf,leo - (ASf,lox - Asfj?ed
(5-5)

From 5-4
1 T; T; 1 T; 1 T; T: T
my (AHpox = Ayheq) = 5 Ay, =5 A%, = (ASpkea = ASp 02 (5-6)

However, in order to obtain single enthalpic and entropic expressions, the temperatures
at which the reactions are conducted must be converted to the standard reaction temperature.
The temperature change expressions for enthalpy and entropy are given below in equations (5-

7) and (5-8), assuming C, is a weak function of temperature;

ASTP = ASToP 4 C,In (Ti) (5-7)

0
AHTF = AH™P 4+ C,(T - Tp) (5-8)
Using these expressions to convert all the appropriate temperature terms in (5-5) and (5-
6) into T, yields (5-9) and (5-10) respectively:

AS}‘Q,Ox - ASfH,Red

1 1
=7 (4Hf oy — AH pea) + T, (AHPy, — AHPy,0) — (4SF4, — ASPh,0)

T, =T T
+ ()2 + €0x — cRed — ¢;7%) ( - T °—1In <T_<1)>>

(5-9)

[ [
AHf,Ox - AHf,Red

co2 | AH? T,AS?
_ p 2 .0 249f 0
= (C{}ed +2- CgX> <T2 —Ty—T,In <—0>> g

+ To(4S2 o5 — ASf pea)
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(5-10)

At this point, the two equations can be separated by inter substitution to yield one

expression with only entropic terms (5-11) and another with only enthalpic terms (5-12):

a0, +ian, —an?
0 0 _ ZUfHT37Y 50, fH0 T 2 o 0
ASE e — AP0y = — - (ASfHZ = AS0o, 480 10) +
(CFet = c9) [1 - Zin(2) + ——In (2 )] +(6 - ) [P - I (B)] +

p p T,—Ty To T,— T1 p T,-Ty T-Ty To

0>
C—[TZ o Ty (Z)] (5-11)

2 -1y, T-Ty Ty

0 6 _ _TI 0 I 0 Ty
AHf,Red - AHf,ox —_ TZ—Tl (Hf:HZ AHf 02 AHf,HzO) T T <ASf HZ +

2 T,—-Ty T,—-Ty T,—-Ty Ty

F02  450,0) 4 (G0 - €97 (T — e 1n (12)) 4 S [Blict) _ ity ()]

(ng _ CHZO) [TZ(Tl—To) _ 0l g, (ﬁ)] (5-12)

p T—Ty T—Ty To

At this point, known thermodynamic data for water, hydrogen and oxygen can be

plugged into equations (5-11) and (5-12). A summary of the necessary data is provided below

in table 5-1.
Table 5-1 Thermodynamic properties of hydrogen, oxygen and water”
Molecule Property Value
AH! 0
H, ASP 0.1307 kJ/mol/K
C:'Z 0.0288 kJ/mol/K
AH! 0
0, ASP 0.2052 kJ/mol/K
CSZ 0.0294 kJ/mol/K
AH! -241.8 kJ/mol
H,0 ASP 0.1888 kJ/mol/K
cH=0 0.0336 kJ/mol/K

4
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Based on comparisons with tabulated values for L\L]Hf‘9 = AHJQ Red — AH]Q ox and
AAS}9 = ASJQ Red — AS}?_ ox» 1t was determined that 400 kJ/mol and 50 J/mol/K are conservative
estimates for upper bounds for the enthalpy and entropy differences respectively. Keeping these
estimates in mind, figure 5-1 shows the thermodynamically feasible region based on the

expressions obtained above, and the target region for this work.

¢+
2000 + -
Ao
1500
O
= 1000 Literature Reported Systems
= B Ce,0,/Ce0,
® FeO/Fe;0,
A Sn0/SnO,
¢ Zn/Zn0
500
AAS, not corrected
AAH, not corrected
0- T T T T T
0 500 1000 1500 2000

T, (o)

Figure 5-5-1 Thermodynamically feasible region for two-step thermochemical water
splitting, and some cycles reported in literature.

The first key point of note is that based on this graph, it would be thermodynamically
unfeasible to obtain a two-step thermochemical cycle that would operate under 1000°C. In
figure 5-1, the region of thermodynamic feasibility is above the grey line. This is well outside
the target maximum temperature of 1000°C. On this plot, other reported thermochemical cycles
are also presented as a check on the accuracy of this simple model. This is where the
inaccuracy of one of the assumptions is demonstrated. The literature data obtained from the

SnO/SnO, cycle and the FeO/Fe;O, cycles sits outside this “region of thermodynamic
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feasibility”. Thus, further corrections need to be made to this model in order to ensure that
these data fit the predicted model.

In constructing this simple model, it was assumed that at each step, the solid is in
equilibrium with an equilibrium partial pressure of the gaseous reactants and products.
However, most of these reactions are conducted in flow systems, where the gases are not
equilibrated with the solids that they are interacting with. Thus, the differing partial pressures
need to be accounted for. The next section of this chapter will focus on the pressure corrections

applied to the system to see if this improves the accuracy of this model.

