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Abstract

The current study reports LaNio.sFeo.sOs-5 as a robust redox catalyst for CO,-Splitting and methane
partial oxidation at relatively low temperatures (~700 °C) in the context of a hybrid redox process
(HRP). Specifically, perovskite structured LaNixFe1xOs-s (LNF) with nine different compositions (x
=0.05-0.5) were prepared and investigated. Among the samples evaluated, LaNip4Feo.s03-5 and
LaNiosFeo.s03-5 showed superior redox performance, with ~90% CO. and methane conversions
and >90% syngas selectivity. The standalone LNFs also demonstrated performance comparable
to that of LNF promoted by mixed conductive Ceo.85Gdo.1Cuo.0502- 5 (CGCO). Long-term testing of
LaNiosFeos03-5 indicated that the redox catalyst gradually loses its activity over repeated redox
cycles, amounting to approximately 0.02% activity loss each cycle, averaged over 500 cycles. This
gradual deactivation was found to be reversible by deep oxidation with air. Further
characterizations indicated that the loss of activity was resulted from a slow accumulation of iron
carbide (FesC and FesC;) phases, which cannot be effectively removed during the CO; splitting
step. Reoxidation with air removed the carbide phases, increased the availability of Fe for the
redox reactions via solid state reactions with La;03, and decreased the average crystallite size of
La;0s. Reactivating the redox catalyst periodically, e.g. once every 40 cycles, was shown to be
highly effective, as confirmed by operating the redox catalyst over 900 cumulative cycles while

maintaining satisfactory redox performance.
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1. Introduction

Carbon dioxide is a major contributor to global climate change.! 43 billion metric tons of CO, was
emitted in 2019, more than twice the target value of 20 billion metric tons/year for 2040.2 Most
of the emitted CO; is resulted from combustion of fossils fuels as energy sources. Specifically,
contribution from the industrial sector in GHG emissions was near 23% in United States (2019).3
Although extensive research has been carried out to develop alternative, environment friendly
energy sources, fossil fuels are still expected to play an important role, with an estimated annual
increase of 1.4% on average through 2035.# Therefore, efficient and economically viable carbon
dioxide capture, storage, and utilization technologies are highly desirable.>™® In terms of CO;
utilization, converting CO; to CO, an important building block in the chemical industry, offers the
opportunity to produce a variety of value-added products.’ However, breaking the C=0 bond in
CO; is highly energy intensive.° To utilize CO,, electrochemical and photochemical methods have
been considered recently but they face different challenges such as low CO; conversion, limited
energetic efficiency, slow electron transfer, and/or low photon efficiencies.!* Thermochemical
conversion of CO; to CO is another alternative that utilizes an oxygen carrier, also known as a
redox catalyst, in which the oxygen carrier is first reduced by thermal decomposition and
followed by CO; splitting to replenish the lattice oxygen released in the thermal decomposition
step.’>%> Although the thermochemical approach is attractive, high operating temperature
(>1100 °C) and limited CO, conversion remains as key challenges.1®'” Methane has this ability to
reduce the metal oxide at relatively low temperatures'®2° which can be advantageous for CO;
splitting. Once such example is the dry reforming of methane which offers an opportunity to
utilize CO2 by producing syngas with a hydrogen to CO ratio of around one.?"2> However, the low
H>/CO ratio limits its potential applications unless a fraction of CO is separated from the syngas
stream. To address this challenge, we proposed an open-loop Hybrid Redox Process (HRP)
concept for thermochemical reduction of CO, and methane partial oxidation.?®?” HRP works in
two steps as shown in the Figure 1. In the first step, a redox catalyst reacts with methane to yield
synthesis gas (R1) with a Hy: CO ratio near 2:1, which is suitable for methanol and Fischer-Tropsch
synthesis.?® The reduced redox catalyst then reacts with an oxidizing agent such as CO> to yield

CO (R2). The system further offers the flexibility for downstream carbonylation chemistry, for



example, to produce acetic acid using methanol and CO products without the needs for syngas
separation.?’ Compared to conventional thermochemical CO; splitting approaches, the use of
methane as the reducing agent in HRP can significantly lower the operating temperature for CO»-

splitting.2®

CO, 4+ MeO,_, = MeO, + CO (R1)

CH, + MeO, = MeO,_, + CO+ 2H,  (R2)
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Figure 1. A simplified schematic of the hybrid redox process.

