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Abstract

The current study reports LaFe1.xNixOs-s redox catalysts as flexible oxygen or carbon carriers for
COg; utilization and tunable production of syngas at relatively low temperatures (~700 °C), in the
context of a hybrid redox process. Specifically, perovskite-structured LaFe;.xNixO3—s with seven
different compositions (x = 0.4 to 1) were prepared and investigated. Cyclic experiments under
alternating methane and CO:; flows indicated that all the samples exhibited favorable reactive
performance: CH4 and CO; conversions varied between 85 to 98% and 70 to 88%, respectively.
While H2/CO ratio from Fe-rich redox catalysts was ~2.3:1 in the methane conversion step, Ni-

rich catalysts produced a concentrated (~ 93.7 vol.%) hydrogen stream via methane cracking. The
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flexibility of LaFe;xNixO3-s to produce syngas (or hydrogen) with tunable compositions was found
to be governed by the iron/nickel (Fe/Ni) ratio. Redox catalysts with higher Fe contents act as a
lattice oxygen carrier via chemical looping partial oxidation (CLPOx) of methane whereas those
with higher Ni contents function as a carbon carrier via chemical looping methane cracking
(CLMC) scheme. XRD analysis and temperature-programmed reactions revealed that both types
of catalysts involve the formation of La,Os3 and Ni® /Ni-Fe phases under the methane environment.
The ability to re-incorporate La;O3 and Ni/Fe into a perovskite structure gives rise to oxygen-
carrying capacity whereas stable Ni° or Ni/Fe phases would catalyze methane cracking without
lattice oxygen exchange in the reaction cycles. Temperature programmed oxidation and Raman
spectroscopy indicated the presence of graphitic and amorphous carbon species, which were
effectively gasified by CO: to produce concentrated CO. Stability tests over LaFeo.sNio.sO3 and

LaNiOs revealed that the redox performance was stable over a span of 50 cycles.

Keywords: CO- utilization, Syngas, Methane, Chemical Looping, Redox catalyst, Hydrogen



1. Introduction

Carbon dioxide (CO) levels in the Earth’s atmosphere have increased substantially due to human
activities.! For instance, the 2019 anthropogenic CO> emission (43 billion metric tons) has
surpassed the Paris Accord’s 2040 target by a factor of 2.2 Specifically, emissions from fossil fuels
combustion in the industrial sector account for a quarter of the total CO, emissions in the United
States in 2019.3 Despite the increasing usage of renewable energy sources, fossil fuels are still
expected to play a key role in fulfilling the energy requirements of our society, with a projected
annualized increase of 1.4% through 2035.* As such, the need of the hour is to develop cost-
effective COx capture and utilization technologies.>® CO, utilization offers the opportunity to
produce many value-added products in chemical industries. For example, converting CO> to
carbon monoxide (CO) is beneficial for a wide range of applications including the production of
esters, alcohols, acids, etc.” A key challenge in converting CO> to CO is breaking of the C=0 bond,
which is highly energy-intensive.® Photochemical and electrochemical reduction of CO> has been
investigated recently but these methods still need considerable improvements to address low CO»
conversion, slow electron transfer rates, and/or low photon efficiency.” Thermochemical
conversion of CO:z to CO is another method in which an oxygen carrier, also known as a redox
catalyst, is first thermally decomposed to release gaseous oxygen.'®!* The (partially) reduced
oxygen carrier is then exposed to CO; to produce CO by abstracting an oxygen atom from the CO»
molecule while being re-oxidized. Although this approach has shown promise, the decomposition
of the redox catalyst requires very high temperatures (>1100°C) and CO, conversion is low.!*!?
CO; can be converted to CO at relatively low temperatures (<900°C) over metal catalysts in the
presence of methane, through dry reforming of methane (DRM).'*?° The resulting product

contains a mixture of hydrogen and carbon monoxide (also known as “syngas”) with an Ho/CO



