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Abstract

Repurposing of COz to valuable hydrocarbons is crucial for energy security and a balanced
carbon cycle. Reverse water gas shift chemical looping (RWGS-CL) is capable of efficient CO, to CO
conversion at a low temperature of ~600 °C with unprecedented rates using the Lag 75Sro25FeO3; (LSF)
perovskite-type oxide amalgamated with silica. The LSF:Si02 composite (25% LSF by mass)
promotes a notable extent of oxygen vacancies in the active phase, a key parameter for CO2
conversion. In each of eight RWGS-CL cycles, CO generation yields of LSF:SiO; surpass those of
LSF alone by about 200%, producing 2.6 mmol CO gis! at a peak rate of 0.8 mmol CO gis¢™! min™.
This significant improvement is concomitant with a decreased average LSF crystalline size retained at
these low thermochemical reaction temperatures. Evidence of this enhancement points to perovskite
particle size reduction by silica, lattice strain induced by the support, and curtailed quantities of
secondary phases that limit accessibility to active surfaces. In this contribution, an appropriate stable

platform for improving earth abundancy in perovskite-based redox materials is demonstrated for

industrial-scale low temperature CO> thermochemical conversion.
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1. Introduction

Throughout preceding decades, global environmental concerns instigated a major shift of
research focus and investment in renewable energy generation. However, the need for fossil fuels
remains on the rise due to demand for transportation fuels and electricity, resulting in vast emissions of
carbon dioxide, a major greenhouse gas. Carbon capture and storage (CCS) is aimed at mitigating this
CO; emission problem and promote carbon neutrality. However, annual emissions (~35 GT in 2015)
continue to relentlessly outweigh the scale of reutilization (estimated ~35 MT in early 2017).! This
scenario demands several processes that are capable of converting CO» to CO to valuable
hydrocarbons.? The extreme conditions required for natural CO» dissociation, over 2000 °C in
vacuum,’ underscore the need for catalytic reinforcements and more energy-efficient processes.
Amongst the proposed techniques, solar thermochemical approach (STC), for instance, is particularly
attractive.*1* It presents the novelty of harvesting solar energy towards repurposing waste CO
emissions to hydrocarbons. Corresponding CO selectivity and CO» conversion rates are much higher
than those of photocatalytic methodologies which struggle to achieve even 1 pmol gea! min™. !
However, STC processes are typically accompanied by extreme operation temperatures (> 1000 °C),”*
thereby limiting implementation due to a narrow range of stable materials. A feasible alternative,
reverse water gas shift chemical looping (RWGS-CL), is capable of converting CO> to CO at much
lower temperatures (450 — 700 °C).

The RWGS-CL process (Figure 1) is a 2-step process, previously demonstrated by our
group,'?!® whereby mixed metal oxides such as perovskite oxides (ABOs3) are used for generation of
100% selective CO from COx. The first step involves partial reduction of the perovskite oxides to their
oxygen deficient forms (ABOs.5) under exposure to hydrogen. The second step is the platform for

converting CO> to CO over these oxygen vacant perovskites, allowing the oxides to regain their

original stoichiometric forms (ABQO3). This cyclic operation converts CO2 to CO, which can be
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subsequently converted to hydrocarbons via Fischer-Tropsch synthesis. The overall process for
producing and using these fuels can be CO>-neutral to the environmental if solar (or other non-fossil
fuel derived energy source) is used for hydrogen generation (i.e., water splitting). Low and moderate
temperature thermochemical processes permit higher sun-to-fuel efficiencies compared to current and
future technologies, making RWGS-CL appropriate for large-scale implementation.'*!> Wenzel et al.
investigated the solar-to-fuels efficiencies of the isothermal chemical looping process and determined a
reactor system with separation may consume up to 54% less energy than the conventional reverse
water gas shift reaction.!> Perovskite oxides are key materials that support and enable this operation
due to their consistent and intrinsic stability in both stoichiometric and non-stoichiometric forms.'¢-2

Lanthanum- and strontium-based materials have revealed good CO; conversion performance in both

