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Abstract

Finding suitable replacements for fossil fuels is key to a more sustainable energy
economy. This thesis investigated the effectiveness of novel composite materials made
from previously researched state-of-the-art materials as catalysts in the thermochemical
solar-to-fuel conversion process. Materials such as ceria and gadolinium-doped ceria
(GDC) have been determined to have excellent kinetics for this process but have a very
high operating temperature. In contrast, perovskites have the advantage of a lower
operating temperature but it comes at the expense of lower production rates.
Composites containing ceria/GDC/YSZ and perovskite were synthesized to explore
synergies that may result in improved performance as a catalyst for the fuel conversion
process. Two of these perovskite-ceria composites , LSCF-GDC and LSCC-ceria,
showed promise as materials that perform better than their respective individual
components. Improved fuel production and oxygen release was observed with these
composites in specific temperature regimes (1000-1100°C for oxidation, 1200°C for
reduction).

Thesis Advisor: Jennifer L. M. Rupp

Title: Thomas Lord Assistant Professor of Materials Science and Engineering
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1. Introduction and Background

1.1 Motivation

We face two conflicting challenges in the immediate future: 1) increasing energy
demand' and 2) the need to decrease greenhouse gas emissions. Given the enormous
presence of fossil fuels in the energy industry, alternative fuel sources must provide the
comparable positives that fossil fuels do, with regards to factors such as energy density
and ease of storage. Solar-to-fuel thermochemical conversion serves as a potential
alternative which can produce cleaner fuels that provide a comparable storability?. A
solar-based energy source stored as a fuel also overcomes the issue of intermittent

energy supply that is inherent in other methods involving solar energy®.

1.2 Theoretical Background

Solar-to-fuel conversion is a process of converting solar energy into chemical
fuel. In this thermochemical process, a metal oxide undergoes reduction at high
temperature, and is then oxidized with CO, and H,O at a slightly lower temperature to
produce CO and H:to be used as fuel*. The high temperature for reduction is achieved
by concentrated solar power. The splitting of H,O and CO. during the oxidation reaction
in the presence of a metal oxide catalyst occurs at a much lower temperature than
achievable directly®. Both CO and H are storable liquid fuels and provide a solution to
the issue of intermittency in the availability of solar energy. The solar-to-fuel conversion
cycle undergoes the following thermochemical reactions, starting with the reduction

step:



1 1 1
EMOZ "EMOZ—G + 502

Where MO, is the metal oxide being reduced at high temperature. The reduced
metal oxide is then exposed to water and carbon dioxide at a lower temperature,

undergoing the following oxidation reactions:

1 1
H,0 (g9) +E MO;,_; _)EMOZ + H, (9)

1 1

The two main classes of materials investigated in this thesis (ceria and
perovskites) have both been researched before to evaluate their effectiveness as
catalysts in the fuel conversion process®. CeO; (Ceria) has demonstrated stability at
high temperature, favorable kinetics, and high efficiency. It can handle a high
concentration of oxygen vacancies after reduction while maintaining its cubic fluorite
crystal structure’. Two shortcomings of the material relevant to this topic include: 1) a

high requisite temperature for reduction (1500°C) and 2) low oxygen non-stoichiometry

(6).

Along with ceria, gadolinium-doped ceria (GDC) and yttrium-stabilized zirconia
(YSZ) were used to synthesize composites with perovskites in this thesis. Doping ceria
with gadolonium has been shown to affect its behavior in oxidation, enhancing
reduciblity’.In past work investigating composites with YSZ, it was shown that the

material contributed to improved thermal reduction®.



Perovskite oxide materials, categorized by the ABO; structure seen below
(Figure 1-1), have also been investigated as a promising catalyst for this process”.
Perovskites have been used in several applications, including batteries, photovoltaic
electrodes, dielectrics, etc.® The perovskite structure is energetically stable, and its
ability to accommodate several elements on the periodic table means that its catalytic

and electrochemical properties are very tunable.
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Figure 1-1. Structure of Perovskite material.

e.g. BaTiO,

In comparison to ceria, perovskite oxides have a lower operating temperature
range (800-1200°C), but that also sluggish kinetics. Perovskite oxides have generally
demonstrated high oxygen release in the initial reduction step but low oxidation levels in
the second step. The peak fuel production rates for perovskites (0.06-0.60 mLyye / min /