ratio of ~1. Although DRM offers the opportunity to utilize CO,, the H»/CO ratio of the DRM
syngas has limited applications. To address this limitation, we proposed an open-loop hybrid redox
process (HRP) concept (Figure 1) in which a fraction of CO is essentially “extracted” from the
syngas stream.?!>* The key difference between DRM and HRP is that, instead of co-feeding CO:
and CHg, the two gaseous reactants are exposed to an oxide based redox catalyst separately, in a
two-step cyclic redox scheme (Figure 1). During the first step, CHy is partially oxidized to syngas
(see R1 in Table 1) by abstracting an oxygen atom from the redox catalyst. The resulting mixture
from the partial oxidation (POx) of methane has an H>/CO ratio of ~2. During the second (CO>
Splitting) step, the oxygen lean redox catalyst is used to split CO; into CO, completing the redox
loop. As such, syngas from the POx step can be used for the synthesis of methanol and liquid
fuels.”® Meanwhile, CO from the splitting step can be used separately as a feedstock for chemical

production, without the need of complex syngas conditioning and separation steps.!

Redox catalyst plays a key role in the HRP process. The equilibrium conversion of CO; splitting
reaction over a redox catalyst depends on the properties of the redox material under consideration.
Previous studies have shown that a low equilibrium partial pressure of oxygen (Poz) associated
with a redox pair (MeOx / MeOx.1) is favorable for high CO; to CO conversion. Therefore,
finetuning the Poz value by choosing the appropriate metal oxides and varying the stoichiometric
ratios is a potential way of finding a suitable candidate for effective CO; splitting. Previous studies
indicated that iron-containing redox catalysts are favorable for POx and splitting of oxidizing gases
such CO; and H,0.!6:22-2426-28 Eor example, Bhavsar et al. investigated the redox performance and
stability of nanostructured Fe@Si0O; and Fe—barium hexaaluminate (BHA) in a chemical looping

dry reforming (CLDR) scheme and found that Fe-BHA showed better



stability at 800 °C, but the methane conversion was limited.'® In another study, More et al. reported
above 90% CHs/ CO; conversions and ~95% CO selectivity at 1,000 °C via CLDR with Fe-Ni

mixed oxides.?’ Recent experimental and density functional theory (DFT) studies have also shown

CH, 2H, + (0-1)CO
Partial Oxidation / Cracking =% H, Product

———[ Liquid Fuels, Olefins

: /?/ —[ Methanol

¥

]
La(Fe, Ni,)Os5 | | C + La(Fe, Ni, )O; s Q—»—[ Acetic Acid ]
J
]

\
" \ : | Acid Anhydride
“\: : ~_[ Ethylene Glycol

co, (1-2)co i
Splitting / Gasification CO Product

Figure 1. Simplified schematic of the hybrid redox process, with corresponding reactions shown in Table 1.

that Fe-containing perovskites, with a general formula of ABOs-3, are suitable for CH4 partial and
CO> splitting. 28332 For example, Zhang et al.>® reported the redox performance of
nanocomposites of Sr3Fe;O7-5 and (Ca/Mn)O, which showed near 100% CO> conversion and

~96% syngas selectivity at 950 °C.

It is noted that in all the studies mentioned above, high temperatures (>800°C) were necessary to
achieve high methane conversion. To enhance redox catalyst activity at low temperatures,
perovskite structured LaNio3sFeo.s503 was mixed with rock salt structured Ceo.85Gdo.1Cuo.0502-5.

>90% conversion for both POx and CO»-splitting steps were achieved a temperature range of 700-