RWGS-CL and STC processes. Lao.75S10.25FeO3 (LSF), in particular, has shown great promise in
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Figure 1: Reverse water gas shift - chemical looping (RWGS-CL) process
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RWGS-CL process due to the low energy barrier for oxidation state transitions (Fe™ — Fe*?) during
redox cycles.?! CO also exhibits affinity for the material due to the slight basicity of La,?* while
moderate Sr doping results in slight oxygen deficiency to promote a greater extent of oxygen self-
diffusion throughout the lattice.?® Alternatives such as LaCoO3; demonstrate inadequate structure

stability at high reduction temperatures'® 2*

while LaMnOs3 exhibits much a higher activation energy
for vacancy formation therefore require higher temperatures for redox chemical looping.2> Our group
previously demonstrated indispensable characteristics of LSF such as the perovskite’s willingness?® to
retain nonstoichiometry and endure numerous cycles of RWGS-CL at low temperatures.'® Due to its
stability and superior CO2 conversion rates, LSF is a suitable candidate for RWGS-CL processes.
Modern industrial catalysts in practice are typically structured as pellets, Raschig rings, and
other monolithic variations to achieve enhanced surface reactions, minimize pressure drops, promote
gas-solid interactions, and prevent activity loss.?’?® However, mathematical diffusion models suggest
an increase in oxide particle radius or membrane thickness severely impedes oxygen self-diffusion and
kinetic activity.?>-3° It is thus imperative to investigate the effect of stable supports like silica on the
CO: conversion performance by these perovskite oxides. Inclusion of oxide supports presents the
possibility of expanding the oxygen diffusion network for improved redox reaction performance as
shown in other applications.?'** Enhanced oxygen self-diffusion, material recyclability, and therefore
viability of iron oxides has been demonstrated for chemical looping when supported over titania®* and
perovskite-type oxides.?* 3> However, supports such as TiO2 and Al,O3 demonstrate strong metal-
support interactions which often result in active site encapsulation, even at low temperatures.*® This
would consequentially hinder CO» transport to the perovskite surface. Silica, however, is suggested to
demonstrate more moderate interactions that are strong enough and suitable for particle segregation yet

weak enough to avoid deactivation.’” The LSF:SiO, composite synthesis poses the risk of forming

several secondary phases including FeSiO3 and La>SiOs which exhibit unknown consequences to STC
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processes®® due to strenuous attempts at bulk syntheses, many of which have failed.>* Free energy
calculations done by Hubbard and Schlom revealed the spontaneity and readiness of SiO; to react at
the interface with other unary oxides at elevated temperatures*’ while Kucherov reported transition
metal migration through more complex oxides such as zeolites with high Si content.*! Yet, such atomic
volatility contrasts the importance of phase stability delineated by Miller et al. in oxide-impelled
syngas production.*? These conflicting phenomena call for scientists to explore the effect of silica

supports on perovskite oxides in regard to their stability and CO2 conversion performance.

In this study, we combine the LSF perovskite and SiO» support into a composite powder as a
novel candidate material for efficient CO> conversion in RWGS-CL. We also prepare LSF on silicon
carbide, a popular non-oxide support**#4, to test its effect. Different perovskite:silica mass ratios are
included, resulting in varying magnitudes of secondary phase formation and surface wetting. Structural
stability and long-term activity of top performing materials are demonstrated in 8 cycles of RWGS-CL.
We use density functional theory to calculate the oxygen vacancy formation energies of each oxide
present in the composite, thus measuring their contribution potentials to redox chemical looping.
Crystallographic studies confirm the structural stability of LSF and SiO; in recurrent applications and
reveal an interfacial wettability effect that reverses sintering of the active phase as confirmed by visual
examination through microscopy. Here, we unravel the role of silica in enhancing the CO> conversion

performance by perovskite-type oxides.

