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Abstract

Perovskite-type oxides show clear potential for thermochemical solar-driven CO»
conversion. These materials exhibit the exact characteristics (e.g., structural endurance and high
oxygen redox capacity and exchange kinetics) required by the low temperature reverse water-gas
shift chemical looping process. In this study, the Lag 75Sr025FeO3 (LSF) perovskite oxide was
combined with various supports, including popular redox materials CeO; and ZrO, along with
more abundant alternatives such as Al,O3, SiO», and TiO», for potential application at industrial
scale. Supporting LSF on Si0; by 25% mass resulted in the largest increase of 150% in CO
yields relative to unsupported perovskite after reduction at 600 °C. This is a result of
significantly reduced perovskite oxide particle size confirmed by SEM/TEM imaging and
crystallite size from Scherrer analyses of XRD patterns. Due to solid-state reactions, minor
secondary phases were observed at the LSF:support interface when using SiO; or TiO,. Oxygen
vacancy formation occurred only on the perovskite oxide phase, as suggested by low temperature
experiments and consistent with density functional theory calculations. The role of each metal
oxide support towards suppressing or enhancing the CO» conversion is elucidated. Through
utilization of Si0; as support, the reverse water-gas shift chemical looping process using

perovskite-based composites was significantly improved.
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1.0 Introduction

Energy-based processes that utilize CO» as a feedstock are crucial for realigning the
carbon cycle. Even as the modern world adopts alternatives (wind, solar, etc.), tangible carbon-
based fuel will still be required for transportation. While the use of renewable energy was
estimated to be only 10.5% of the total U.S. energy consumption in 2016 [1], the U.S. Energy
Information Administration reported about 5.2 GT of national CO> emissions the same year [2].
These considerations have garnered interest throughout the scientific community to develop
processes for sustainable CO; reduction, energy storage, and generation of economically
valuable products. As a major component of synthesis gas, CO provides a flexible basis for
renewable fuel production and energy storage. Following the reduction of CO2, the resulting CO
can be used in the subsequent formation of various energy-dense molecules including methanol,
olefins, large hydrocarbons, and higher order alcohols [3-5], that form the backbone of this
energy market [6]. Therefore, it is crucial to identify an efficient catalytic process and material
that can feasibly convert CO: into liquid fuel intermediates.

Reverse water-gas shift chemical looping (RWGS-CL) is a process capable of converting
vast quantities of CO; not only to reduce net emissions, but also provide an economical supply of
syngas [7-9]. Renewable H» (obtained from solar-driven H>O splitting [10]) is initially used to
reduce a metal oxide and generate oxygen vacancies (Reaction I) to create non-stoichiometric
oxides (MOx-s) and active sites for CO; reduction. The oxygen deficient material is then utilized
for the subsequent conversion of CO; to CO (Reaction II). Through cyclic repetition of these two
steps, RWGS-CL (Reaction [+II) may be operated perpetually as a 100% CO selective

intermediate process for renewable fuel production. Under isothermal conditions at temperatures



0f' 450-750 °C and ambient pressure [7, 11, 12], the RWGS-CL process was determined to be up
to 54% more energy efficient than the traditional RWGS reaction [13]. By maintaining these low
temperatures, the solar-to-fuel efficiency of this looping process is expected to surpass that of
current technologies [13, 14]. Moreover, this process also circumvents the challenges of side-
reactions faced in conventional RWGS. These facts leave the essential step of designing an oxide
material that is capable of balancing formation of numerous oxygen vacancies, kinetics for CO2
activation and oxygen exchange, and lasting through numerous reaction cycles.