750 °C.?22* However, the syngas productivity per cycle (moles of synthesis gas produced per unit
mass of the redox catalyst) was limited by the oxygen carrying capacity of the redox catalysts. The
productivity of synthesis gas can be enhanced via a carbon carrier route.>>*# In this aspect, methane
pyrolysis (R3) is a potential approach to produce near pure hydrogen.*>*’ As indicated in R3
(Table 1), the production of hydrogen comes with the deposition of solid carbon which must be
removed to regenerate the active sites of the catalyst.**** To best utilize the deposited carbon in
the context of HRP, CO: gasification of solid carbon to CO via a reverse-Boudouard reaction (see
R4 Table 1)*® is a potential way to produce highly concentrated H> and CO streams in a chemical
looping methane cracking (CLMC) scheme.**-**#* It should be noted that, compared to an oxygen
carrier, the CHy4 pyrolysis, and CO; gasification would require a carbon carrier. As such, the
dependency on the oxygen carrying capacity is eliminated. To make R3 more efficient in terms of
H; purity, a carbon carrier ideally should not have any oxygen-carrying capacity and avoid partial
oxidation of CH4 as well as catalyze the gasification of the solid carbon. A redox catalyst can also
be designed to have both oxygen and carbon carrying functions, leading to a H2:CO ratio >2, as
illustrated in Figure 1. A catalyst with both oxygen and carbon carrying capabilities can carry
oxygen as indicated in R1 and R2 whereas carbon can be carried either as solid carbon (R3 and
R4) or in the form of carbides. However, complete removal of carbon from carbides via CO:

typically face thermodynamic and kinetic limitations.>*

Table 1: Key reactions involved during Chemical Looping Partial Oxidation (CLPOx) and Chemical Looping
Methane Cracking CLMC.

CLPOx CLMC




R1:CHs+MeOx — 2H>+CO +MeOx.1 | R3:CHs +MeOx —> 2H; +C+ MeOx

R2 : COs + MeOx.;1 — CO + MeOx R4 : CO; + C + MeOx — 2CO + MeOx

Recent studies have shown that Ni-based redox catalysts exhibited promising results in terms of
methane decomposition.>**** More et al.*® investigated the carbon carrying ability of Ni-doped
ceria oxide (CeO7) and magnesium aluminum oxide (MgAl>O4) redox catalysts in a CLMC
scheme. The results revealed that Ni-doped CeO- exhibited better performance at 900°C with both
CH4 and CO; conversions of ~90%. In another study, Kang et al.** used a similar approach by
synthesizing Ni-dopped lanthanum oxide (La203) redox catalyst. In this study, CH4 was introduced
at 700°C while CO; at 800°C. The results of the redox experiments indicated that both CH4 and
CO; conversions were near 90%. Raman spectroscopy and temperature-programmed oxidation
(TPO) analysis of the deposited carbon indicated the presence of graphitic carbon which was
effectively gasified at 800°C. It should be noted that both More et al.*>* and Kang et al.** requires
CO, gasification of coke at temperatures > 800°C. In addition, the carbon carriers needed to be
regenerated with gaseous oxygen after several cycles due to the accumulation of graphite-like
carbon. Given that amorphous carbon is more active in reacting with CO,, its preferential
deposition (as opposed to graphitic carbon) may allow the CO; gasification of coke at lower
temperatures (e.g. < 700°C) or create a synergy between amorphous and graphitic carbon for CO»
gasification. This can lead to less carbon accumulation during the long-term operations. Therefore,

a carbon carrier capable of accomplishing such a function is of interest.

In this study, perovskite structured LaFeixNixO; with seven different compositions were

synthesized to produce tunable syngas ratios by utilizing CO> in an open-loop hybrid redox scheme



at a relatively low temperature (700°C). Our recent studies have shown that the redox materials
with a lower Ni/Fe ratio (or x < 0.4) exhibit favorable activity either at high temperature (> 800°C
) or by mixing them with other composites at low temperatures (< 750°C), whereas higher Ni
content improves the catalyst activity at a lower temperature.??**~ In this study, the range of
“x” in LaFeixNixO3 was varied from 0.4 to 1. Compared to previous studies, HRP is modified by
combining both CLPOx and CLMC as shown in Figure 1. The effect of the Ni/Fe ratio on product
selectivity was investigated. The results of the cyclic experiments indicated that the Ni/Fe ratio in
LaFe1.xNixOs strongly affected the balance between CLPOx and CLMC and consequently the
H»/CO product compositions. Temperature-programmed reaction (TPR), X-ray diffraction (XRD),
and Raman spectroscopy were conducted to investigate the underlying mechanisms involved in