2. Results and Discussion
2.1 Structural characterization

Table 1 consists of each sample synthesized, characterized, and tested with its respective
nomenclature. X-ray diffraction (XRD) patterns of Lao.75Sr0.25FeO3 (LSF) and SiO» along with that of
the LSF»5/Si02 amalgam (25% by weight of LSF) are reported in Figure 2a. The composite sample
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indicates the dominant presence of pure phase silica (hexagonal quartz [Ref. Code: 00-046-1045]) and
LSF phases (orthorhombic structure [Ref. Code: 00-035-1480]). Closer inspection of the 25-40 26°
(Figure 2b) range reveal formation of secondary phases FeSiO3 and La>SiOs in minor amounts. These
became more prominent after Ho-reduction and subsequent temperature-programmed oxidation under
CO; (TPO-COz) experiments. The LSF-SiO; interface region of the composite material is the most
vulnerable to solid state reactions. Yet FeSiO; and La;Si0s are present as traces and exhibit no adverse
effects on the long-term stability of the composite. SiC is used as non-oxygen based reference support
to test the effect of Si on stability, secondary phase formation, and CO> conversion performance of
perovskite:SiC mixtures. The diffraction pattern of the SiC-based amalgam illustrates absence of any
secondary phases, even after Ho-reduction and subsequent TPO-CO,, as is evident from Figure 2¢ and

Figure 2d.



Table 1: Sample nomenclature for perovskite composites synthesized and tested in temperature

programmed experiments. The orthorhombic lattice parameters of LSF in fresh samples are

calculated using Ref. Code: 00-035-1480 from the X’Pert Highscore Plus data library. The BET

specific surface areas (SSA) are also included for certain samples.

LSF orthorhombic lattice LSF
FeSiO3 | LaxSiOs BET
LSF/support parameters of fresh Cell
Sample XRD XRD SSA
(X% w/w) samples (A) Volume
R.I? RL?* | (m*gh
a b c (&%)
None LSF 5.5107 | 5.5407 | 7.7927 | 237.93 - - 1.9
25%
LSF»5/S10, | 5.5181 | 5.5321 | 7.8137 | 238.53 | 1.35% | 0.76 % 1.1¢
LSF
Quartz | 50%
LSFs0/Si0; | 5.5224 | 5.5375 | 7.8263 | 23933 | 1.74% | 0.72 % -
(silica) | LSF
75%
LSF75/S10, | 5.5329 | 5.5269 | 7.8254 | 239.30 | 0.71 % | 0.50 % -
LSF
Black Silicon
carbide LSF2s/SiC | 5.5278 | 5.5313 | 7.8223 | 239.18 | n.d.® | n.d.” -
70 grit

“ Relative intensities of secondary phase diffraction lines with respect to the dominant crystalline

Miller index

b Nothing detected

¢ Quartz SSA (after heat treatment at 950 °C): 1.7 m’ g’
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Figure 2: X-ray diffraction and Fourier transform infrared spectroscopy data for LSF-based
composites. a) Diffraction patterns of fresh and post TPO-CO» LSF»5/Si0, with constituents and b)
closer inspection of 25-40 20 range to show the emergence of secondary phases. ¢) Diffraction
patterns of fresh and post TPO-CO> LSF»5/SiC with constituents and d) closer inspection of the
aforementioned range to show the absence of secondary phases. e) Diffraction patterns of LSFx/SiO»
(X =25, 50, 75) each show a presence of secondary phases while f) Fourier transform infrared

spectra illustrate the consistent decrease in silica content at 1080 cm™' with increasing LSF content.

The presence of secondary phases (FeSiO3 and La»Si0s) in the LSF/SiO2 composites can be
consequential to perovskite grain characteristics and CO; conversion performance. Therefore, different
ratios of LSF and SiO» are tested, resulting in varying concentrations of these phases as evident from
the relative peak intensities (R.I) at 28.0, 30.6, and 35.5 20° (Figure 2e¢). The R.I. of the primary
diffraction pattern affiliated with orthorhombic FeSiO3 (Ref. Code: 01-076-0886) changes from 1.35%