Besides the ability to effectively split CO, an ideal redox catalyst for HRP should have high CO
selectivity in the methane partial oxidation (POx) step and avoid the side reactions such as
complete combustion and methane decomposition®. In addition, the redox catalyst should be
stable over repeated redox cycles. Previous studies have shown that the oxides and mixed oxides

of iron, cobalt, and/or nickel with various supports are potentially suitable candidates for



methane POx and thermochemical CO,-splitting.”?>3132 For example, nanostructured Fe@SiO>
and Fe—BHA (barium hexa-aluminate) were investigated by Veser et al.?! in a chemical looping
dry reforming (CLDR) scheme within a temperature range of 500-800 °C. Fe-supported on BHA
showed better redox kinetics and stability compared to Fe@SiO; at 800 °C. The formation of
silicates and partial distortion of the core-shell structure, caused by the poor hydrothermal
stability of SiO, at the high temperatures, was found to be the main reason for the catalyst
deactivation in the nanostructured Fe@SiO;. In another study, the redox performance of iron-
based oxygen carriers were enhanced by synthesising iron-nickel mixed oxides and the results
indicated high methane and CO, conversions, both above 90% for CLDR at near 1000°C. The
product selectivities were approximately 95%33. Ceria-based oxides have also been investigated
as the oxygen carriers, reporting near 95% CO; conversion in CLDR at 800°C. However, syngas
yield was limited (~¥38%) due to the low selectivity.3#3> Recent experimental and density
functional theory (DFT) studies have also shown that perovskites, with a general formula ABO3.s,
are suitable for redox reactions.3®38 For example, Michalsky et al.*® synthesized
Lao.6Sro.4Co0.2Fe0.803.5 (LSCF) to carry out the dry reforming of methane (DRM) in a membrane
reactor and found that the results were promising in a temperature range of 840 -1030 °C. Zhang
et al.*® reported nanocomposites of SrsFe;07-s and (Ca/Mn)O which showed near 100 %

conversion for CO; and ~96% syngas selectivity at 950°C.

The above-mentioned studies required high temperatures to achieve reasonable CO;
conversions and syngas yields (= 800 °C). However, high temperatures would increase the
overall cost of operation and can lead to side reactions such as coke formation.3* To improve the
redox performance at low temperatures, the use of platinum group metals (PGMs) to enhance
the catalytic activity of perovskite-based redox catalysts was proposed.???® The primary role of
PGMs is to activate CHa. Haribal et al*® demonstrated that Rh promoted, lanthanum doped
cerium oxide can achieve near-complete CO; conversion with 83% syngas yield at 650°C.
However, PGMs would add significant cost to the catalyst. To address this, we reported a PGM
free LaNip3sFeoss03 (LNF)/Ceo.85Gdo.1Cu005s02- 5 (CGCO) composite, which achieved >90%

conversion for both the CO; splitting and methane partial oxidation (POx) steps at 750°C, along



with >90% syngas selectivity in the methane POx step.?” Although the synergy and compatibility
between LNF and CGCO are highly beneficial for the activity of the redox catalyst, preparation of
the composite oxides involves complex procedures. It is therefore desirable to further simplify
the PGM-free redox catalyst to lower the cost while maintaining its activity at intermediate
temperatures. Another common limitation in the previous studies is that the stability of redox
catalysts was demonstrated for a maximum of 100 cycles, and more typically 10 — 20 cycles.
Verification of oxide stability over a larger number of cycles is important for potential industrial

applications.

In this study, perovskite structured LaNixFe1xOs, with nine different compositions (x = 0.05 —0.5),
were synthesized with an aim to simplify the redox catalyst formulation while maintaining its low
temperature performance. In addition, rock salt structured Ceo.85Gdo.1Cu0.0502-5 (CGCO) was also
composited with the optimal LNF compositions to compare their performance. We also
investigated the long-term stability of a LaNio.sFeosO3 redox catalyst and unveiled the underlying
reason for its gradual loss of activity. Based on the reactivation mechanism, air reoxidation was
proposed and validated as an effective strategy to reverse such deactivation. With periodic
reactivation, the LNF redox catalyst exhibited stable performance over 900 cycles, highlighting

its potential as a cost-effective redox catalyst for the hybrid redox process.