POx, CO; splitting, CHs decomposition, and carbon gasification assisted by LaFe;xNixOs.
2.Experimental
2.1. Redox Catalyst Synthesis

LaFe1.xNixOs-s perovskites with x ranging from 0.4 to 1 were synthesized via a modified Pechini
method. The detailed synthesis procedure was described elsewhere.?? The main synthesis steps
involved the stirring of the mixture of citric acid and nitrate precursors of metals (La, Ni, and Fe)
at a citric acid to the sum of the metal ions molar ratio of 2.5:1 for 30min at 40°C. The resulting
cation solution was mixed with ethylene glycol by maintaining the molar ratio of ethylene glycol
to citric acid at 1.5:1. The resulting mixture was then heated and stir dried at 80 °C to form a gel.
This is followed by overnight heating of the gel at 120°C to form a dry solid. The dried sample
was then calcined at 750 °C for six hours under an oxidizing environment. Finally, all the prepared
samples were crushed and sieved to a size range of 250—450um for redox experiments and

characterizations.



2.2. Cyclic Tests

The redox performance of the as-prepared samples was evaluated by exposing them to five
CH4/CO2 redox cycles at 700°C. Approximately 0.5g of the sample was loaded inside a fixed bed
(U-shaped quartz tube, 4 mm inner diameter. To keep the particles in place, the U-tube was also
packed with quartz wool on both ends. The sample inside the U-tube was brought to the 700°C by
placing the U-tube inside an electric furnace configured with a thermocouple to control the
temperature. The inlet of the U-tube was connected to a gas delivery panel controlled by a
computer for automated cyclic valve switching. The outlet of the U-tube was connected to a
quadrupole mass spectrometer (Cirrus 2, MKS) to quantify the product gas compositions. The
mass spec was calibrated using known concentrations of gases such as CHs, CO, CO2, H> and O».
Argon was used as an internal standard for calibration as well as calculating the amounts of product
gases. Before exposing the sample to CH4/COz redox cycles, the temperature of the electric furnace
was raised to 700°C in Argon flowing at 25 mL/min (Argon flow rate was fixed during the entire
redox cycle) followed by the injection of CHy at 2.8 mL/min for 2 min. After the CHj4 injection,
the U-tube was purged with argon for 2 min before introducing COz. During the oxidation step,
CO; was injected at 1.4 mL/min for 4 min. Before the next redox cycle, the U-tube was again
purged with argon for 2 min. Conversions and selectivity were calculated by using the following

equations:

. NCH, ;;,"NCH4 out
CHy4 Conversion = 100 x —=2 2200
NCHy in

. nco, 1, ~NCO5 out
CO; Conversion = 100 x —2& 224
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CO Selectivity (POx step) = 100 x
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Isothermal redox cycles were also conducted in TGA to investigate the long-term stability and
quantify the carbon deposited/gasified. ~27mg of the sample was placed inside the TGA apparatus
which was heated to 700°C in Ar at 90 mL/min (Argon flow rate was fixed during the entire redox
cycle). CH4 and CO» were injected sequentially at 10 mL/min for 10 min. Argon was purged for
20 min between reduction and oxidation steps to remove any leftover gases. In addition, H»/CO»
and Ho/H>O redox cycles were also performed in the TGA to evaluate the oxygen-carrying capacity
of the redox materials. The experimental conditions were the same as for CH4/CO> cycles except,

10mg of the sample was used.