to 1.74% to 0.71% with increasing LSF content (25% to 75%) as indicated in Table 1. The (-202) XRD
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peak of monoclinic La>SiOs (Ref. Code: 00-040-0234) however, remains relatively constant between
0.76% and 0.50% possibly due to high activation energies for La ion migration in perovskites with
short O - Fe — O and O — O distances in the lattice.** Silica phase transition from quartz to tridymite, a
typically lethargic transformation even with alkali promoters,*® was negligible. Overall, apart from the
minor formation of secondary phases, which remain stable over several CO; conversion cycles,
orthorhombic LSF and hexagonal SiO> phases maintain dominancy. Fourier transform infrared
spectroscopy (FTIR) results, shown in Figure 2f, confirms a consistent trend of decreasing silica peak
at 1080 cm™! with increasing LSF in the composites. A notable trend observed in the LSF:SiO»
amalgams is the change in orthorhombic cell volume with different ratios as reported in Table 1. This
pattern is complementary with the formation of secondary phases as shown in Fig 2e. The generation
of secondary phases along with surface wetness results in interfacial strain and a slight increase in the
cell volume as previously witnessed in interfacial layers between SiO» and complex Sr oxides.’
Calculation of the LSF crystallite size via Scherrer analysis reveals the role of supports in restricting
the perovskites from sintering during RWGS-CL experiments as documented in Table 2. This
particular role of supports in tuning the LSF crystallite size and strain is fundamental for exploring the

underlying mechanism of CO: conversion over these composites.

2.2 Temperature-programmed CO:2 conversion experiments

Successful RWGS-CL is contingent on generation of oxygen vacant active sites throughout the
perovskite surface and bulk during the reduction step. These active sites are then repurposed for CO2 to
CO conversion in the subsequent oxidation step. Under H> flow and increasing temperature, H>O
formation indicates the generation of oxygen vacancies by removal of oxygen installed in the bulk and
strongly adsorbed to the surface. Consecutive disintegration of the perovskite phase into simpler, unary

and oxides is also observed. These reactions are depicted in Figure 3a by H>O formation (m/z = 18)
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Figure 3: Temperature-programed experimental data with quantifications for H2O and CO. a) TPR
spectrums show 600 °C is an adequate temperature for partial reduction of the materials. b) TPO-

CO2 reveals the changes in CO production with each support and mass ratio. ¢) H>O and CO

quantifications.

below 700 °C and over 750 °C, respectively. The LSF-based composites exhibit higher peak
temperatures, about 600 °C, for H,O formation than that of LSF (550 °C) alone. This phenomenon
may be related to formation of cationic vacancies during the sintering of LSF and SiO». A previous
study done by Maiti et. al delineated the increase in oxygen vacancy formation energy as the extent of
vacancies in the lattice increases.*® Therefore, the slight but permanent removal of Fe and La from the
perovskite lattice results in the formation of FeSiO3 and La>Si10s respectively along with the shift in
the perovskite reduction temperature.

Sustainable chemical looping with perovskite oxides requires the formation of oxygen deficient

phases without decomposition to disparate species. The TPR profiles suggest 600 °C is an adequate
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temperature for achieving numerous vacancies prior to CO2 conversion while retaining material
intactness. CO formation is indicated by the m/z = 28 peak as displayed in Figure 3b. Complementary
to TPR experiments, CO generates over the LSF composites at about 50 °C higher than over pure LSF.
Quantifications in Figure 3¢ shows that H,O production surpasses that of CO due to a few crucial
factors. The entirety of perovskite surface oxygen, for instance, contributes to immense H>O formation
during first-time reduction. Yet replenishment remains highly implausible due to the gradual buildup
of kinetic stagnation during CO> conversion. Moreover, the activity of oxygen vacant sites towards CO
formation is closely related to the net number of oxygen vacancies present at any time. CO; adsorption
strength over a perovskite oxide increases with the extent of surface oxygen vacancies, reflecting
higher probability of conversion.!” Thus, with progressive refilling of oxygen vacant sites via CO
conversion to CO comes a gradual stagnation of surface exchange kinetics resulting in less CO
production than that of H>O in the first cycle.

Capacities of 2.21 mmol H,0 grs¢™! and 0.69 mmol CO gps¢™! are produced during the control
experiment with unsupported LSF. While utilization of SiO: as a supporting material with 25% LSF
results in a 67% increase in H>O formation capacity at 3.69 mmol gisr!, CO production experiences a
greater magnitude of improvement of 150% for a total yield of 1.70 mmol grs¢™!. LSF2s/SiC also
exhibits improved H>O (2.91 mmol grs¢!) and CO (1.20 mmol gisr!) formation. The XRD patterns of
LSF:Si02 amalgams after the experiment show the presence of pure orthorhombic LSF and hexagonal
Si02 phases along with minor concentrations of secondary phases of FeSiO3 and La>SiOs. Density
functional theory (DFT) based calculations reveal that the LSF phase is the most favorable substrate to
accommodate oxygen vacancies while all other phases (Si0O;, FeSiO3; and La>Si0s) demand a higher
energy input to create oxygen vacancies (Figure 4a). CO2 conversion results for LSF»s/SiC validate
this hypothesis, for this composite demonstrates enhanced H20 and CO formation without consisting