5.3 Correcting state variables for partial pressure changes
As stated in section 5.2, the next step was to correct the equations above (5-11) and (5-

12) for the deviations from equilibrium pressure. In order to do these pressure corrections, the

. . . OH as
isothermal gradients in pressure of enthalpy and entropy were used: 5) and 5) , and the
T T

enthalpic and entropic contributions were integrated from the pressure of the reaction, down to

the reference pressure. Thus, equations (5-13) and (5-14) were obtained.

aHS, +2aH8, —AHE
0 0 _ 2UfHT7NS0; fH0 T 0 T2 206 _ pcH _
ASf,Red - ASf,Ox - Ty—Ty Ty—Ty (Asf,Hz + 2Ty ASf,Oz ASf,HZO)
(—T1 ) Rin (220) 4 B2y (Lo ) 4 (CRed — c0x) [1 — 2 In (T—z) +—"In (ﬁ)] +
T,—Ty Ph, 2Ty Po, p p T,—Ty To T,—Ty To
Hy _ ,H0\[Ti=To T T Cp? [T=To T, T,
(Y[t (0] 4 S7 [ty (] 5-13)
T,-Ty To—T; To 2 -, T,-Ty To
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6
Ty 0 0 T A4S0,
(Hf HZ EAH]C'OZ - AHf,HzO) TZ <ASf HZ + P -

RT,T; P T T: Ty (T, —Tp)
ASf?HZO) B (TziTi) In (%\’PO ) * (CRed Cpox) (TO ; 72"11 (T1)) + I; [ 1Tz2 T10

2 (2 )] +(cfz — %) [TZ(TI‘T") — DOl gy (%)] (5-14)

T,—-Ty T,—-Ty T,—Ty

AH}‘Q,Red AHfox -

Under conventional flow reaction setups, the gases formed are often swept off the
surface by an inert carrier gas so that the product concentrations are much lower than 100% at 1
atm. Fig. 5-2 shows the influence of the pressure corrections on the isentropic and isenthalpic
lines. Partial pressure of water is set at the saturation vapor pressure at 60°C (~0.2 atm) and the
partial pressure of hydrogen is lower than that of water by a factor of 100 for Fig. 5-2. The
partial pressure of oxygen in the thermal reduction step is set at 1/100 of the reference pressure
(1% of oxygen and 99% of carrier gas) for Fig. 4-2. The reaction temperatures (T, and T,) for
the reported ceria’, iron*, tin® and zinc® systems are included in Fig. 5-2, all of which are located
in the allowed region with pressure corrections. It is clear from Fig. 5-2 that lower
concentrations (partial pressures) of products result in lower isentropic and isenthalpic lines,

which enlarge the thermodynamically allowed region but diminish practicality.
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Figure 5-5-2 Isentropic and Isenthalpic lines with partial pressure corrections

54 Conclusion

In conclusion, the exercise of performing a thermodynamic analysis on the two step

thermochemical water splitting cycle yielded a very important lesson, that the cycle cannot be

completed under the target temperature in two steps. The accuracy of the thermodynamic

analysis was confirmed by ensuring that the thermochemical cycles published in literature are

in fact in the permissible region. The original objective of this section of the thesis was to

identify possible combinations of metals that would allow the formation of clusters that would

complete a thermochemical water splitting cycle. However, the exercise has instead shown, that

a two step cycle cannot be closed under 1000°C. Thus, multi-step cycles must be considered for

the improved feasibility of the cycle.
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Chapter 6 Mn,0, based thermochemical cycle”’

6.1 Introduction

Given the revelations of the thermodynamic analysis in Chapter 4, some background
literature work was conducted into known multiple step thermochemical water splitting cycles
that operate below 1000°C". Unfortunately most of the cycles reported in the literature involve
corrosive materials such as strong acids and complex solution mixtures. One cycle in particular
seems of interest when comparing these multi-step cycles. This is a cycle comprised of
Manganese Ferrite, MnFe,0,, and Sodium Carbonate Na,CO,"".

This cycle, while depicted in their 2011 work as two step cycle, actually proceeds via a

set of 4 steps:

MnFe,O, + Na,CO; = 2NaFeO, + MnO + CO, (6-1)
2MnO + Na,CO; + H,0 - 2NaMnO, + H, + CO, (6-2)
2NaMnO,+CO, = Na,CO, + 2MnO + 0.50, (6-3)
MnO+2NaFeO, + CO,~> MnFe,0, + Na,CO, (6-4)

At face value, this set of reactions seems very promising, as it fulfills all the criteria set
forth for the desired system; it does not contain any corrosive materials or complex mixtures.
The highest temperature required is 800°C. However, the major drawback lies in the true
closing of the cycle. There are two possible ferrite phases that can be formed, a-NaFeO, and -
NaFeO,. It is difficult to control the distribution of the two phases that are formed in reaction
(6-1). The major problem lies in the sodium extraction from these phases. Only the B phase
allows the sodium to be extracted under the conditions of the reaction. Thus, in each cycle that

the material goes through, some of the iron phase is lost as the a-NaFeO,. And in the limit of

* Originally published in PNAS DOI: 10.1073/pnas.1206407109
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running the material through multiple cycles, there will be a loss in the total activity per gram
of solid as more and more of the material gets “left” as the inactive ferrite.