2. Experimental

2.1. Redox catalyst synthesis

LaNixFe1xO3.s perovskites were prepared via a modified Pechini method. The detailed synthesis
procedure was described elsewhere?’. The main synthesis steps include mixing nitrate precursors
of La, Ni and Fe with citric acid at molar ratio of 1: 2.5 (sum of metal cations: acetic acid). This is
followed by mixing the dissolved cations with ethylene glycol at a 1.5:1 molar ratio (ethylene
glycol: citric acid). The resulting mixture is then heated at 80 °C to form a gel. The gel was first
dried at 120 °C overnight then calcined at 750 °C for 6 h under an oxidative environment. Mixed
composites were prepared by first synthesizing CGCO separately, using the modified Pechini

method, and mixing it with LNF at a 60/40 ratio by weight using a high-energy ball mill. This is



following by pelletization. Finally, all the prepared sample were fragmented and sieved to a size
range of 250-450 um for redox experiments in a fixed bed (U-shaped quartz tube; 4mm ID).
Standalone LNF and composite CGCO/LNF were also synthesized for redox experimentsin a 0.75”

I.D. packed bed with a larger particle size range (850 um-1,000 um).

2.2. Characterization

Crystalline phases in various samples, including as-prepared, deactivated, reactivated, and
0,/CO; treated samples, were characterized via X-ray diffraction (XRD). Rigaku SmartLab X-ray
diffractometer with Cu-Ka radiation at 40 kV and 44 mA was used to record the diffraction
spectra. A step-size method with a step size of 0.05° and a residence time of 2 s at each step was
used by varying the 26 angle from 20° to 80°. Temperature-programmed reduction/Oxidation
(TPR/TPQO) experiments were performed to investigate the reducibility and deactivation/re-
activation mechanisms. In TGA based TPR/TPO experiments, ~10 mg of sample was placed inside
athermogravimetric analyser (TGA) apparatus. For TPR, the samples were exposed to 200 ml/min
of CHa/Ar mixture (5 vol%) with a temperature ramping rate of 20 °C/min. TPO experiments were
performed in both a fixed bed (U-shaped quartz tube; 4mm ID) and a TGA by exposing the
deactivated sample to Oz/Ar or CO2/Ar mixture (5 vol%) at 200 ml/min and 25 ml/min
respectively with a temperature ramping rate of 20 °C/min. Scanning electron microscopy (SEM)
and energy dispersive X-ray spectroscopy (EDS) analyses were performed using a Hitachi S3200

VPSEM with an acceleration voltage of 20kVa.

2.3. Redox tests

The redox performance of all the samples prepared was evaluated by exposing them to CH4/CO
redox cycles. In a typical experiment, the sample was packed in a in a fixed bed (U-shaped quartz
tube; 4mm ID) which was placed inside an electric furnace. The product gas compositions were
guantified with a quadrupole mass spectrometer (Cirrus 2, MKS). 0.5g of the as prepared redox
catalyst sizing between 250-450um was loaded into the U-shaped quartz tube. To keep the
particles in place, U-tube was loaded with quartz wool on both ends. The furnace was heated up
to reaction temperature in Ar (25 ml/min) followed by the introduction of reducing gas CHa at

2.8 ml/min for 2 mins. After the reduction step, the U-tube was purged with 25 ml/min Ar to



remove the leftover CHs followed by the introduction of CO; at 1.4 ml/min along with 25 ml/min

Ar for 4 mins. This is followed with Ar purge prior to the next redox cycle.