of SiO2 or secondary phases. Thus, the reason for better CO2 conversion is attributed to more surface
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area of LSF exposed for gas interactions. This is corroborated by the decreased crystallite size of LSF

in the composites compared to its pure phase catalyst.
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Figure 4: DFT calculations for oxygen vacancy formation. a) Oxygen vacancy formation energies
for each oxide species identified in the composite materials. 6 represents the extent of oxygen
vacancy formation. A value of 0.125 was chosen for consistent comparison. b) Variation of oxygen

vacancy formation energy with lattice strain.

Moreover, the increased cell volume of the LSF perovskite indicates the presence of a strained
perovskite structure. As shown in Figure 4b, an expanded crystal lattice enables oxygen vacancy
formation in LSF. Thus, these strained interfaces, suggested by cell volume calculations in Table 1,
were found to promote oxygen vacancy creation and subsequently enhance CO> conversion. SiO>
shows greater promise than SiC, as it manifests a wettability effect on the perovskite particles. Silica
was previously shown to demonstrate affinity for transition metals and is capable of both reducing
particle sizes* and contact angles.’® However, there exists an optimum LSF:SiO; ratio as is evident
from Figure 3¢ whereby LSF50/Si02 and LSF75/Si02 shows poor CO> conversion performance. This is
associated with increased formation of FeSiO3 and La>SiOs at the LSF:Si0; interface. These secondary

phases act as catalyst poisons, reducing the composites’ ability to accommodate oxygen vacancies and

-12-



CO generation capacity. As aforementioned, they are also believed to be the underlying cause of an
increase in Evac due to additional cationic vacancies,*® and therefore the reduction temperature
observed in the TPR experiments. LSF25/SiO2 however, simultaneously demonstrates minimal
secondary phase formation and maximum wettability making the material a suitable candidate for

chemical looping.

2.3 Sustained performance in RWGS-CL

The stability and activity of the materials are demonstrated across eight consecutive RWGS-CL
cycles (Figure 5). LSF25/Si0; achieves the highest HoO and CO yields per perovskite mass basis. By
the concluding cycle, the results for LSF25/SiO; settle at about 3.10 mmol H,O gisr™! per cycle and
2.60 mmol CO gis¢! per cycle. Overall, LSF»5/SiOx exhibits 8% and 12% decreases in HO and CO
production, respectively, after 8 cycles. Unsupported LSF shows no decrease in H,O production,
which stabilizes at about 1.10 mmol H>O gisr!, or CO production, which remain steady around 0.90
mmol CO gisr!. LSF25/SiC demonstrates better performance than pure LSF but fell short of
LSF»s/Si0z. The extent of oxygen vacancy formation, d (in ABOs.5), for LSF is calculated to be 0.26.
That of LSF25/S10, and LSF»s/SiC are 0.72 and 0.40 respectively. The CO production rate for pure
LSF stabilizes over time at 0.93 mmol CO gis¢! min™! in comparison to 0.80 and 0.38 for LSF2s/SiO-
and LSF/SiC respectively, restrictions potentially imputed to transport limitations exhibited by the
supports. Rates are estimated also on an approximated perovskite oxide surface area basis (Table 2). In
this metric, the LSF25/Si02 composite now surpasses the rate of LSF alone and this is consistent with

changes in exposed facets and/or strain that would enhance vacancy formation at the surface.
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Figure S: RWGS-CL experiment results for LSF, LSF25/Si02, and LSF»s/SiC over eight cycles at

600 °C. a) H>0O production yields and peak rates. b) CO production yields and peak rates.