Hz + MOx = H20 + MOy ¢))

COz2+ MO x5 2 CO + MOx (1D

H; + CO; 2 H,O + CO (I+1T)

Perovskite-type oxides (ABQO3) fit the criteria for generating vast quantities of CO in the
RWGS-CL process. With the ability to tailor the lattice and synthesize an infinite array of metal
combinations, significant effort has been spent towards fine-tuning the properties of these
materials to maximize redox abilities [15, 16]. Perovskites of diverse compositions have been
shown to match and even surpass the redox activity of popular redox materials such as CeO; in
the thermochemical conversion of both CO; and H>O [17-19]. The utilization of perovskites in
redox applications is advantageous due to the formation of an oxygen diffusion network
throughout the bulk lattice. In the instance of C-O bond cleavage during CO> reduction on the
catalyst surface, the resulting oxygen atom diffuses into the bulk and reopens the active site.
Stable nonstoichiometric perovskites with high concentrations of vacancies typically exhibit
higher rates of oxygen self-diffusion [20, 21] as well as stronger CO» affinity [12]. The
Lao.75S10.25FeOs3 (LSF) perovskite is a profound base material that possesses these traits and

consistently demonstrates high activity in the RWGS-CL process [11, 12, 22] and other



applications that depend on its atomic defects [23-27]. However, the true potential of LSF and
many other perovskites remains unrecognized due a considerable lack of specific surface area
[15]. With emerging solarthermal reactor technology for water-gas shift reactions and
thermochemical splitting [28-30], it is crucial to design novel perovskite-based materials that
maintain high surface area over long-term use at elevated temperatures. Industrial-scale pellets
are often shaped as spheres, cylinders, Raschig rings, and other common variations with an
extruded substrate serving as a catalyst support [31-33]. As opposed to using bulk single-phase
catalyst pellets, the inclusion of supporting material is necessary to improve perovskite surface
area and accelerate oxygen self-diffusion. The speed at which oxygen is exchanged by

nonstoichiometric oxides may be modeled with the one-dimensional equation
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where M is the sample mass at time t, M is the sample mass at the experiment conclusion and 1
is the radius. D represents the effective diffusivity of the oxygen vacancy which in this case will
depend on the perovskite metallic composition and a thermodynamic proportionality factor [34,
35]. An effective diffusivity coefficient (D) of 2 x 10”7 cm?/s was obtained for LSF at 600 °C
through the interpolation of data obtained by Armstrong et. al [36]. L is the dimensionless ratio
1k/D where k is the surface exchange coefficient, given as 10 cm/s [37]. by is the n positive
root of b*tan(b) = L [38]. This phenomenon, illustrated in Fig. 1 with LSF, foreshadows low CO
yields and long cycle times if pellets are designed without supporting material able to maintain a
high surface to volume ratio for the perovskite phase. Therefore, identifying an optimal material
that is proficient in maintaining small catalyst particle sizes and, as a result, enhancing the CO>

conversion by LSF and other perovskite oxides remains imperative.



0.8

0.6

/
]

M¢/M..

0.4

0.2

0 1
0 10 20 30 40
time (min)
Fig. 1. Change in nonstoichiometric LSF mass over time with

different particle sizes. The time required for vacancies to replenish
decreases with particle size as calculated by Eqn 1 (D =2 x 10”7

cm?/s).

By focusing strictly on oxide supports, there lies the potential to expand the perovskite
oxygen network. CeO: for instance is a popular material for its high extent of oxygen vacancy
formation and replenishment in various redox applications [39-46]. ZrO- has also sufficed as
both an active catalyst and efficient catalyst support [47, 48] and may even introduce additional
oxygen vacancies when Zr is doped into the active phase [49, 50]. While catalyst size reduction
was already demonstrated using these supports [51], large-scale CO; utilization may require a
lower cost alternative. A few earth-abundant examples include Al,O3, SiO», and TiO., each of
which have been previously tested as supports for assorted types of catalysts [52-61].