A 0.75” 1.D. packed bed was used for long-term stability studies with 5g of redox catalysts (both
standalone LNF and composite CGCO/LNF). A schematic of the reactor is provided in Figure S1 (in
the Supplementary Information). Before the long-term experiments, the effect of gas hourly
space velocities (GHSV) was determined with 80% CH4 and CO; as the reducing and oxidizing
gases respectively. A schematic of the packed bed is shown in the Figure S1. The total volumes of
reducing (112.5cm?3) and oxidizing (112.5cm?) gases injected were kept constant by adjusting the
contact time at various GHSVs (1673, 835 and 420h1). Long term testing was performed with 10g
LNF for 900 cumulative cycles. For the first 500 cycles, CHs and CO; concentrations were 30% and
50% respectively. Cycles 501-700 were conducted with 15% CH4 and CO; concentrations. Cycles
701 to 900 were performed with 15% CH4 and CO; with 20 ml total injection for both CH4 and
CO;. To re-activate the redox catalyst, air treatment of the redox catalyst was implemented

periodically at an overall air flow rate of 45 ml/min for 25 minutes at 930 °C.

3. Results and Discussion

3.1. Phase Characterization and redox performance of the redox catalysts

XRD patterns of the as synthesised LaNixFei1xO3.5 samples are shown in Figure 2. For all the
LaNixFe1-xO3.s samples, an orthorhombic perovskite phase was detected with negligible
impurities. This confirms the compatibility of Ni as a B-site dopant in LaFeOs. Redox performance
of the as prepared samples was evaluated in the lab scale U-tube reactor by exposing them to
CH4/CO3 redox cycles, as shown in Figure 3. As can be seen, partial substitution of Ni into LaFeOs
substantially improved the redox performance in both methane and CO; conversion steps: CHs
conversion was merely 15% for LaFeosNio.9sOs. Increase in the Ni content improved the redox
performance by up to 6 folds. The best performance was observed for LaNip4Feos03 and
LaNig sFeo.s03, with near 90% CH4 and CO; conversions. CO selectivities for these samples were
also near 90%. LaNio.sFeo.sO3 exhibited slightly higher activity than LaNio4Feos03. We note that
small amounts of coke were also formed during the methane POx step on all the samples. Figure

3(b) summarizes the H,/CO ratios and the amounts of coke formation in the methane POx step.



As can be seen, H2/CO for LaNio.4Feos03 and LaNigsFeosOs was near 2.4. Mass balances indicate
0.07 and 0.08 wt.% coke formation, respectively. We note that the coke formed in the methane
POx step was near completely gasified in the CO,-splitting step, leading to increased CO vyield
when compared to the redox based CO;-splitting alone. Generally speaking, the amount of
carbon deposition is affected by the amount of CHsinjected and hence it varies with the reaction
time of the POx step. Figure S2 in the supplemental file illustrates the accumulation of coke over
time on LaNigsFeo50s. The redox catalysts tested in the current study resulted in relatively small
amounts of carbon (0.45 to 0.8mg/g. catalyst/cycle) for the given reaction conditions, as shown
in Figure 3b. A majority of this carbon, ~81% in the case of LaNiosFeos0s, was gasified in the
subsequent CO,-splitting step. Further discussions on coke formation, removal, and long-term
accumulation are provided in Section 3.3. It should also be noted that the coke formation for
LaNio.35Feo.6503 was lower than LaNig4Feo.603 and LaNigsFeos0s, but the corresponding CH4/CO>
conversions were significantly lower as well. The general trends from Figure 3 indicate that an
increase in nickel content leads to improved redox performance. On the other hand, it also leads
to moderate increase in coke formation. This is understandable given that Ni is more reducible
than Fe and metallic Ni (and Ni-Fe bimetallic alloys) are highly active for methane activation and
coke formation. In addition, there appeared to be a few “outliers”, e.g. LaNio3sFeo6503 and
LaNio.15Feo.8503, especially in terms of the trend for coke formation amount. This is likely to have
resulted from the slight differences in the average oxidation states of the redox catalysts when
operated under steady state redox cycles. Redox catalysts stabilized at higher average oxidation

states tend to exhibit lower activity for methane activation and hence lower coke formation.

In our previous study, we showed that LaNip3sFeossOs (LNF)/Ceo.s5Gdo.1Cu0.0502- 5 (CGCO)
composite exhibited satisfactory performance with >90% conversions in both methane partial
oxidation (POx) and CO; splitting steps and with >95% CO selectivity at 750°C.?’ In comparison,
LaNio.aFeo.603 and LaNiosFeos03 exhibited similar performance at a lower temperature (700°C).
Given the simplicity of LaNip.4Feo.603and LaNipsFeos03 compared to LNF/CGCO composites, they
can be more cost-effective for HRP. The next section investigates the effect of CGCO addition to

LaNip.4Feo.603 and LaNiosFeosOs towards the redox performance.
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Figure 2. XRD Patterns of as-synthesized LaNixFe1.«Os.s (x = 0.05 to 0.5).
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Figure 3. Redox Performance of standalone LaNisFe1xOs (x = 0.05 to 0.5) at 700°C (a) CHs and CO;
conversions and CO selectivity; (b) H,/CO ratios and amount of coke formation.