Table 2 — Crystallite size estimations by Scherrer analysis for fresh and post RWGS-CL experiment

samples with CO formation rates on the estimated LSF surface area for the final cycle

CO formation rate per LSF
Fresh perovskite Post RWGS-CL perovskite
Sample surface area (mmol CO
crystallite size (A) crystallite size (A)
(mzLSF)-l min-l) a
LSF 350.9 350.9 0.49
LSF25/8102 351.2 269.1 0.64 (0.70 )
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LSF»s/S1C 384.6 336.3 0.18

“ Based on LSF surface area when alone and estimated surface area based on changes in crystallite

size and proportions of total SSA

b Estimated on BET SSA (assumes equivalent surface areas per phase)

Perhaps the greatest significance of the chemical looping data is attributed to the escalation in
the H>O production rate using SiO2. As aforementioned, accelerated oxygen vacancy formation is
concomitant with smaller average perovskite particle radii.?**° It is also possible that water spillover to
the silica support may enable faster reduction rates, but this effect is anticipated to be minimal in
comparison due to the limited water adsorption at these elevated temperatures. Crystallite size
reduction, resulting in increased surface area of LSF, is established to be the primary governing criteria
for enhanced CO» conversion by supported perovskites. Although the average crystallite size of
unsupported LSF remains unchanged throughout the 8 cycles, that of the supported samples decreases
(Table 2). More in particular, LSF supported on SiO> results in a 55% decrease in crystallite size and
compliments the loss of bulk oxygen during the course of particle separation. This notable change is
illustrated and confirmed by transmission electron microscopy (TEM; Figure 6). While the size of
fresh LSF particles, unsupported and supported, remain in the micron threshold, small clusters of LSF
nanoparticles formed during RWGS-CL. These nanoparticles are essentially a source of active sites for
oxygen vacancy formation and CO; conversion. These nanoparticles are not seen to consist of any
metallic (Fe, Sr or La) phases nor are they comprised of any binary oxides (Fe oxides, Sr oxides and

La oxides). As is evident from figure 6h, the high-resolution image of the nanoparticle structure
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reveals the (020) crystal facet that matches that of the fresh samples (figure 6¢) and post reaction
samples (figure 6¢). Strong interaction between LSF nanoparticles and silica rafts restricts their growth

and agglomeration, thereby ensuring a surfeit of active sites for CO2 conversion.

Figure 6: a) Visual schematic of LSF particle size modification by supporting materials during

RWGS-CL. TEM images of LSF indicating b) particle size and c) interplanar spacing. Fresh
LSF»5/Si0; d) interface and e) interplanar spacing. LSF»5/S10, after § RWGS-CL cycles f-h)
illustrating a significant decrease in LSF particle size and formation of nanoparticles.
Although silicon carbide demonstrates the same effect according to the Scherrer analysis, it is
assured that the particle size reduction magnitude remains much greater when utilizing silica to support
perovskite-oxides. Because the black silicon carbide was not reduced, but rather pretreated at 1000 °C

51-52 and

in air, there is expected to be a notable presence of oxygen due to a partially oxidized surface

iron oxide impurities. Anton et.al concluded that interactions between a support and active phase are

much stronger when using a bulk oxide as opposed to an inert support consisting of a few surface

oxide layers.>® Perovskite segregation likely occurred during the second reduction step when surface

oxygen was previously removed and the increase in H>O was noted. The high presence of metallic B-
54-55

site metals on the perovskite surface during reduction is perhaps the driving force for particle size

reduction on silica due to the spontaneity of metals to diffuse into the top layers of the oxide bulk. The
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kinetic inclination of these ions perhaps pulls apart the large particles to form nanoparticles. This
phenomenon is accompanied by the strong surface energy of the reduced perovskite, i.e., oxygen
vacant perovskites show strong affinity for species with high oxygen content, such as CO; or even
potentially SiO2 regardless of its inert behavior. This surface behavior was not observed in the post
TPO-CO; samples where CO> flows over these samples up to 950 °C. It is thus evident that perovskite
particle aggregation is inevitable at high temperatures during synthesis and other STC processes, but
may be reversed by subjection to the RWGS-CL process in the presence of appropriate supports at low

thermochemical temperatures.