This study concentrated on the use of various catalyst supports for reducing complex

oxide particle size, and therefore, increasing CO formation in the RWGS-CL process, enabling



large scale industrial implementation. While focus was given to LSF, the ideal support should
suffice for any thermodynamically stable perovskite capable of sustaining vacancies without
deterioration. LSF was supported on popular materials such as CeO> and ZrO; along with more
abundant alternatives including Al,O3, SiO», and TiO». These composites were tested in
temperature-programed experiments with H2 and CO» to observe distinctions in redox activity.
These findings were backed by density functional theory (DFT) based calculations regarding
vacancy formation energies. Samples were intensively characterized with X-ray diffraction
(XRD), scanning electron microscopy (SEM), and transmission electron microscopy (TEM) to
decipher the crystallographic reasoning behind improved or curtailed CO> conversion by
perovskites in the RWGS-CL process.
2.0 Experimental
2.1 Composite material synthesis

The perovskite phase was synthesized using the Pechini method [62]. La(NO3)3 (Alfa
Aesar 99.99%), SrCOs (Aesar 99.994%), and Fe(NO3); (Aldrich ACS grade +98%) were
combined in an aqueous solution also consisting of citric acid (CA) as a chelating agent.
Continuous stirring at 60 °C ensured mixture homogeneity before ethylene glycol (EG) was
added to induce polyesterification and obtain a viscous gel after 7 hr of stirring at 90 °C. The gel
was charred at 450 °C for 2 hr and crushed into a fine powder before 6 hr of calcination in air at
950 °C to remove any remaining carbon residue. The A:B:EG:CA molar ratio was maintained,
following literature [63], as 1:1:10:40. The resulting catalyst was then combined with CeO»,
7102, AL,Os (Sigma-Aldrich puriss corundum) , SiO2(Sigma-Aldrich purum quartz), TiO2 (Alfa
Aesar 99.5% rutile) 25% by mass. Each composite material was grinded and subjected to thermal

treatment at 950 °C for 10 hr to ensure strong adhesion of the perovskite phase to the support



particles. CeO> and ZrO> in particular were acquired by thermolysis of Ce(NO3)3 (Alfa Aesar
99.5%) and ZrO(NOs): respectively at 600 °C [64]. Given previously reported surface areas of
1.9 and 1.1 m?/g for LSF and SiO»-supported LSF respectively [65], the surface areas of all other
composites are expected to be less than 5 m?/g.
2.2 Reaction testing

Temperature-programmed experiments were conducted in a quartz microreactor
connected to an online MKS Cirrus mass spectrometer to decipher the reducibility and CO>
convertibility of each composite. The reactor held about 75 mg of sample during each test and
was heated using a Thermo Scientific furnace. A total volumetric flow rate of 50 sccm was
utilized for all experiments using ultra-high purity grade gas (Airgas). Temperature-programmed
reduction (TPR) experiments were conducted to identify a reduction temperature for all samples
that demonstrated notable vacancy formation in any given phase. The temperature was ramped to
950 °C at a rate of 10 °C/min under a 10% H: in He (v/v) feed flow. Temperature-programmed
oxidation (TPO-CQO») experiments started with isothermal reduction at 600 °C for 30 min with
the aforementioned H> feed. Samples were then cooled under inert flow to maintain oxygen
vacancies prior to ramping the temperature to 950 °C at a rate of 10 °C/min with 10% CO; in He
(v/v). H20 and CO formation were depicted by brief increases in the m/z = 18 and 28 signals,
respectively. Numerical analysis and integration resulted in product yields, rates, and
corresponding temperatures. Procedures for 8§ cycles of isothermal RWGS-CL were replicated
from a previous study [65] so post-reaction particle sizes and crystal morphologies may be
probed with microscopy.

2.3 Material characterization



Crystal phases were probed using X-ray diffraction (XRD). A Bruker X-Ray
Diffractometer with Cu Ka and a wavelength of 0.154 nm was operated at ambient conditions to
obtain the crystallographic data. Diffraction patterns ranged from 20 to 80° (26°) with a step size
of 0.0102° (26°) at 1.2 s per step. Normalized data was juxtaposed with literature patterns from
X’Pert Highscore Plus software to identify known phases and obtain initial guess for lattice
parameters. All three lattice parameters for each phase, along with the cell volume, were
simultaneously determined using the minimum mean square error method and unique
geometrical formulas relating the parameters to interplanar distance [66]. Each post-calcination
and post-experiment sample was accompanied by a Scherrer analysis around the dominant (020)
facet. A shape factor of 0.9 sufficed, given the assumption of spherical perovskite particles [66].
These calculations were used to estimate the change in LSF crystallite size throughout the
material lifetime. Rietveld refinement using Topas 5 software was performed on the LSF control
sample diffraction pattern to ensure the accuracy of the raw data and numerical calculations with
atomic coordinates provided by Dann et al. [67].