Joxide) @re considerably lower than the rates measured for ceria (up to 12.5 Lyl / min /

goxide)4-



Here, composites of these two classes of materials are synthesized and
investigated to determine if synergies can be attained. The aim was to find a composite
that would keep the fast kinetics inherent in Ceria/GDC while attaining higher oxygen
release evident in perovskites, as well as have enhanced reducibility in comparison to
composites with YSZ. Three perovskite oxide series will be utilized:
(Lao.655r0.35)0.0sMNO3+ 8 (LSM), Lag 6Sro4Cro2Feos0s (LSCF), and Lag 6Sro 4CrosC0o.203
(LSCC). Prior work® has reliably established thermodynamic properties for LSM, while
LSCF is being investigated due to its high oxygen non-stoichiometry® and is being
widely tested as a cathode material. LSCC has been determined to produce fuel yields
comparable to that of ceria, which as a perovskite makes the material very appealing for

further testing®.

10



2. Materials and Methods

2.1 Synthesis of LSCC Perovskite

The Pechini synthesis method'® was used to synthesize 10g of LSCC

(LaosSro.4Cro 8C00.203) perovskite starting with the following nitrate compounds:

Table 2.1: Components of LSCC Material

Lanthanum (lll) nitrate hexahydrate LaNazOg 6 H;O

Strontium nitrate Sr (NO3)2
Chromium (lll) nitrate, 98.5% Cr (NO3)3 9 H.O
Cobalt (Il) nitrate hexahydrate Co (NO3); - 6 H.O

These nitrate compounds (amounts measured to obtain listed stoichiometry)
‘were stirred together in a beaker with water. Citric acid (CA) and ethylene glycol (EG)
were mixed into the beaker, with the ratio of CA and the total metal cation being 1.5 and
the ratio of CA and EG being 1.5 wt%. This mixture was heated at 120°C until a viscous
gel formed. This gel was calcined at 500°C, and heat treated for 5 hours at 1400°C. The

sample was characterized using XRD to verify that no unwanted phases were formed.

11



2.2 Synthesis of Perovskite-Ceria Composites

The following perovskites and other ceramics were used as components to

synthesize composites in 50/50 ratios (Table 2.2):

Table 2.2: List of ceramics used to synthesize composites.

Perovskites Other Ceramics

LageSro4Cro2Feo O3 (LSCF) CeO; (Ceria)
LapeSro4CrpC00203 (LSCC) Ce.9Gdp 102 (Gadolinium-doped Ceria (10%))
(Lao,gsro_z)o,gsMnO3i6 (LSM)2 (ZI’Oz)o.og(Y203)o_092 (Yttrium-stabilized zirconia)

The resulting composites were: LSCF-CeO,, LSCF-GDC, LSCF-YSZ, LSCC-
Ce0,, LSCC-GDC, LSCC-YSZ, LSM-CeO,, LSM-GDC, and LSM-YSZ.

For each composite, 1 g each of the two components (1 g LSCF and 1 g CeOx,
for instance) were placed in a beaker with enough deionized water to dissolve the
powder. This beaker was sonicated for 30 minutes, and then stirred on a hot plate
above 100°C until visibly dry. The beaker was then placed in a drying oven overnight to
remove excess moisture. After drying, samples were calcined at 1300°C for 5 hours,

and then ground to a powder for testing.

12



2.2 Reactor Test

For each sample, 1g of powder was poured into a 0.5 cm diameter alumina tube,
with high temperature insulation wool used to securely hold the powder at the midpoint
of the tube. This was to ensure that the sample is in the middle of the furnace, where
the temperature is most reliably measured by thermocouples placed within the furnace.
Care was taken in between experiments to clean the rod before use to ensure that no

foreign material interfered with the measurements.

Once the tube was placed in the reactor, two programs were run simultaneously:
a temperature program to heat the material, and a mass flow control program to inject
CO;, in periods of constant temperature. These program scripts were written in Python
and were coordinated with each other to ensure that the CO; injections came at steady
temperatures. The samples were heated to a range of temperatures, to test the
effectiveness of oxidizing CO; in different regimes (Figure 2-1). A long time was spent
heating the sample up to 1000°C in order to ensure a ‘null’ environment was established

with flowing Argon or Nitrogen.