Given that the metal doing the actual redox chemistry is the manganese, in order to
explore this avenue as a means to create a truly cyclable material for thermochemical water
splitting, the next approach was to use Mn;0, as the starting material. This oxide has the same
structure as MnFe,0,, except the Fe** ions are replaced by Mn’* ions. The remainder of this

chapter looks at this oxide as a basis for thermochemical water splitting®.

6.2 Step by step analysis of Mn;0, thermochemical cycle

Thermochemical Cycle Overview

Mn;0, (s) »
0, (8) ‘ ’ ’

' MnO (s), Na,CO; (s)
H,O (g) ' gy Na,CO; (s)

and NaMnO, (s)
k'— o, (@ ﬂ

’ ' H,0 (g)
Na,CO, (aq) ’ ‘

H, (g)
NaMnO, (s)
HanOZ'yHZO (s) ‘
Mn,0, (s), MnCO,(s)
H,0 (1)
Step Reaction Temp (°C)

1 3Na;COx(s) + 2Mn;04(s) > 4NaMnOx(s) + 2COx(g) + 2MnO(s) + Na,CO; 850
2 2MnO(s) + Na,COs(s) + H,O(g) 2 Ha(g) + COx(g) + 2NaMnO,(s) 850

6NaMnO,(s) + ayH,O(1) + (3 + b)COy(g) >
3Na,CO;(aq) + aHMnO,*yH,0(s) + bMnCO;(s) + cMn;04(s)
aHMnO,*yH,0(s) + bMnCO; + 2>
(2-¢)Mn3;04(s) + ayH,0(g) + bCO,(g) + 0.50,(g)

80

850

Net H,0(g) > Hy(g) +0.50,(2)
a, b and c satisfy following relations: @ + b + 3¢ = 6 and (4-x)a + 2b + 8¢ = 18

Figure 6-1 Overview of Mn;0, based thermochemical water splitting cycle

We have developed a Mn-based, multistep, low-temperature water splitting cycle that

has a highest operating temperature of 850°C. The thermochemical cycle consists of four main
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steps (Fig. 6-1): (1) thermal treatment of a physical mixture of Na,CO, and Mn,0O, to produce
MnO, CO,, and a-NaMnO, at 850°C, (2) oxidation of MnO in the presence of Na,CO, by water

to produce H,, CO, and o-NaMnO, at 850°C, (3) Na* extraction from o-NaMnO, by its
suspension in aqueous solutions in the presence of bubbling CO, at 80°C, and (4) recovery of
Mn,0, by thermally reducing the sodium ion extracted solid produced in step (3) at 850°C. The
net reaction is the stoichiometric splitting of water to hydrogen and oxygen without any by-
product. The incorporation and extraction of Na* into and out of the manganese oxides are the
critical steps in lowering the temperature required for both the hydrogen evolution and the

thermal reduction steps (vide infra).

Steps 1 and 2: Hydrogen evolution on Mn;0,/Na,CO;

A 2Mn3;0,4 + H,0 —=3Mn,0; + H,

200 —

100
MnO + Na,CO; + H,0 —2NaMnO, + CO, + H,
~

|
S <1 Mn,0, + Na,CO, —

100 S~ \[ _2NaMnO, + MnO + €O,

AG (kJ/mol)

-200 —

-300 | .
2Mn;0, + 3Na,CO; + H,0 —

6NaMnO, + 3CO, + H,
T T T T T T T T
0 200 400 600 800 1000 1200 1400

Temperature (°C)

-400 -

B 2Mn;0, + 3Na,CO; + D,0—=6NaMnO, + 3CO, + D, |-

T
3 =)
o (=1
o
(9 ) aunjesadwa)

o

T
-]
=]
=]

Introduction of D,0

— 400

T
N
(=3
o

MS intensity (a.u.)
T
o

CO, (m/z = 44)

Time (h)

Figure 6-2 Addition of sodium carbonate is essential for low temperature water
decomposition on Mn;0,. (A) Thermodynamic estimates show Na,CQO; enables oxidation of Mn;0, by
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H,0. AG for 0.-NaMnO, is adopted from Azad et al.’, remainder of thermodynamic data are taken
from the CRC handbook ®. (B) Production of D, and CO, in the oxidation of Mn,0, to form o.-
NaMnO, by D,0 in the presence of Na,CO; at 850°C.

The presence of Na* enables the oxidation of Mn** in Mn,0, to Mn’* by water, leading
to the formation of ®-NaMnO,, CO, and H,. In the absence of Na,CO;,, oxidation of Mn,0O, to
Mn,O; is always thermodynamically unfavorable (AG > 0) (Fig. 6-2A, top dotted line)'. The
introduction of Na,CO; drastically changes the thermodynamics of the oxidation reaction; the
AG of reaction decreases with increasing temperature and becomes negative around 250°C (Fig.
6-2A, solid line). These thermodynamic estimates are consistent with our experimental
observations in that water does not react with Mn,0, in the absence of Na,CO; at 850°C, and
the amount of D, obtained by reacting D,O (D,O is used instead of H,O to enhance the signal-
to-noise ratio in the product detection and quantification) with the Mn,0,/Na,CO, mixture at
850°C is equivalent to the amount that would be expected when Mn®* is totally converted into
Mn’* (Fig. 6-2B).