2.2. Characterization of the Redox Catalyst

Crystalline phases present in as-prepared and spent redox catalysts were identified via X-ray
diffraction (XRD). A Rigaku SmartLab X-ray diffractometer with Cu Ko radiation at 40 kV and
44 mA was used to collect the diffraction spectra. A step size of 0.05° and a residence time of 2 s
at each step was used, with the 20 angle varying from 20° to 80°. Temperature programmed
reduction (TPR) experiments were conducted to examine the reduction behavior of the redox
catalysts. In thermogravimetric analyzer (TGA) based TPR experiments, ~10 mg of the sample
was loaded inside the TGA apparatus and exposed to a 5 vol % CH4/Ar mixture at 200ml/min with
a heating rate of 10 °C/min. TPR experiments were also performed in a fixed bed (U-shaped quartz
tube, 4 mm inner diameter) to observe the product gas evolutions through a mass spectrometer.
~0.2 — 0.5g of the sample was loaded inside the U-tube reactor and exposed to 20 vol % CHa4/Ar
mixture at 10 ml/min with a heating rate of 10°C/min. Temperature programmed oxidation (TPO)
was performed in the TGA for carbon gasification. ~10mg of carbon deposited sample was loaded

inside the TGA apparatus and exposed to 5 vol % CO2/Ar mixture at 200 ml/min with heating



11

rates ranging from 5 to 20°C/min. To further characterize the carbon species, Raman spectroscopy
of the coke-deposited samples was obtained using an XploRA Plus Spectrometer with 532 nm
laser. Scanning electron microscopy (SEM) was also performed using a Hitachi S3200 VPSEM

with an acceleration voltage of 20 keV.

3.Results and Discussion

3.1. Reactive Performance of the Redox Catalysts

The results from the cyclic experiments are shown in Figure 2(a). As can be seen, LaFeo ¢Nio.403
and LaFeo sNio.sO3 exhibited excellent performance in terms of CH4 and CO2 conversions (both
above 85%) with CO selectivity of ~ 90%. The corresponding H2/CO ratios for LaFeo.sNio.4O3 and
LaFeo sNig503 were ~2.3 as shown in Figure 2(b). This indicates little carbon formation in the
methane conversion step, meaning both redox catalysts acted as an oxygen carrier under a CLPOx
scheme. H2/CO ratio for LaFeo.4NiosO3 was also ~2.5 with CH4 and CO; conversions of ~80 and
72%, respectively. Therefore, it can be inferred that the perovskite structured LaFe;.xNixO3 with x
ranging from 0.4 to 0.6 behaves primarily as an oxygen carrier. A further increase in the Ni content
resulted in significantly higher H2/CO ratios of ~6, 7, and 9 for LaFeo3Nio.7O3, LaFeo.2Nio8Os3, and
LaFeo.1Nip.9O3. The corresponding CH4 and CO; conversions varied between 82 -95% and 70-
78%, respectively. Complete elimination of Fe resulted in an H2/CO ratio of 16 with 90% CH4
conversion and 85% CO- conversion. This indicates that LaNiOs; has a negligible oxygen-carrying
capacity as most of the methane was cracked, producing a highly concentrated Hz. It should be
noted from Figure 2(a) that CO concentration during the CO; step varied between 75 to 90% for
all the LaFe;xNixO3 samples tested, confirming the ability to produce a concentrated CO stream
and a separate hydrogen or syngas stream with varying compositions. Although the CO rich

product has a small fraction of COa, it can be purified with standard technologies such as acid gas
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removal*>** and pressure swing adsorption.’! In addition, the presence of small amount of CO> in

CO can be beneficial for some specific industrial applications such as methanol synthesis.>>
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Figure 2. Redox performance of LaFe;..Ni.Oz (x = 0.4—1) at 700 °C: (a) CH4 conversion and CO selectivity in
the methane step and CO; conversion in the regeneration step; and (b) H»/CO ratio in the methane step and CO
concentration in the CO; regeneration step. (Note: The uncertainty in the carbon and oxygen balances were less

than 5%)

Carbon and oxygen balances indicated that the materials with higher Fe content such as
LaFeo.6Nio.4O3 and LaFeo sNio.sO3 mainly partially oxidized CH4 while the conversion of CO; to
CO was dominant by lattice oxygen replenishment. On the other hand, materials with lower Fe
contents such as LaFeo.1N19.9O3 and LaNi1O3 favored catalytic decomposition of CH4 by depositing
carbon on the redox catalyst while the conversion of CO> to CO was dominant by the gasification
of the deposited carbon. Therefore, it can be inferred that the flexibility of LaFexNixOs-s to
produce a tunable syngas ratio is governed by the amount of oxygen/carbon circulating between