A Field Emission Scanning electron microscope (SEM), accompanied with energy-
dispersive spectroscopy (EDS), was used for precise imaging and elemental analysis of the post-
calcination and post-experiment perovskite phases. The Hitachi S800 SEM with EDS attachment
was operated with 2 nm resolution at a working distance of 5 mm. High resolution transmission
electron microscopy (HRTEM) was carried out using a Tecnai F20 microscope operated at 200
kV. Using a line resolution of 0.102 nm and 26° diffraction angle, the dominant LSF facet was
revealed along with that of the supporting material.

2.4 DFT calculations



The oxygen vacancy formation energy of the perovskite oxide and the metal oxide
supports (CeOz, TiO2, Si0, ZrO2, and Al,O3) was obtained through DFT-based calculations
using Vienna ab initio Simulation Package (VASP — 5.3.3) [68-70]. Plane wave basis sets were
considered throughout the calculations along with generalized gradient approach (GGA) for
electron densities. Projector augmented wave (PAW) potentials [71] and Perdew-Burke-
Ernzerhof (PBE) [72] variant of exchange correlation was used. A consistent energy cut off of
600 eV was maintained throughout the calculations. The crystal structures of these materials
were based on the experimental results as obtained from XRD patterns. The atomic distribution
within the crystal lattice was based on the minimum energy configuration as per DFT-
calculations. Pure bulk LSF perovskite oxide was modeled by a 2x2x2 supercell comprising of
40 atoms. Monkhorst Pack grid [73] based 4x4x4 k-point mesh was used for the calculations of
LSF. For the metal oxides, the k-point mesh was generated according the supercell size in order
to maintain a similar k-point grid spacing. The convergence criterion of 0.001eV/atom was used
for the ionic relaxations. Once the initial ground state configurations of these materials were
obtained through varying cell volume calculations, these were used for subsequent oxygen
vacancy calculations. Oxygen atoms were removed to create a consistent oxygen vacancy extent
(0) of 0.125. The resulting oxygen vacancy formation energies as calculated according to the
following equation were used to gain insights on the materials’ tendency to form oxygen

vacancies.
n
Evac = EMO(x—S) + § X EEOZ — Emox .......... (2)

Eyo, 1s the total energy of the pure stoichiometric materials (LSF and the metal oxides), n is the

number of unit cells in a supercell, while Ey;o . s)is that of the oxygen vacant material and Ey, is



the molecular energy of oxygen. The correction factor for oxygen over-binding error (for PBE

functionals) by Wang et al. was considered as well [74].

3.0 Results
3.1 Temperature-programmed experiments

Each composite and LSF individually was subjected to TPR and TPO-CO> experiments
to identify conversion temperatures and quantify H,O and CO» yields. TPR results (Fig. 2a)
suggested oxygen vacancy formation occurred, an important step in initiating the RWGS-CL
process. Signal elevation below 700 °C is interpreted as partial reduction of the perovskite phase
(ABOs3 to ABOs.5) while that above 800 °C was confirmed to be decomposition of the perovskite
into binary oxides such as FeO (Fig. S1) [65]. Thus, TPR profiles suggested 600 °C is an

adequate temperature for creating vacancies and thus active sites for CO> conversion. CO
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production temperatures following isothermal reduction at 600 °C (Fig. 2b) undoubtedly
compliment those of their respective TPRs, suggesting each of the materials are suitable for
RWGS-CL.