We hypothesize that Na,CO, extracts the Mn®* from Mn,0, at 500-850°C to form o-
NaMnO,, CO, and MnO (Fig. 6-1, step 1; note that CO, is observed while heating the
Mn,0,/Na,CO, mixture prior to exposure of water (Fig. 6-2B)). Hydrogen is then formed from
the water oxidation of MnO at 850°C in the presence of Na,CO, (Fig. 6-1, step 2). We
confirmed that this step can occur independently at 850°C The AG for both steps decrease with
increasing temperature and become energetically favorable above 400°C, (Fig. 6-2A). Upon the
introduction of D,0, a sharp peak indicating the release of CO, is observed. In contrast, the rate
of D, evolution increases slowly after the D,O introduction, and reached a plateau after ~30
min. The drastically different kinetics for the evolution of CO, and D, suggests that step 2 is
not an elementary step. The stoichiometry of the proposed reaction predicts that two thirds of

the 0-NaMnO, and CO, should be formed via step 1 and the remaining third via step 2. These
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amounts are experimentally confirmed by the 2:1 (£15%) ratio of the amount of CO, evolved

before and after the introduction of D,O (Fig. 6-2B).
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MnO
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Figure 6-3 Powder X-ray diffraction patterns used to identify solids phases in hydrogen
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evolution steps. (i) Solid collected after the hydrogen evolution step (after step 2); (ii) solid collected

after reacting Mn;0, with Na,CO; at 850°C (after step 1); (iii) sample from (ii) hydrolyzed in an

aqueous suspension in the presence of CO, at 80°C for 3h; and (iv) sample from (iii) annealed 180°C

in Ar for 1h.

Further support for this reaction pathway is provided by the identification of the

reaction intermediate MnO by powder X-ray diffraction (XRD) measurements. The XRD

pattern of the solid obtained after the hydrogen evolution reaction (steps 1 and 2 in Fig. 6-1)

contains 0-NaMnQO, and a hydrated product o-Na,,MnO, ,, (Fig. 6-3(i)); a-NaMnO, can form

o-Na,,MnO, ,, when exposed to water’). Importantly, the XRD pattern of the powder collected

after step 1 clearly shows the presence of MnO, in addition to the peaks attributed to o-

NaMnO, and o-Na,,MnO, ,, (Fig. 6-3(i1)). The diffraction peaks corresponding to MnO persist

after a-NaMnO, is fully hydrolyzed in the presence of CO, (Fig. 6-3(iii); the hydrolysis process

of o.-NaMnO, is discussed further below). Furthermore, after annealing the hydrolyzed sample
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at 180°C in Ar, the only sharp peaks are those from MnO (Fig. 6-3(iv)). The identification of

the reaction intermediate MnO strongly supports our proposed reaction pathway.

Step 3: Na* extraction of a-NaMnO,

(ii) 0
v
O v i v v

odg

© O Mn;O, O Birnessite
v MnCO; w Nag;HMnO, 44

Hydrolysis of a-NaMnO, with CO,

CPS (a.u.)

v

T T T T 1
10 20 30 40 50

2 Theta ()

Figure 6-4 Powder X-ray diffraction patterns used to identify intermediate phases in
hydrolysis of o.-NaMnQ,. (i) Hydrolysis of &.-NaMnO, in an aqueous suspension at 80°C for 3h; (ii)
hydrolysis of o.-NaMnQ, in an aqueous suspension at 80°C for 3h with bubbling CO, and (iii)
hydrolysis of a.-NaMnO, in water vapor and CO, under hydrothermal condition at 140°C for Sh.

Na* can be efficiently extracted from o.-NaMnO, via hydrolysis in the presence of CO,.
Na" extraction is a critical step in closing the low-temperature thermochemical cycle, since -
NaMnO, cannot be thermally reduced below 1000°C . o-NaMnO, is a layered compound,
with Na* sandwiched between MnO,, octahedral sheets''. Water can intercalate into these sheets,
expanding the distance between adjacent layers to form sodium birnessite (Fig. 6-4)'', as
evidenced by the disappearance of the diffraction peak at 16.7° in o-NaMnO, and the
appearance of the 12.5° peak in birnessite (Fig. 6-4(i)). The mobility of Na" is greatly enhanced
in birnessite compared to that in o-NaMnO, as the MnO, sheets are pillared by water, and
therefore can easily be exchanged by other cations including protons''. Complete Na*

extraction from a-NaMnO, by hydrolysis in acidic conditions to form protonic birnessite (H"
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birnessite) has been reported'”. Here, this conversion is achieved by bubbling CO, through an
aqueous suspension of o-NaMnQO, at 80°C for 3h. A disproportionation mechanism has been
proposed to explain the oxidation state change of Mn in o-NaMn(III)O, when it converts into

the birnessite phase with an average oxidation state of 3.5-3.8"'""'%:

2Mn(IIT) — Mn(IV) + Mn(IT)(aq) (6-5)

The Mn(IV) remains in the solid birnessite phase while Mn(II) is generally believed to
dissolve in the aqueous phase'"'*>. An insoluble Mn(II) salt or other compounds with Mn(II) are
expected to form in the CO,-assisted hydrolysis of o-NaMnO,. Very weak and broad
diffraction peaks corresponding to MnCO, and Mn,O, phases are present in the sample
collected after hydrolysis of o-NaMnO, with CO, under ambient condition (Fig. 6-4(ii)).
However, characteristic diffraction peaks for MnCO, and Mn,;O, phases are observed after
hydrolysis of o-NaMnO, with CO, under hydrothermal conditions (Fig. 6-4(iii)). Accelerated
crystal growth under hydrothermal conditions is most likely responsible for MnCO; and Mn,0O,
crystals large enough to be detected by the diffraction measurements. The presence of the
MnCO; and Mn;0, phases is strong evidence to support the disproportion mechanism (Eq. 6-5;

implies the average oxidation state of Mn in all Mn-containing solid is still +3).

Step 4: Oxygen evolution by thermal reduction of solids from Na* extraction of o-

NaMnO,
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Figure 6-5 Thermal reduction of Na* extracted a.-NaMnO,. (A) X-ray diffraction patterns of:
(i) Na* extracted o.-NaMnO,, and (i) after annealing at (ii) 180°C, (iii) 300°C, (iv) 400°C, (v) 500°C, (vi)
600°C, (vii) 700°C and (viii) 850°C in Ar for 1h. (B) Temperature programmed reaction of: (i) MnO,,
(ii) and (iii) Na* extracted o.-NaMnQO, and (iv) MnCO;.
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Thermal reduction of the mixture formed after sodium extraction of o-NaMnO, (Fig. 6-
S5A(i)) in Ar at 850°C recovers Mn;O,. The layered structure of protonic birnessite collapses
upon heating to 180°C in Ar, presumably yielding amorphous Mn(IlI, IV)O, (Fig. 6-5A(i1)).
The amorphous phase persisted up to 500°C, where broad and weak diffraction peaks of Mn,;0,
begin to appear. These results are consistent with the temperature-programmed desorption
profile of O, (Fig. 6-5B(ii)), with the onset of O, desorption peak at ~450°C. The first oxygen
desorption peak at ~565°C from the mixture is attributed to the thermal reduction of MnO, to
Mn,O; (Fig. 6-5B(i)), indicating the reduction of amorphous MnO, to Mn,O,. The diffraction
peaks of Mn,O, for the Na* extracted mixture gradually grow more intense and narrower as
temperature increases, however, no diffraction peaks corresponding to MnO, or Mn,0O, are
observed throughout the temperature range tested. The oxygen desorption peaks for the Na*
extracted phase above 565°C do not correspond to the desorption peaks from the reduction of
Mn,O; to Mn;0, at 810°C (Fig. 6-5B(i)); these desorption events are attributed to the solid state
reaction between amorphous Mn,0O; and MnO present in the mixture. The CO, desorption peak
from the mixture appears at a similar temperature range as the decomposition of MnCO; to
MnO and CO, (Fig. 6-5B(iii) and (iv)), confirming the presence of MnCO;. The XRD pattern

for the sample after thermal reduction is almost identical to that of commercial Mn,0,, except

for a very week peak at ~16° corresponding to trace amount of o-Na,,MnOQO, ,,.
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6.3 Recyclability of the Mn;0O, cycle
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Figure 6-6 Multiple cycles of the Mn-based thermochemical water splitting system

The Mn-based thermochemical system shown here exhibits >90% yield for both
hydrogen and oxygen evolution and shows no sign of deactivation during 5 cycles (Fig. 6-6).
The amount of O, released from a thermal reduction of a commercial, crystalline Mn,O; to form
Mn,0O, (the solid black circle in Fig. 6-6) is identical to that from the thermal reduction
presented above, consistent with the recovery of Mn;O, in the thermochemical cycle.
Furthermore, the XRD pattern of the Mn;O, recovered after the oxygen evolution is identical
among 5 cycles and match the reference spectrum.

The key feature contributing to the recyclability of the Mn-based system is the complete
shuttling of Na" into and out of the manganese oxides. The Na" incorporation takes advantage
of thermodynamically favorable reactions (Fig. 6-1, steps 1 and 2) to form o.-NaMnO,. The Na*
extraction step exploits the mobility of Na* in the layered structure when intercalated by water,
and is further enhanced by the presence of CO, to drive the equilibrium towards the mixture of
protonic birnessite, Mn;O, and MnCO;. This mixture can be thermally reduced to Mn,0O, at

850°C, closing the thermochemical cycle. Importantly, the trace amount of by-product formed
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by the incomplete Na* extraction is reintegrated into the oi-NaMnO, phase in the next cycle,

avoiding the accumulation of a permanent, inactive phase.