3.2. Redox performance comparisons between standalone LNF and LNF/CGCO composites

Our previous study indicated that CGCO effectively enhances the redox performance of
LaNio 35Feo.6503. To analyze and compare the redox performance of standalone LaNig.sFeps03and
LaNiosFeos03 with LNF/CGCO mixed composites, CGCO was mixed with LaNio4Feos03 and
LaNiosFeos0s, to prepare two CGCO/LNF redox catalysts. Before running the redox tests, the
mixed composites were reduced in CHa to evaluate the reducibility. The results are shown in
Figure 4. Three peaks were observed. The first peak is very prominent for all the samples whereas

the second peak exhibits as a shoulder. These two peaks correspond to the reduction of metal



cations. The first peak is likely to be the reduction of Fe3* to FeZ* and Ni3* to Ni?* whereas the
second peak can be assigned to the further reduction to metallic phases.** CGCO, on the other
hand, is hardly reducible at temperatures less than 800 °C. However, the synergistic effect of the
LNF/CGCO composite would facilitate its reduction.?’” The addition of CGCO clearly shifted the
reduction peaks of LaNip.4Feo.603/CGCO and LaNigsFeo.s03/CGCO to lower temperatures, by 14
and 54 °C, respectively. In addition, the total weight loss for LaNio.4Feo603, LaNiosFeosOs,
LaNio.4Feo.603/CGCO and LaNigsFeo.s03/CGCO were 8.5, 5, 5.7 and 2.3wt%. The total weight loss
numbers indicate that although the addition of CGCO shifted the reduction peaks to lower
temperatures, the oxygen capacities of standalone LNFs are higher. This is understandable since
CGCO is less reducible. The total weight loss during the reduction was above 5 wt% for all the
samples except for LaNiosFeps03/CGCO. The third peak, which corresponds to weight gain, was
observed due to the coke deposition via CHa cracking. It is evident that addition of CGCO was

effective to inhibit coke formation.
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Figure 4. CH, TPR of standalone LNF and Composite LNF/CGCO (40/60)

The TPR peaks also confirm that all the materials are reducible at temperatures less than 700 °C.
Meanwhile, equilibrium limitations for methane conversion would likely to require an operating
temperature higher than 650 °C. As such, standalone LNFs, which were substantially reduced by

680°C based on TPR, are likely to exhibit satisfactory performance despite being less reducible



than CGCO/LNF composites. In addition, coke formation should be relatively low at operating
temperatures below 700 °C. To compare the redox performance under isothermal conditions,
both composite materials (CGCO/LNF) and standalone LNFs (LaNiop.4Feos03 and LaNiosFeos0s,)
were evaluated in the lab scale U-tube reactor under identical conditions. The redox performance
of mixed composites is shown in Figure 5a. It can be observed that, in the case of LaNio.4Feo.603
and LaNiosFeos0s, the addition of CGCO improved the redox performance with approximately
4% increase in the CH4 conversion and 3% increase in the CO2 conversion. Coke formation was
also higher (~¥30%) for standalone LNF compared to the composite CGCO/LNF (Figure 5b). The
higher coke resistance of CGCO/LNF samples is consistent with the TPR results. We note that the
redox performances of standalone LNFs are only slightly inferior to those of the composite
CGCO/LNFs. Considering the simplicity and potential cost savings, standalone LaNipsFeosOs can
be a very promising candidate. It is also noted that the redox kinetics can affect the redox catalyst
performance at high gas hourly space velocities (GHSVs). It is therefore informative to investigate
the effect of CGCO addition at a larger scale. With this in mind, we tested both standalone
LaNiosFeos03(LNF) and composite CGCO/LNF in a .75” I.D. packed bed at 700 °C with 80%
CH4/CO; concentrations (balance Argon). The results are shown in the Figure 6. It was found that
GHSV has a significant influence on the syngas yield. For example, at GHSV=1670 h* and 15s
injection time, 63.65% CHa conversion, 58.85% CO2 conversion and 95.25% CO selectivity was
observed, respectively. By decreasing the GHSV to 835 h, syngas yield was improved, with
71.30% CHa conversion, 72.23% CO; conversion, and 93.84% CO selectivity. Upon further
decrease of GHSV, redox performance was further improved to 76.51% CHa4 conversion, 82.14%
CO; conversion and 91.40% CO selectivity. Improved performance at lower GHSVs is due to the
longer residence time for the reactant gases. We also note that the redox performance of
composite CGCO/LNF is comparable to that of standalone LNF. This further confirms the potential