13
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Figure 2-1: Temperature profile of reactor test. Mass Flow Control program was

adjusted accordingly to ensure that CO; injections occurred at steady temperatures.

Whenever CO; was not flowing, an inert gas filled the chamber to ‘reset’ the
environment and ensure that no residual CO, was reacting with the material. Ample
time was placed before and after the injections to ensure steady temperature

conditions.



2.3 Analysis

A Raman gas analyzer was used to measure the volume of CO relative to the
total volume of gas, which at all times was flowing at 300 mL/min. Using this reference
point, the amount of CO produced can be calculated for any given ‘peak’ indicating a 20
minute period of CO, flowing at 150 mL/min (50% of total flow). For a selected set of
peaks, a comparison plot was made displaying the fuel production of a composite and
its two individual components. Oxygen release is observed for these same peaks. From
these graphs, conclusions can be made about the synergies attained in both the
oxidation and reduction steps by using the composites as catalysts as opposed to its

requisite components.
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3. Results

3.1 Characterization

X-ray diffraction (XRD) was performed on LSCC to verify its structure before undergoing

thermocycling.
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Figure 3-1. X-ray diffraction patterna of powdered Lay ¢Sro.4Cr¢3C00.203.

Small impurities were observed at 20 = 29.5 and 26 = 38.5, which prompted an

additional annealing treatment at 1400°C for 5 hours.
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3.2 LSCF-Ceria

Table 3.1 (below) shows the amount of CO produced from each material across
a range of oxidation temperatures (800°C, 900°C, 1000°C, 1100°C) in a 20 minute

cycle. The reduction temperature was 1200°C for each cycle.

Table 3.1: CO Yields of CeO; — LSCF Material Set

Composition Toxidation (°C) CO yield (mL/g)
CeO; 800 70.5
CeO, 900 96.8
CeO, 1000 70.0
CeO, 1100 65.7
LSCF 800 10.3
LSCF 900 20.9
LSCF 1000 27.5
LSCF 1100 49.7
LSCF-Ceria 800 34.0
LSCF-Ceria 900 214
LSCF-Ceria 1000 38.3

While the yields produced by the composite LSCF-Ceria are higher at each oxidation
temperature, none are considerably higher enough to compare to the yields produced
by ceria. The best case is seen at an oxidation temperature of 800°C, where the
composite yield (34 mL/g) is close to the midway point between the yields of ceria (70.5
mL/g) and LSCF (10.3 mL/g), respectively. Looking at the oxygen release (Figure 3-2),

we can determine whether this improved oxidation is met with improved reduction:

17
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Figure 3-2. Oxygen Release of LSCF-Ceria Material Set after 800°C Oxidation.
Reduction temperature of 1200°C. Set includes ceria (blue), LSCF (red), and LSCF-
Ceria (yellow).

The highest reduction rate for LSCF-Ceria is considerably higher than that for

LSCF. At this low oxidation temperature, however, ceria demonstrates its fast kinetics.

Given that neither the improved reduction or oxidation brings the composite close to
ceria’s fuel production at this temperature, it is unlikely that the LSCF-Ceria (50/50)

composite is useful for fuel production.
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3.3LSCF-GDC

Table 3.2 (below) shows the amount of CO produced from each material across
a range of oxidation temperatures (800°C, 900°C, 1000°C, 1100°C) in a 20 minute

cycle. The reduction temperature was 1200°C for each cycle.