6.4 Conclusions

Comparisons to other multistep thermal water splitting systems

The highest temperature required for the Mn-based cycle is near those temperatures
used with other low-temperature multistep water splitting cycles. Both the hydrogen and
oxygen evolution steps are conducted at 850°C in the Mn-based cycle, similar to the
temperature for the highest temperature step in the now piloted sulfur-iodine system'.

The Mn-based system does not involve any corrosive materials, while almost all
previously reported multistep low-temperature thermal water splitting cycles have toxic and/or
corrosive intermediates in one or more of the steps in the cycle. Most notably, in each step of
the sulfur-iodine cycle, there is at least one of the following chemicals: SO,, H,SO,, I, and HI,
which pose great environmental and engineering challenges".

Hydrogen production via the water oxidation of metal oxides with a spinel structure in
the presence of sodium carbonate was pioneered by Tamaura et al'*">. However, their cycle was
not closed due to the use of sacrificial Fe,O, to extract Na* from sodium manganese iron oxide
produced in the hydrogen evolution step'®. Sodium sources other than Na,CO,, such as NaOH,
have also been employed to facilitate the oxidation of Mn** to Mn™* in the water splitting step'’.
The volatility of NaOH at >800°C and incomplete Na* extraction by water to recover NaOH
pose challenges to its implementation'’. Based upon the work of Tamaura et al., Sturzenegger
et al. first pointed out the possibility of creating a Mn-based cycle that utilizes Na,CO; rather

than NaOH "". Here, we have shown that a closed cycle of this type can be created.

Implementation issues
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There are a number of technical aspects of the Mn-based cycle proposed in this work
that require solution prior to an effective implementation. It is likely that the kinetics of
hydrogen evolution (Fig. 6-2B) will need to be increased. Here, no efforts have been made to
control parameters such as solid particle size. Thus, there are several ways that the kinetics of
hydrogen evolution may be enhanced, e.g., creation of small particles. The need for cooling the
0-NaMnO, produced in the hydrogen evolution step from 850°C to 80°C to perform the Na*
extraction in the aqueous phase before heating the Na* extracted phase back to 850°C may
impose a considerable energy cost. Moreover, Na,CO,needs to be recovered from the aqueous
solution in the Na" extraction step. Further research in alternative Na® extraction method is
certainly warranted. However, Sturzenegger and Nuesch have performed an efficiency analysis
for a cycle that does require heating and cooling solids to the temperatures used here'®. Their
results suggest a process of this type could be feasible. Of course, higher energy efficiency will
be achieved by educated reactor design with efficient heat recovery and recycling among

different stages of the cycle **.

6.5 Bibliography

(D) Kodama, T.; Gokon, N. Chem. Rev 2007, 107, 4048—4077.

2) Steinfeld, A. Solar Energy 2005, 78, 603-615.

3) Rosen, M. A. Energy 2010, 35, 1068-1076.

4) Alvani, C.; et al. International Journal of Hydrogen Energy 2006, 31,2217-2222.

%) Varsano, F. et. al. Solid State lonics 2011, 187, 19-26.

(6) Xu, B.; Bhawe, Y .; Davis, M. E. Proceedings of the National Academy of Sciences
2012, 7109, 9260-9264.

@) Azad, A. M.; Sreedharan, O. M.; Gnanamoorthy, J. B. Journal of Nuclear Materials
1987, 144,94-104.

(8) Lide DR (2008) CRC Handbook of Chemistry and Physics (CRC, New York).



€))

(10)
(11
(12)

(13)

(14)
(15)
(16)
17)

(18)

50

Le Goff, P. Solid State Ionics 1993, 61, 309-315.

Kreider, P. B., et al. International Journal of Hydrogen Energy 2011, 36, 7028-7037.
Feng, Q.; Kanoh, H.; Ooi, K. J Mater Chem., 1999, 9, 15.

Omomo, Y. et al. Solid State lonics 2002, 151, 8.

Brown, L.; et al. 2002 Nuclear production of hydrogen using thermochemical
watersplitting cycles. Proc Int Congress on Advanced Nuclear Power Plants.
Tamaura, Y.; et al. Energy 1995, 20, 6.

Tamaura, Y.; et al. Int. J. Hydrogen energy, 1998, 23, 1185-1191.

Kaneko, H.; J Phys Chem Solids 2001, 62, 1341-1347.

Sturzenegger, M.; et al. T.J. Phys. 1V France 1999, 09, Pr3-331-Pr3-335.

Sturzenegger, M.; Niiesch, P. Energy 1999, 24, 959-970.



51

Chapter 7 Other Spinel structures’

7.1 Introduction

In chapter 6, one of the key points was the elucidation of a manganese oxide-based,
thermochemical cycle for water splitting can be closed at 850°C without involving any
toxic/corrosive chemicals.' This manganese oxide-based thermochemical cycle consists of the
following three main steps:

1) Hydrogen evolution step: Mn(Il) in Mn,;0, is oxidized by water in the presence
of Na,CO;, producing hydrogen. The spinel Mn;O, is converted to a layered compound, o-
NaMnO,, during this step. The hydrogen evolution step proceeds via two sequential reactions:

1) Mn,0, reacts with Na,CO; in the absence of water, forming o-NaMnO, and
MnO (reaction 1). The Mn(III) species is extracted from Mn,O, through the reaction with
Na,CO;, leaving the Mn(II) species in the form of MnO.