of standalone LNF as a simple yet effective redox catalyst.
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Figure 6. Effect of GHSV on the redox performance of standalone LNF and Composite LNF/CGCO (40/60)
ina 0.75” I.D. packed bed at 700 °C with 80% CH4 and CO; concentrations in the feed.

3.3. Redox catalyst deactivation and reactivation mechanisms and long-term stability

To evaluate the long-term stability of the redox catalyst, a 0.75” I.D. packed bed reactor was

used. A 700-cycle experiment was first performed. Results are shown in the Figure 7 (cycle to

cycle data is provided in the Figure S3). As can be seen, both CHs and CO> conversions started at

~86 and 92% respectively. At the 500t cycle, conversions dropped to ~80%, indicating a slight

deactivation of the redox catalyst. It was determined that deep oxidation of the redox catalyst



with air was effective in reactivating the redox catalyst. As can be seen, reactivation of the redox
catalyst with air prior to cycle 501 resulted in a 5% increase in methane conversion and 6%
increase in CO; conversion. To investigate the effect of inlet gas concentrations, both CH4 and
CO, concentrations were decreased to 15% starting from cycle 501 without changing the total
amount of CHs4 and CO; being injected. As can be seen, both CHsand CO; conversions started at
above 85% after reactivation and then gradually dropped to ~80% at the 700%™ cycle. This
indicates that gradual deactivation may be unavoidable without periodic reactivation of the LNF
redox catalyst. Before further exposing the sample for additional redox cycles, deactivation/re-

activation mechanisms were investigated.
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Figure 7. CH,/CO; conversions and CO selectivity for long term tests with a standalone LaNio sFeo.503.

To determine the re-activation and deactivation mechanisms, XRD and temperature
programmed oxidation with O, and CO; were performed. Figure 8a and 8b show the gas
evolutions during 0,-TPO and the CO;-TPO of the deactivated redox catalyst, respectively. It can
be observed that for the case of 0,-TPO, the product CO; appears at around 665°C, whereas for
CO,-TPO, this peak was shifted to 710°C. This is due to the lower activity of CO; for carbon

gasification. More importantly, the carbon removed from CO,-TPO (40 mg/g of redox catalyst)



was roughly 1/3 of the carbon removable by O,-TPO (130 mg/g). This is also consistent with the
TGA based TPO results (Figure S4) and SEM/EDX analysis (Figure S5). From a thermodynamic
standpoint, both graphitic and amorphous carbon should be removed by CO; at temperatures
below 900 °C.#>*3 This indicates the formation of carbon species that are largely inert to CO and
hence cannot be effectively removed by CO, regeneration in typical redox steps. XRD
characterization of the samples, as will be discussed in the next paragraph, indicates that these
CO, stable species should be iron carbides. It is also worth noting that the net carbon
accumulation is 0.325 mg/gram of redox catalyst each cycle. This indicates that the net carbon
build-up in each cycle is small and most of the amorphous and graphic carbon species are gasified