Table 3.2: CO Yields of LSCF-GDC Material Set

Composition Toxidation (°C) CO yield (mL/g)
Ce09Gdo.10; 800 49.2
Cep.9Gdo.10: 900 50.2
Cep.9Gdo.10; 1000 42.8
CepoGdo 10, 1100 33.5
LSCF-GDC 800 14.0
LSCF-GDC 900 234
LSCF-GDC 1000 443
LSCF-GDC 1100 77.7

At an oxidation temperature of 800°C, GDC exhibits a peak fuel production rate
of 19.6 mL min™ g™'. Prior work® on samarium-doped ceria has shown peak fuel rates of
3 mL min™ g at 800°C. This large difference in fuel production for doped-cerias may be
due to noise within the Raman gas analyzer, or that gadolinium-doped ceria is far

superior to samarium-doped ceria.
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The LSCF-GDC composite has very low fuel production at lower oxidation
temperatures, but improved oxidation characteristics in the higher temperature regime
(1000-1100°C). At 1100°C there is outright more CO produced by LSCF-GDC than by
GDC, while at 1000°C its yield (44.3 mL/g) is greater than taking the sum of it's

components, This synergy is evident for the entire cycle of fuel production (Figure 3-3):

&5 CO Production of LSCF - GDC Material Set / 1000C
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Figure 3-3. CO Yield of LSCF-GDC Material Set at 1000°C Oxidation. Set includes
GDC (blue), LSCF (red), and LSCF-GDC (yellow)

The composite has an initial production rate much closer to that of GDC than LSCF, and
throughout the entire cycle is producing more than the average of the two requisite
components. This result in itself is a novel discovery that gives the material promise for

solar-to-fuel applications. We now look at it's performance in the reduction step (Figure

3-4):
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Figure 3-4. Oxygen Release of LSCF-GDC Material Set after 800°C Oxidation.
Reduction temperature of 1200°C. Set includes GDC (blue), LSCF (red), and LSCF-
GDC (yellow).

The LSCF-GDC composite has a reduction rate far greater than that of LSCF, and very
close to that of GDC. With the improvement in fuel production and oxygen release, it is
evident that this composite outperforms its components within a given temperature

regime for oxidation (1000-1100°C).
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3.4 LSCF-YSZ

Table 3.3 shows the amount of CO produced from LSCF-YSZ across a range of
oxidation temperatures (800°C, 900°C, 1000°C, 1100°C) in a 20 minute cycle. The

reduction temperature was 1200°C for each cycle.

Table 3.3: CO Yields of LSCF-YSZ

Composition Toxidation (°C) CO yield (mL/g)
LSCF-YSZ 800 25.3
LSCF-YSz 900 254
LSCF-YSZ 1000 34.3
LSCF-YSZ 1100 48.3

YSZ exhibits minimal oxidation/reduction effectiveness on its own, and thus is evaluated
solely as a dopant in this research. It minimally improves the CO yield of LSCF at lower

temepratures (800-1000°C) while exhibiting no change to yield at 1100°C.

3.5 LSCC-Ceria

Table 3.4 shows the amount of CO produced from LSCC-Ceria across a range of
oxidation temperatures (800°C, 900°C, 1000°C, 1100°C) in a 20 minute cycle. The

reduction temperature was 1200°C for each cycle.

Table 3.4: CO Yields of CeO, — LSCC Material Set

Composition Toxidation (°C) CO yield (mL/g)
LSCC 900 24.2

LSCC 1000 65.6

LSCC 1100 91.4
LSCC-Ceria 1000 711
LSCC-Ceria 1100 105.6

22



Production yields at lower oxidation temperatures were minimal for both LSCC
and LSCC-Ceria, and so only the higher operating temperatures are considered in this

work. At 1000°C, we observe the perovskite behavior of a smaller maximum production

rate but larger yield overall (Figure 3-5):
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Figure 3-5. CO Yield of LSCC-Ceria Material Set at 1000°C Oxidation. Set includes
Ceria (blue), LSCC (red), and LSCC-Ceria (yellow)

LSCC-Ceria outperforms both LSCC and ceria in CO production, and considerably

outpaces the average yield of the two individual components.
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Figure 3-6. Oxygen Release of LSCC-Ceria Material Set after 800°C Oxidation.
Reduction temperature of 1200°C. Set includes ceria (blue), LSCC (red), and LSCF-
Ceria (yellow).

LSCC-Ceria has an oxygen release profile that more closely resembles that of Ceria.

Given the higher fuel production and comparable oxygen release, this composite is

effective within the 1000-1100°C temperature regime.
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3.6 LSCC-GDC

While comparable to LSCC at lower oxidation temperatures, LSCC-GDC has a lower

yield at 1100°C in comparison to LSCC (91.4 mL/g). The synergies observed in LSCF-

GDC are not replicated using this different perovskite material.