3. Conclusion

This work demonstrated 200% enhancements for CO generation yields for RWGS-CL through
the formation of composite materials. SiO> is identified as an appropriate supporting material for
perovskite-type oxides, Lao.75sSro.25FeOs (LSF) in this case, due to its wetting influence, ability to
reverse LSF particle aggregation resulting from calcination, and induction of lattice strain. Formation
inhibiting species (i.e., metal silicate phases, FeSiO3; and La,Si0s) that may cause interfacial barriers
are restricted by adjusting the perovskite:silica mass ratio and avoiding the high temperatures of other
solar thermochemical processes. Long-term stability of the LSF:SiO> composite (25 wt% perovskite) is
demonstrated over eight cycles of RWGS-CL. Perovskite reduction, the cycle limiting step, is
significantly improved to a rate of 1.7 mmol H>O grs¢! min™! using the composite while CO generation
rates remains stable at 0.8 mmol CO gisr!' min™'. This study presents a new materials platform towards
enhanced reaction activity by oxygen deficient perovskite oxides and provides an avenue to increase
earth abundancy of materials used in sustainable production of fuels and chemicals using CO> as a

feedstock.

-17 -



4. Experimental Methods

Material Synthesis: A sol gel-based Pechini method was used to synthesize the Lag 75Sr0.25FeO3 (LSF)
perovskite oxide similar to that proposed by Popa and Kakihana.*® Using citric acid (CA) (Aldrich
>99.5%) as a chelating agent, a 2 M aqueous solution was made with deionized water. Metal precursors
La(NO3)3 (Aldrich 99.9%), SrCO;3 (Aesar 99.994%), and Fe(NO3)s (Aldrich ACS grade +98%) were
each dissolved into the CA solution followed by 2 hr of stirring (200 rpm) at 60°C to minimize mixture
variations. Ethylene glycol (EG) (Aldrich >99%) was then added to induce polyesterification as the
solution was stirred for 7 hr at 90°C. All reagents were measured to achieve a La: Sr: Fe : CA : EG
molar ratio of 0.75 : 0.25 : 1.0 : 10 : 40.%7 The resulting dark red viscous gel was immediately charred
at 450°C (25°C/min) for 2 hr. The solidified residue was crushed into powder and further calcined in
air at 950°C (25°C/min) for 6 hr to finalize the crystallization of LSF. The perovskite was then
combined with silica (quartz, Sigma-Aldrich purum) to obtain a composite material of mass ratios
25%, 50%, and 75% LSF. Black silicon carbide 70 grit (Panadyne Abrasives) was also included as a
support and but was first subjected to thermal pretreatment at 1000°C for 2 hr to achieve crystalline
phases that would remain stable throughout high-temperature TPO-CO, experiments. LSF and the
respective materials (X% w/w LSF/support) were grinded together by hand in a mortar and pestle for
about 15 min and then heated in air at 950°C for 10 hr to achieve aggregation of constituents.
Temperature-programmed experiments: About 75 mg of each sample was positioned between glass
wool within a quartz U-tube. The quartz reactor was then placed within a Thermo Scientific furnace in
which the heating ramp was held constant at 10°C/min for all temperature-programmed experiments.
The total flow rate was maintained at 50 sccm using Alicat mass flow controllers and consisted of
ultra-high purity (UHP) grade gases supplied by Airgas. A MKS Cirrus mass spectrometer (MS) was
used to monitor changes in gas flow composition over time. For temperature-programmed reductions

(TPR), Gas signals were permitted to stabilize at ambient temperature once the initial flow was
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adjusted to 10% H> in He (v/v). The temperature was then increased to 950°C (10 °C/min) and held
constant until the m/z = 18 signal, representing H>0, was steady. The TPR profiles revealed a
generalized peak reduction temperature for the material set. For temperature-programmed oxidations
(TPO-CO:»), each sample was heated under 10% H> in He (v/v) flow at 600 °C for 30 min. The
oxygen-deficient perovskite material was allowed to cool naturally under He to about 100°C to
maintain vacancies. The material was then exposed to a 10% COz in He (v/v) flow and heated to 950°C
(10 °C/min) and CO generation was represented by peak formation in the m/z = 28 signal. Quantitative
analysis of the resulting data followed procedures previously described.'?