Mn;0, + Na,C0O; - 2NaMnO, + MnO + CO, (7-1)

i1) Mn(II) oxide is oxidized by water in the presence of Na,CO;, producing
hydrogen and o.-NaMnO, (reaction 2).

2MnO + Na,C0O5; + H,0 —» 2NaMnO, + H, + CO, (7-2)

2) Sodium cation extraction step: The Mn(Ill) species in o-NaMnQO, cannot be
thermally reduced below 1000°C,” whereas the transition from Mn(III) and Mn(IV) oxides to
Mn,0O, occurs below 850°C. Therefore, it is critical to remove the sodium cation from the
manganese oxide in order to close the thermochemical cycle below 1000°C. The sodium
cations in 0-NaMnO, can be substituted with protons when it is suspended in water in the
presence of CO,. Water molecules intercalate into the manganese oxide layers, increasing the

distance between the layers and mobilizing sodium cations. Protons from carbonic acid, formed

# Originally Published in Chemistry of Materials DOI 10.1021/cm3038747
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via the reaction of CO, and water, can exchange with the sodium cations between manganese
oxide layers. When CO,, and in turn protons, are in excess, almost all sodium cations can be
removed from the manganese oxide structure. A disproportionation reaction accompanies the
ion exchange process:

2Mn(IIT) - Mn(IV) + Mn(II) (7-3)

All Mn(IV) and the majority of Mn(IIl) species are in a proton exchanged birnessite
phase. A fraction of the Mn(II) and the remainder of the Mn(Ill) are in an amorphous Mn,0O,
phase, whereas the rest of Mn(Il) species exists in the form of MnCOj;. Since no net oxidation
or reduction reaction occurs during the ion exchange process, the average oxidation state of the
Mn remains +3.

(3) Thermal reduction reaction: When the solid mixture collected after the sodium
cation extraction is heated to 850°C, it restores to the spinel Mn,O, phase, that can be used in
the next cycle.

The entire section was focused on a single alkali carbonate (sodium) and a single spinel
oxide (Mn;0O,). In this chapter, both of these metals are varied in order to test for what the
optimal combination of metals is. In addition for testing the activity in the thermochemical
water splitting cycle, the activity in the thermochemical CO, reduction is also tested. Guiding
principles for developing and optimizing low-temperature thermochemical cycles for water

splitting and CO, reduction are discussed.

7.2 Materials & Methods

Materials preparation

Fe;0, (95%), Mn;0, (97%), Co;0, (99.5%), L1,CO; (99%), Na,CO; (99.5%) and K,CO,
(99%) were purchased from Aldrich and used without further treatment. Na,"’CO, (99% "“C)

was purchased from Cambridge Isotope Laboratories and used without further treatment. The
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mixture of metal oxide (Fe,O,, Mn,O, or Co,0,) and alkali carbonate (Li,CO,, Na,CO, or
K,CO;) with a molar ratio of 2:3 for the hydrogen evolution step was prepared by mixing these
two powders in an agate mortar under ambient conditions. The alkali metal ions were extracted
from the respective alkali metal oxides by bubbling CO, (99.997%, 10 cc/min) through an
aqueous suspension of the powder (~5 wt% of solid) for 3 h at 80°C. The powder used for
oxygen evolution step was obtained by separating the solid by centrifugation and drying at
100°C in air.

Reaction tests

All reaction tests were conducted in an Altamira Instruments AMI-200 catalyst
characterization system equipped with a Dycor Dymaxion 2000 online mass spectrometer. The
powders were pelletized, crushed, and sieved, and the particles between 20 and 35 mesh were
used for testing. In order to prevent the alkali metal ions from interacting with the quartz used
in the reactor tubes, the particles were supported between layers of 16-mesh alumina sand
inside an alumina sheath. Under typical flow conditions, the flow rate of the gas was 50 cc/min.
Depending on the experiments, the gases used were Ar (99.999%), CO,/Ar (2%/98%) or
D,0O/Ar (5%/95%). Water (D,0) vapor was introduced by flowing the carrier gas through a
bubbler (50 cc/min) with D,O at room temperature. D,0 was used instead of H,O to obtain a
better signal-to-noise ratio of the signal in the hydrogen evolution step (m/z = 4 for D, instead
of m/z = 2 for H,). A ramp-and-hold temperature profile was used in the characterization of
these materials. The typical ramp rate was 20°C/min and the hold temperatures were varied as
needed.

The conditions for water pulse experiments were similar to the flow reactions described
above, apart from pulse introduction of D,O to the gas stream for 2-15 minutes at the desired
sample temperature. The reduction of the ion-extracted oxides was carried out under a 50

cc/min flow of Ar with a temperature ramp from room temperature to 850-1150°C at 20°C/min.
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Characterization
Powder X-ray diffraction (XRD) patterns were collected on a Rigaku Miniflex II

diffractometer using Cu Ka radiation.