CH4 and CO; steps which seems to be controlled by the Fe/Ni ratio. The next section further
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characterizes the perovskite structured LaFei«NixOs-s redox catalysts in terms of their

reduction/oxidation behaviors and phase transformation during the reduction and oxidation steps.
3.2. Sample characterizations

To better understand the flexible nature of LaFeixNixOs3-5, we selected LaFeo sNiosO3 (LNF) and
LaNiOs (LN) to study the reduction and oxidation behaviors and quantify the oxygen-carrying
capacity. The reduction behaviors of LNF and LN are presented in the Figure 3 where Figure 3(a)
represents the H>-TPR profiles and Figure 3(b) and Figure 3(c) represent the cumulative lattice
oxygen release and carbon deposited (calculated from gas evolutions during CH4-TPR in packed
bed, see Figure S1), respectively. Based on Ho/CH4-TPR results, the reduction behavior of both
LNF and LN can be divided into two zones: Zone-1 (200-450°C) and Zone-2 (450 — 800°C). As
can been seen from Figure 3(b) and Figure 3(c), there were negligible amounts of oxygen release
and carbon deposited in Zone-1 during CHs-TPR of both LNF and LN. However, two low
temperature peaks can be observed during H2-TPR for both LNF and LN. This can be attributed
to the difficulty in CHy activation at low temperatures. The first low temperature peak in Zone-1
during H>-TPR at around 250°C and 320°C for LNF and LN respectively can be assigned to the
removal of chemisorbed oxygen in the vacancies of the perovskite structure.”®> Second reduction
peak (~362°C) in Zone-1 for LN during H>-TPR can be assigned to the transformation of LaNiO3

into LasNi3O19 according to the following reaction:
4LaNiOs + 2H; — LasNizO10 + Ni° + 2H,0

Whereas the second reduction peak during H>-TPR for LNF (~393°C ) is broader, likely due to the

complexity resulting from a co-presence of Ni and Fe.** In Zone-2, two reduction peaks were
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observed for LN which can be assigned to the further transformation of LasNi3O1o into LaxNiOs4

and La,Os respectively, as shown in the following reactions.
LasNi3O1 + 3H2 — LasNiOa4 + 2Ni° + LaxOs + 3H,0

LapNiO4 +3H, —  2La03 + 3Ni° + 3H,O
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Figure 3. (a) Derivative weigh change (DTG) during H> TPR of LaNiOs and LaFey sNip 503 in TGA; (b) cumulative
oxygen release and (c) cumulative coke deposited during CH4TPR in a packed bed.

It is clear form Figure 3(b) and Figure 3(c) that during these two transformation stages in Zone-2,
oxygen was released first (at 477 and 620°C) followed by the deposition of coke which is largely
due the presence of metallic Ni. Batiot et al.> have also confirmed the existence of LasNi3O1and

LaoNiOs phases along with Ni° with the help of in-situ XRD conducted under reducing
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environment. The third reduction peak for LNF during H»-TPR was shifted to a higher temperature
(compared to 477°C peak of LN) which is broader and centered at 609°C due to the incorporation
of Fe. This indicates that the partial incorporation of Fe tends not to favor the complete reduction
of Ni and Fe, compared to the formation of Ni° and La>,O3 in LaNiO3z. However, a small fraction
of the Fe can nevertheless gets reduced to form a Ni-Fe alloy.?>?*% It is also worth noting that in
Zone-2, LNF continue to release its active lattice oxygen, which is suitable for methane POx as
evident from the H» / CO ratio (~2.3) of the product gas (Figure S1) with minimal coke formation
at <750°C when compared to LN. Although as-prepared LN can be reduced, it cannot be re-
oxidized by CO; as confirmed by isothermal H>/CO2 and H2/H2O cycles shown in Figure S2. In-
situ XRD (Figure S3) as well as isothermal H»/CO> cycles (Figure S2) also indicate that LN can
absorb a small amount of the CO; onto La;03 in the form lanthanum oxycarbonate (La>0,CO3).%
In comparison, LNF exhibits an isothermal oxygen storage capacity of 1.7 wt.%. These results
indicate that, at the proposed operating temperature window of 650 - 750°C, LN would function
as a carbon carrier whereas LNF would primarily function as an oxygen carrier. This is consistent
with the cyclic testing results shown in Figure 2. We also note that the TPR was conducted with