Total H>,O and CO yields (Table 1) were obtained from numerical integration. Most
notably, LSF25/Si0; resulted in the highest H,O and CO yields of 3690 and 1700 umol/gisF
respectively. This significant 150% increase in CO production by LSF25/Si02 even surpassed
those of LSF25/CeO:2 and LSF25/ZrO». Due to the similarity between LSF and LSF25/CeO2 TPR
profiles below 600 °C along with the CeO> reduction peak witnessed at about 800 °C, it was
highly unlikely that this support participated in the reactions. This catalytic hindering may be
alleviated by using higher redox temperatures, which contradicts the incentives for feasible CO>
utilization due to a higher energy input. While TiO; appeared to have no consequential effect on
the reaction, the use of Al>Os3 is evidently detrimental to the redox properties of LSF given the
29% decrease in CO production. Nonetheless, LSF25/Si0; remains the top composite candidate

for perovskite-based syngas production.

Table 1. Quantified TPR and TPO-CO; results.

Sample H>O0 yield (umol/gLsF) CO yield (umol/grsr)
LSF 2210 690
LSF25/CeO2 1720 1100
LSF25/ZrO> 2040 1350
LSF25/AL0Os 2920 490
LSF25/810; 3690 1700
LSF25/Ti0; 2180 850




3.2 X-ray diffraction
XRD patterns were examined for changes in crystalline phases and the presence of secondary
phases due to solid state reactions between the perovskite and support. As illustrated in Fig. 3,
the overall stability of orthorhombic LSF (Ref. Code 00-035-1480) on each support is assured
while (020) remains the dominant perovskite facet throughout the sample lifetime from particle
sintering to the conclusion of TPO-CO; experiments. Rietveld refinement of the LSF diffraction
pattern resulted in a Rwp value of 3.7% and RBragg of 1.0% (Fig. S2 and Table S1). The crystal
structures of CeOa, ZrO2, Al>O3, Si02, and Al,O3 were cubic, monolithic, hexagonal, hexagonal,
and tetragonal, respectively. Close examination revealed the minute presence of orthorhombic
FeSiO; (Ref. Code 01-076-0886) and monoclinic La;SiOs (Ref. Code 00-040-0234) at the
LSF:SiO> interface following composite sintering at high temperatures. These phases have been
witnessed before in iron oxide:silica composites [55] yet are not expected to exercise notable
presences as reflected by current difficulties in synthesizing bulk single-phase quantities of
FeSiO3 [75]. In addition, cubic Fe; 5Tio 504 (Ref. Code 00-051-1587) was detected at 35.6 20 as a
result from solid state reactions during either the reduction or oxidation of LSF. These phases do
not initially appear detrimental to the catalytic activity but may pose consequences of interest
during the manufacturing of large-scale pellets and monoliths.

By utilizing the geometrical characteristics of the (020) diffraction line, LSF crystallite
size was estimated before and after 8 cycles of RWGS-CL through a Scherrer analysis (Table 2).
These values demonstrate the effect of each support on perovskite particles. By utilizing silica,
the average LSF crystallite size decreases by 21% as opposed to an increase with every other

support. These results compliment the expected increase in catalytic performance predicted with
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Equation 1. Although the majority of the supports resulted in further sintering of the perovskite

particles, they each induced strain on the perovskite lattice and enlarged the LSF cell volume.

This slight expansion of interplanar distance between atoms decreases oxygen vacancy formation

energy, making it easier for more oxygen to desorb from the lattice [65].

Table 2. LSF cell volume, secondary phases identified in perovskite composites, and

crystallite size estimations.

Sample LSF Post — Post - TPO- Post - Post—8
orthorhombic | calcination CO2 calcination cycles
cell volume | secondary secondary LSF RWGS-CL
(A3 phases phases crystallite size | (600 °C) LSF
(A% ¢ crystallite
size (A%) ¢
LSF 237.9 - - 370 351
LSF25/CeO2 | 240.5 - - 384 526
LSF2s/ZrO2 | 239.8 - - 367 448
LSF2s/Al2O3 | 238.7 - - 367 475
LSF»s/S102 | 238.5 FeSiOs, FeSiOs, 351 278
La;SiOs La,SiOs
LSF»5/TiO2 | 239.6 - Feo 5Tio.504 367 448