Table 3.5: CO Yields of LSCC-GDC

Composition Toxidation (°C) CO yield (mL/g)
LSCC-GDC 800 19.3
LSCC-GDC 900 33.5
LSCC-GDC 1000 40.8
LSCC-GDC 1100 60.3

Yields are overall lower than for LSCC-Ceria. That these two perovskite materials,

LSCF and LSCC, perform better in composites with different materials, ceria and GDC

(respectively), is a result worthy of further investigation.

3.7 LSCC-YSZ

As with LSCC-Ceria, CO production using LSCC-YSZ was minimal at lower reduction

temperatures (800-900°C). In contrast to LSCF-YSZ, where improved production was

seen at lower operating temperatures, in this composite we see a small improvement at

1100°C but no other effect.

Table 3.6: CO Yields of LSCC-YSZ

Composition Toxidation (°C) CO yield (mL/g)
LSCC-YSZ 1000 41.8
LSCC-YSZ 1100 70.1
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3.8 Isotherms
While solar-to-fuel conversion generally involves oxidation occuring at a lower
temperature than reduction, it is worth observing these materials’ behavior in isothermal

conditions. Table 3.7 contains the CO yield for every material at 1200°C.

Table 3.7: CO Yield of every material in isothermal conditions. (Reduction/Oxidation at

1200°C)

Composition CO yield (mL/g)
Ceria 76.3
GDC 62.0
LSCF 89.8
LSCC 118.3
LSCF-Ceria 88.2
LSCF-GDC 76.6
LSCF-YSZ 79.8
LSCC-Ceria 123.6
LSCC-GDC 90.0
LSCC-YSz 117.6

In general we see that perovskites produce more CO than ceria and GDC. LSCC and its

composites are more effective in isothermal conditions in comparison to LSCF.
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4. Conclusions

4.1 Conclusions

Composites containing one component of Ceria/GDC/YSZ and one of
LSCF/LSCC/LSM were synthesized to investigate synergies that result in improved
performance as a catalyst for thermochemical solar-to-fuel conversion. Cycles of
reduction/oxidation were conducted for each sample with reduction consistently at
1200°C and oxidation at 800°C, 900°C, 1000°C, and 1100°C. CO, was injected for
periods of 20 minutes, and the rate and accumulation of CO was measured. Reduction

and oxidation under isothermal conditions at 1200°C was also investigated.

LSCC was succesfully synthesized, with XRD characterization verifying the
structure to be very similar to LSCC synthesized in previous work®. This sample was

then used in forming composites.

Two composite materials have demonstrated syngergies between its requisite
components in specific temperature regimes. LSCF-GDC has a favorable oxidation and
reduction profile when being oxidized at either 1 000°C or 1100°C, in comparison to its
individual components of LSCF and GDC. Future work should investigate the kinetics
involved in this composite, as no hypothesis on such is presented here. LSCC-Ceria
also has demonstrated synergies, with a higher fuel yield at 1000°C and a‘substantially

higher oxygen release in comparison to LSCC.
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It is important to note how these synergies have been attained in very specific
conditions, and that efficiency calculations have not been performed. These are
required to determine whether it is beneficial to operate the material at these conditions,
or if the state of the art materials previously investigated still stand as more favorable.
The work presented here suggests that there are composites that strongly merit further

research and consideration.
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4.2 Limitations and Future Work

Without further characterization of the composite materials, particularly XRD, no
conclusions can be made pertaining to the change in structure (in comparison to its
individual requisite components) and how that affects the kinetics of the thermochemical
conversion process. Efficiency analysis has been conducted previously for materials
such as ceria® and would allow for comparison across several energy types in the solar
space. For these materials to form a thermochemical solar-to-fuel system capable of
replacing other fuel methods and methods of utilizing solar energy, evaluating the

efficiency is essential.

The composite materials all were made at 50/50 ratios, while prior work on
composites also investigated different ratios. While not all synergies were attained in the
work presented here, it is possible that at different ratios there are better resulting
properties in comparison to the components individually. Even in the two composites
that show great promise (LSCF-GDC and LSCC-Ceria), there could be a more
favorable composition ratio that optimizes the desireable properties of its individual

components.
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