as-prepared, fully oxidized samples. Under the working conditions, CO,-reoxidation cannot re-

oxidize the redox catalysts to their full extent, particularly for samples with high Ni loadings.

Figure 4 summarizes the XRD spectra of the as-prepared and cycled LNF samples. For all the as-
prepared LaFe;xNixOs3-s samples, an orthorhombic perovskite phase was detected with negligible
impurities. XRD patterns of cycled LaNiixFexOs; samples at various Ni loadings are shown in
Figure 4(b). It can be observed from Figure 4(b) that, upon reduction, LaNiO3 was reduced to Ni

and La>Os3 phase and CO:> regeneration cannot restore the original perovskite structure. In
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comparison, for LNF samples with relatively larger Fe loadings (x<0.7), the perovskite phase was

still present after the reaction, along with bimetallic Ni/Fe phases and La>O3 phase.
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Figure 4. XRD patterns of (a) as-synthesized and (b) cycled LaFe;..Ni.O;z ending after the CO; step.

To further determine the reactive behavior of LNF and LN samples under cyclic methane and CO-
environments, the XRD spectra of LaFeo.sNio.s03 and LaNiO3 samples ending in the CH4 and CO»
steps are shown in the Figure 5(a & b). Under the working state, LaNiO3; was decomposed to Ni°
and La>O3 phases with average crystallite sizes of ~51 and 40nm, respectively. They remained
unchanged during the CH4 and CO: steps, indicating that Ni° remained in its metallic state and
consistent with the lack of oxygen carrying capacity. The presence of La(OH); was resulted from

exposure to the moisture in the environment, as confirmed by in-situ XRD (Figure S3). The
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presence of graphitic carbon in the post methane LN sample confirms coke formation in the
methane step. In comparison, LNF showed a predominant perovskite phase after CO>-regeneration
with a small amount of La,O3 and metallic Ni/Fe phases. Upon methane reduction, the intensity
of the peaks associated with the perovskite phase decreased whereas La,Os and Ni/Fe phases
became more prominent. A slight peak shift can be observed for the perovskite phase, most
probably due to the change in B-site cation compositions resulted from Ni/Fe segregation and
reincorporation into the perovskite structure. These phase compositions indicate that LaFe;-
xNixOs-5 donates its lattice oxygen primarily by partially decomposing into La2O3 and bimetallic
Ni/Fe phases. The removed lattice oxygen is then replenished back via the CO; splitting step where
LaxOs and Ni-Fe are partially merged back. This behavior is consistent with the findings in recent

studies.?*>>

Figure 4(b) also indicated iron carbide (Fe;C) formation. However, it had minimal effect on the
long-term performance of the redox catalyst, as will be discussed in the Section 3.3. Our previous
study also indicated that the iron carbide phase can be periodically removed by air re-oxidation.?*
Furthermore, materials with Fe mole fraction on the B-site ranging from 0.6 to 0.7 were
decomposed into additional phases such as Niog3Feo.17, as shown the Figure 4(b). The existence of
these additional phases affected both CH4 and COz conversions as can be seen from the Figure
2(a). The re-formation of the perovskite structured LaFe .xNixO3—5 is more likely for the redox
material with higher Fe loading, this corresponds to higher oxygen-carrying capacity and lower
carbon carrying capacity. Redox catalysts with higher Ni-loading (x=0.8 to 1), on the other hand,
cannot be effectively re-oxidized by CO: to restore the perovskite phase. As such, they primarily