“ Calculated by Scherrer analysis of XRD data with a shape factor of 0.9




3.3 DFT-based oxygen vacancy formation energies

Oxygen vacancy formation energies (Evac) serve as descriptors for the ability of an oxide
material to convert CO,. If a material exhibits a high Eyac, it will be unwilling to form vacancies,
and therefore CO> conversion active sites, at low RWGS-CL operating temperatures. On the
other hand, a low Eyac will encourage numerous vacancies that are unlikely to be replenished in
an oxidation reaction. With an Ey,c of about 3.4 eV, calculated with Equation 2, LSF resides in
the optimal regime for notable catalytic activity [12, 22]. Each of the supporting materials
however, including CeO2, possess Evac values greater than 4.0 eV as shown in Fig. 4. These
results suggests that each support remained inactive during TPO-CO; experiments and that the
perovskite was the only phase to produce vacancies during reduction at 600 °C. Given that
popular redox materials such as CeO; and ZrO; themselves do not participate in the reaction,
utilizing them in low temperature RWGS-CL would contradict the investigation for a more
economically friendly and kinetically enhanced composite.

Secondary phases identified through XRD analysis share unidentified roles in CO2
conversion. Fig. 4 also includes DFT-calculated Evac values for FeSiO3, La;Si0s, and Fe 5Ti0.504
to provide insight regarding their own abilities to form oxygen vacancies at the composite
interface. In regards to LSF2s/Si02, FeSiO3 possesses an Evac of about 5.3 eV while La;SiOs
resides in the much higher energy regime with an Eyac of about 7.0 eV. Given that CeO», the
oxide with the lowest Ey,c aside from LSF, did not form its own vacancies until about 700 °C in
the TPR experiments, it remains highly improbable that these secondary phases are active
participants at these experimental temperatures. The same conclusion was reached for

Fe»5Tio504 due to its relatively high Evac of about 6.0 eV.
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3.4 Microscopy

Detailed images of each composite following 8 cycles of RWGS-CL are arranged in Fig.

5. TEM revealed a consistent interplanar spacing of 0.27 A for the LSF (020) facet when

combined with each support. Minor amounts of strain resulted at each perovskite:support site of

contact due to both interfacial forces and cationic migration during solid state reactions at high

temperatures. The interplanar spacings of the LSF (020) facet on CeO., ZrO», Al,O3, Si0, and

TiO; are 2.86, 2.74, 2.74, 2.78, and 2.70 A respectively. The repercussions of this expanded

lattice include decreased oxygen vacancy formation energy by perovskites and increased cell

volume in accordance with XRD data.



The SEM images however provided valuable insight to changes in CO; conversion by
LSF. The CeO., ZrO,, and SiO> supports form small particles which correspond to the high CO
yields in the TPO-COz experiments. SiO: in particular demonstrated the greatest reduction in
perovskite particle size, especially in comparison to the abundant alternatives. SEM also
emphasized distinction between different oxide morphologies, e.g. orthorhombic perovskite
particles and hexagonal Al,O3 plates. Not only did LSF retain its size, but hexagonal Al2O3
plates and TiO> growth appeared to be supported on, if not masking, the perovskite as seen in
Fig. 5e and 5i, respectively. This encapsulation explains the absence of kinetic enhancement
when using Al,O3 and TiO» as supports with physical barriers hindering CO> adsorption to the

perovskite surface.
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4.0 Discussion

Given the array of supports tested, SiO2 enhanced the redox properties of LSF to achieve
a CO yield of 1700 pmol/gLsr, far beyond what was accomplished by CeO> or ZrO,. This was in
part due to the material’s ability to restructure the perovskite oxide into smaller particles capable
of quicker oxygen exchange. Not only is this phenomenon expected to work for any perovskite
formulation, but it may be further improved with greater support porosity using related
alternatives such as SBA-15, a form of mesoporous SiO; [76, 77]. Although some secondary
phase formation with the use of silica occurred, its use yields less cationic exchange between
phases than other supports presumably would. As demonstrated in this study, the RWGS-CL
process may be operated at temperatures low enough to maintain both large SiO; pores [78] and
small perovskite particles. X-ray photoelectron spectrometry results (Fig. S3) suggest that the
type of oxide support does not pose a significant effect on the Fe**/Fe?" surface content ratio.