7.3 Reaction results

Mn;0, and alkali carbonates (Li,CO;, Na,CO; and K,CO;)

Mn,0, reacts with Li,CO; or Na,CO; in Ar at or below 850°C, releasing CO, as the only
product in the gas phase; whereas no appreciable reaction occurs between Mn;0, and K,CO; in
this temperature range (Figure 7-1a, the molar ratio of Mn;0, and alkali carbonates is 2:3). The
CO, evolution peaks are at 625 and 850°C for Mn,0,/Li,CO; and Mn,;0,/Na,CO;, respectively.
In contrast, no detectable amount of CO, is produced with the Mn,0,/K,CO; mixture below or
at 850°C. These observations clearly indicate the reactivity of alkali carbonates with Mn,0,,

gauged by the temperature of CO, evolution peak, follows the sequence: Li,CO; > Na,CO; >

K,CO,.

Unlike the reaction between Mn,0, and Na,CO; (reaction 7-1), where all Mn(II) species
exist in the form of MnO after reaction,' Li,Mn,0, and Li, ,Mn,,O phases are identified by
powder X-ray diffraction (XRD) measurements after the temperature ramp-and-hold to 850°C
for Li,CO,/Mn;0, in the absence of water (bottom trace, Figure 7-2a). Since the atomic molar
ratio of Li to Mn is 1:1 in the starting mixture, a small fraction of Li-containing phase must not
be detected by XRD. This result could either be due to the crystal size of the Li-containing
phase being below the detection limit of XRD, or due to the Li-containing phase being
amorphous. No significant difference in the powder XRD pattern is observed after heating the
K,CO,/Mn,0, mixture in Ar atmosphere to 850°C (bottom and middle traces, Figure 7-2b),

consistent with the lack of CO, evolution.
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Figure 7-1 (a) Reaction of Mn;0, with Li,CO; (top trace), Na,CO; (middle trace) and K,CO;
(bottom trace) in the absence of water. (b) Solids after the thermal treatment at 850 °C in (a) were

cooled down to 200°C, before D,O was introduced. The samples were then subjected to a

temperature ramp-and-hold treatment to 850°C in D,O/Ar (5%/95%). (i, ii) D, and CO, traces for

Mn;0,/Li,COg; (iii, iv) D, and CO, traces for Mn;0,/Na,CO;; and (v, iv) D, and CO, traces for
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Figure 7-2 Powder X-ray diffraction (XRD) patterns identify intermediate phases in reaction of Mn,0,
with alkali carbonates (molar ratio 2:3) under various conditions. (a) Mixture of Mn;0, and Li,CO; heated
to 850°C before (bottom trace) and after (middle trace) the introduction of water. The top trace shows the
diffraction pattern of the solid recovered after hydrolyzing LiMnO, in an aqueous suspension at 80°C with

CO, bubbling through for 3h. (b) Physical mixture of Mn;0, and Li,CQO; at room temperature (bottom
trace) and heated to 850°C prior (middle trace) and after (top trace) the introduction of water.
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Hydrogen evolution is observed for Mn,;0,/Li,CO; and Mn,0,/Na,CO; at or below
850°C, but not for Mn,0,/K,CO; (Figure 7-1b). The solid after the thermal treatment described
in Figure 7-1a was cooled down to 200°C, and exposed to a second temperature ramp-and-hold
treatment to 850°C in D,O/Ar (5%/95%). D, evolution is detected from ~540°C and peaks at
~645°C and for Mn,0,/Li,CO; (trace i in Figure 7-1b). Little CO, is produced during reaction
(trace ii in Figure 7-1b), indicating most of the Li,CO, has reacted with Mn;0, during thermal
treatment prior to water introduction. Based on the XRD data, only the orthorhombic LiMnO,
phase is present after the hydrogen evolution reaction, suggesting all Mn(II) in Mn;0, has been
oxidized to Mn(IIl) (middle trace in Figure 7-2a). D, evolution occurs at 850°C on
Mn,0,/Na,CO; (trace iii in Figure 7-1b), and the maximum rate of hydrogen evolution at
850°C is only 1/50 of that for Mn,0O,/Li,CO; (an indication that Li,CO; is more active in
promoting the hydrogen evolution reaction than Na,CO,). The concurrent evolution of CO,
with hydrogen suggests that not all the Na,CO; is consumed in the reaction with Mn,O, prior to
the water introduction, and this result is consistent with our previous study.l In addition, the
fact that the ratio of the amount of CO, produced before and after water introduction is very
close to 2 indicates that Na,CO; extracts all Mn(III) in Mn,O, but is unable to react with the
Mn(II) species in the absence of water.' &-NaMnO, is formed as the only solid product after the
hydrogen evolution reaction.' No detectable amount of hydrogen is produced for Mn,0,/K,CO;,
suggesting no oxidation of Mn(II) has taken place. CO, is observed at 850°C in the presence of
water, and its amount is roughly equal to that expected from the total decomposition of K,CO;.
Unreacted Mn;O, and K-birnessite are identified after reacting with water at 850°C by XRD.
However, not all peaks in the XRD pattern are accounted for, partly due to the hydroscopic
nature of the powder, which forms a wet layer during the time taken to collect one powder

XRD measurement (~20min).
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Li cation removal from LiMn