during the CO; regeneration step. amount

Figure 8c shows the XRD Patterns of the samples at various stages of the reactions. As can be
seen, the deactivated samples, both after methane reduction and CO; regeneration, contain
significant amount of iron carbides (FesC and/or FesCy). Exposure to CO, appears to have
promoted the formation of FesC, but was unable to remove the iron bond carbon within the
sample. In contrast, iron carbide species are completely absent from the reactivated (air treated
sample). Moreover, the monoclinic FesC, phase, although insignificant, start to form within 5
redox cycles after reactivation with air. These findings indicate that accumulation of iron carbide
phases is likely to be the primary cause for deactivation. It is also noted that the deactivated
redox catalyst exhibits larger crystallite sizes for the La;0s; phase (44.7 nm) whereas the
reactivated sample after 5 redox cycles showed considerably smaller La;Os crystallite size (37
nm). Meanwhile, the LNF phase crystallite size remained nearly identical at 56.8 nm. This
sintering of the La;03 phase is likely to have resulted from the continuous depletion of Fe due to
the formation of the “inert” carbide phase. We note that the reversible solid-state reaction
between Fe and La;0s represents a key pathway for lattice oxygen release and uptake during
cyclic methane conversion and CO;-splitting. The continuous depletion of Fe to the carbide
phases would hence lead to (i) sintering of the unreacted La,0s phase; (ii) loss of redox activity.
XRD spectra also indicates the formation of FeNis phase, which is effective for methane

activation, in the redox catalysts under working conditions.
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Figure 8. Redox catalyst characterizations. (a) Product gas evolution during O,-TPO of the deactivated
redox catalyst; (b) Product gas evolution during CO,-TPO of the deactivated redox catalyst; (c) XRD of
deactivated and reactivated LNF redox catalyst at various stages.

From the above experimental results and characterizations, it can be concluded that gradual
deactivation of the LNF redox catalyst, albeit very slow, is unavoidable due to the formation of
the carbide phase. In addition, reactivation with air is highly effective to restore its redox activity.
To validate the effectiveness of this reactivation strategy, we operated the redox catalyst for an
additional 200 cycles. During this experiment, the redox catalyst was re-oxidized with air every

40 cycles. As shown in Figure 9, >85% methane conversion, 95% CO selectivity, and ~90% CO



conversion were achieved throughout the last 200 cycles with periodic reactivation. Considering
that the LNF redox catalyst has experienced over 900 cumulative redox cycles, the results
demonstrates the long-term stability of the redox catalyst when periodic reactivation with air is
implemented. We also note that infrequent air reactivation, i.e. once every 40 - 50 cycles, will

have a minimal negative impact on the overall syngas and CO yields.
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Figure 9. Long-term redox performance of the LNF redox catalyst with air reactivation every 40 cycles
(orange dashed line indicates air treatment prior to the specified cycle number).



4. Conclusion

The present study investigates perovskite structured LaNixFe1xOs-s (LNF) as redox catalysts for
redox based CO;-splitting and methane partial oxidation at relatively low temperatures (~700 °C).
Specifically, nine LaNixFe1x0s3.s samples with x ranging from 0.05 to 0.5 were prepared and
evaluated. Among them, LaNio.4Feo.603 and LaNios5Feos03 were determined to be the most active
for the redox reactions, showing >90% CHa conversion and CO selectivity in the methane POx
step and >90% CO yield in the CO»-splitting step at 700 °C. The redox performance of the
standalone LaNip.4Feos0s and LaNigsFepsOs redox catalysts compared favorably with that of
Ceo.85Gdo.1CuU0.0502-5 (CGCO) promoted LNF redox catalysts. A long-term redox test of
LaNiopsFeos03 indicates that the redox catalyst gradually loses its activity over repeated redox
cycles, resulting in a 6% drop in methane conversion (from 86%) over 500 cycles. Reoxidation of
the partially deactivated redox catalyst with air was found to be effective to restore its activity.
The deactivation mechanism was determined to be the formation and slow accumulation of iron
carbide (FesC and FesC;) phases, which cannot be effectively removed by the CO; splitting step.
As such, periodic reactivation with air, e.g. every 40 — 50 redox cycles, was proposed as a strategy
to maintain the long-term stability of the redox catalyst. Such a strategy was verified to be
effective, as confirmed by operating the redox catalyst over 900 cumulative cycles while

maintaining satisfactory redox performance.

Supporting Information

Supporting Information is available free of charge on the ACS Publications website. The
supporting information includes the packed bed reactor set up, coke accumulation profile during
the methane POXx step, cycle to cycle data for the packed bed experiment, 02/CO,-TPO of the

deactivated redox catalyst, and SEM/EDX images.
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