The secondary phases that accompany these supported perovskites (Table 2) may
potentially offset the enhancements observed in this study if generated out of proportion. Single-
phase bulk synthesis of impurities identified in LSF25/SiO2 such as FeSiO3; and La;SiOs comes
with great thermodynamic challenges [75] and often appear in other material syntheses in trace
quantities [79, 80]. This exacerbates the difficulty in studying these materials and their
contribution to chemical looping. Impurities such as FeSiO3; and La,SiOs exhibit high oxygen
vacancy formation energy in relation to perovskite oxides (Fig. 4) and, therefore, are speculated
to possess no beneficial qualities for oxygen exchange and transport. As delineated by Hubbard
and Scholm, the mixing of SiO2 and one of various transition metal oxides may lead to the
spontaneous formation of several secondary phases at elevated temperatures [81]. These

reactions with perovskites in particular are aided by the effluent migration of cationic metals (Fe



and La in this case) to the material surface during reduction at high temperature [82, 83]. These
surface cations then diffuse onto SiO> [84] to form secondary phases, converting the perovskite
oxide into its non-stoichiometric forms. Maiti et. al computationally demonstrated an increase in
Evac for defect-laden perovskite oxides [22]. This seems to be in agreement with the small
elevation in reduction temperature noted for both LSF2s/SiO; and LSF2s/Ti0O2. Although
seemingly inevitable when combined with SiO», the kinetic deconstruction of perovskite oxides
and formation of secondary phases at the composite interface may be minimized or potentially
avoided completely by maintaining low sintering and reaction temperatures. This was suggested
by the early appearance of FeSiO; and La,SiOs observed after subjecting the mixed powders to
thermal treatment and their increased presence after TPO-CO, experiments conducted up to 950
°C.

Encapsulation of perovskites by Al>O3; and TiO2 over time is detrimental to CO»
conversion. These oxide shells accounted for zero and negative changes in CO production in
TPO-CO; experiments due to the barrier between gaseous CO» and kinetic exchange sites on the
perovskite surface. Because vacancy formation in these supporting materials is highly
improbable, according to Fig. 4, CO; adsorption strength will be relatively weak [12] and
transport restrictions will severely limit catalyst efficiency. These results match the findings of
Kharton et al. who observed a decrease in oxygen permeation fluxes through perovskites-based
composites that consist of Al2O3 and even SrAl,O4 [52], the latter of which was not discerned in
this study. It is therefore recommended to design SiO»-based frameworks that maintain high
surface area and structural stability for long-term redox chemical looping.

5.0 Conclusion



This study addressed the factors that currently limit perovskite oxide utilization for solar-
driven CO> conversion through the reverse water-gas shift chemical looping process. The use of
Si0; as a support significantly reduced Lao.75Sr025FeOs crystallite size and the extent of oxygen
self-diffusion retardation. This resulted in a CO yield of 1700 pmol/gisr, 150% greater than the
control sample. Slight interfacial formation of secondary phases FeSiO3 and La>Si0Os, detected
by X-ray diffraction, was negligible but may pose severe consequences to catalyst efficiency if
the solid-state kinetics are not restricted with low synthesis and operation temperatures. This
result was due to the high oxygen vacancy formation energies of these phases which originated
from the deconstruction of the perovskite phase at the interface. Nevertheless, SiO2 outperformed
other supporting materials of interest including CeO, and ZrO> which demonstrated no activity at
the low experiment temperatures. Abundant alternatives such as Al2O3 and TiO2 encapsulated
the perovskite particles, therefore hindering CO> adsorption to surface vacancies. The effects of
using various supports for feasible syngas production has been demonstrated and the reasoning
behind such material enhancement has been described.
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