Structural Characterization: X-ray diffraction was used to probe fresh and post-experimental samples.
Main interests included changes in crystalline structure or secondary phases concomitant with solid-
state reactions. A Bruker X-Ray Diffractometer with Cu Ka (A = 0.154 nm) provided patterns at
ambient conditions from 20 to 80° (20°) with a step size of 0.0102 (26°) and 1.2 seconds per step. Raw
data and literature patterns from X Pert Highscore Plus software were juxtaposed for reference when
calculating lattice parameters and LSF orthorhombic cell dimensions in each sample as displayed in
Table 1. This assay consisted of indexing using Bragg’s Law and unique geometrical and interplanar
distance equations.’® Library reference codes are provided when necessary. A Scherrer analysis was
also done with a shape factor of 0.9, an acceptable approximation.*® across the width of the primary
LSF (020) diffraction line. This permitted the comparison of crystalline sizes and surface areas of
supported and unsupported LSF. FTIR spectroscopy (attenuated total reflectance (ATR)) was
performed on all the perovskite-support samples in the Nicolet IS50 instrument from Thermo-
Scientific. All the spectra comprised of 50 scans, taken at a resolution of 0.241 cm™ having a data
spacing of 0.482 cm™'.

Microscopy: A Tecnai F20 TEM was used for high resolution imaging of LSF particle development

after composite synthesis and reaction testing. A Schottky Field emitter sufficed as the electron source
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with minimal energy spread (< 0.7 eV) and a point resolution of 0.24 nm. With a line resolution of
0.102 nm, the (020) plane of LSF was probed to calculate the interplanar spacing which remained
consistent with crystallographic data.

Physisorption: Specific surface areas were obtained using Quantachrome Autosorb 1Q analyzer. After
degassing at 300 °C. Adsorption-desorption isotherms were obtained by measuring volume adsorbed
by the sample at a set interval of partial pressures (P/Po) using N> as the adsorbate at 77 K. Specific
surface area was calculated using Brunauer-Emmet-Teller (BET) method using adsorption data points
inside the P/Po range of 0.05 to 0.3.

Chemical Looping: LSF15/S10,, LSF25/SiC, and unsupported LSF were each tested in eight consecutive
isothermal cycles of reverse water gas shift chemical looping (RWGS-CL). Maintaining a total flow
rate of 50 sccm throughout the entire experiment, the process began with a 20 min period of 10% H> in
He (v/v) to reduce the perovskite, thus instigating oxygen vacancy formation. He was flowed again for
20 min before changing the flow to 10% CO; in He (v/v) to re-oxidize the perovskite material and
generate CO. H>0 and CO production was quantified for each cycle using the same procedures for
TPO-CO:z to test reaction capability and durability over elongated use.

Density-Functional Theory: All the DFT calculations were performed using plane wave basis
sets and GGA electron densities using VASP — 5.3.3.5%% Projected augmented wave (PAW)®*
potentials were used for treating the core electronic densities. Perdew-Burke-Ernzerhof (PBE)
exchange correlation®® was used. For the study of LSF, a 2x2x2 supercell of 40 atoms (consisting ‘n’ =
8 unit cells) was used. And hence creating an oxygen vacancy extent (8) of 0.125 involved removing
only one oxygen atom. An average of oxygen vacancy formation energies over different perovskite
locations has been reported. A 4x4x4 k-point mesh having Monkhorst Pack grid®® was generated and
was used throughout all calculations over LSF. For other materials like silica, FeSiO3; and La,SiOs, k-

points were set so as to maintain to a similar k-point grid spacing. Throughout the calculations, an
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energy cut off (ENCUT) value of 600 eV was used. In regards to oxygen vacancy formation energy
calculations, oxygen over-binding®” has been accounted for as well. The heat of formation (Hy) of the
perovskite oxide was calculated via Hf = Ejgr — X; i, where Ersris LSF’s calculated total energy
from DFT and y; is the ground state fitted elemental reference energy for each of La, Sr, Fe and O.%®

The oxygen vacancy formation energies were calculated as per the equation E,;. = Eyo sy T X

%EO2 — Ewno, where, Ey_ is the total energy of the stoichiometric materials (LSF and the metal
oxides), n is the number of unit cells in a one supercell, while Ey;o e 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.
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