act as carbon carriers and produces concentrated H> in the methane step. Considering the above
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discussion, we can infer that the reaction mechanisms for both CLPOx and CLMC involve the
formation of La>O3 and Ni° /Ni-Fe phases. The ability to re-incorporate La,O3z and Ni/Fe into a
perovskite structure gives rise to oxygen carrying capacity whereas stable Ni’ or Ni/Fe phases
would catalyze methane cracking without lattice oxygen exchange in the reaction cycles. The
balance between CLPOx and CLMC is tuned by controlling the Ni-Fe ratio that ultimately allows

the tunable syngas production.
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Figure 5. XRD patterns of post CH4 and post-CO; after 50 reaction cycles: (a) LaFey sNigsO3 and (b) LaNiO3

3.3. Long term stability tests

Long-term stability tests were conducted by exposing LaFeosNipsO3 and LaNiOs to 50 redox
cycles in a packed bed reactor. The results are presented in the Figure 6. As can be seen, the redox
performance of both LaFeo sNig 503 and LaNiO3; were stable throughout the 50 cycles. The stability
can also be confirmed by XRD patterns of the cycled samples (Figure 5). A very small amount of

iron carbide (Fe3C) can be observed from the XRD patterns. The quantitative analysis suggested
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that carbon accumulation in the form of Fe3C is less than 0.05 wt.%, which had a minimal effect
on the overall performance. To quantify the carbon carrying capacity, 50 isothermal CH4/CO»
cycles were conducted over LaNiO3 in TGA. The results are shown in the Figure 6(c). As can be
seen, after the first three cycles, a steady state performance was achieved, as evident from the
amount of carbon deposited (~1.2mg) being equal to the amount of carbon removed each cycle. A
weight gain/loss of 1.2 mg corresponds to ~ 4.5 wt.% equivalent oxygen capacity, much higher
than the oxygen capacity of typical redox catalysts for CO;-splitting and methane
conversion.*®>7*% Coke built up during the long-term operation has the tendency of blocking the
active sites which may increase pressure in the fixed bed. Such pressure built up can be avoided
my limiting the CH4 injection and gasifying coke on regular intervals. The cyclic nature of HRP
allows the cyclic coke removal. It can be seen from Figure 6 that both CH4 and CO2 conversions
were stable throughout the 50 cycles, indicating that the net coke deposition was not causing any
performance issues. A small amount of coke accumulated at the end can nevertheless be removed
via air treatment. In the current study, we focused on a fixed bed configuration. However, this can
also be realized in fluidized beds.’**° To circumvent the defluidization in the fluidized bed
reactors, controlling the sintering temperature and optimizing the particle size to avoid

agglomeration are important.>
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Figure 6. Long-term redox performance of LaFe sNiysO3 and LaNiOs in packed bed (a) CHy and CO; conversions and
CO selectivity and (b) H»/CO ratios ; (c) Carbon deposition/gasification cycles over LaNiOszin TGA.

3.4. Characterization of the carbon species

Given the attractive performance of LN as a carbon carrier, the nature and reactivity of the solid
carbon deposited were examined with the aid of temperature-programmed oxidation (TPO) and
Raman spectroscopy. Two pre-reduced LN samples ending in CH4 and CO> steps were prepared.
The carbon deposited samples (Post-CH4) was exposed to CO» at various ramping rates in TGA.
The results of the TPO experiments (Figure 7(a)) indicated the presence of three peaks. The low-

temperature peak (546°C) corresponds to amorphous carbon (C,), which can be gasified by CO»
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relatively easily whereas the high-temperature peak at around 720°C corresponds to the less active
graphitic carbon (Cp).®""6? The results of the cyclic tests (Figure 2) indicated that both Cy and Cg
were effectively converted under the reaction conditions, showing 85% CO- conversion at 700 °C.
It may also be noted from the TPO results that LN ending in the CO> step does not show any peak
below 720°C. This confirms that most of the deposited carbon was removed by the CO; step. A
minor peak at around 770°C can be observed, which is likely to be due to a small amount of highly
stable carbon species that cannot be effectively removed by CO2 under 700 °C isothermal
operations. Activation energies for the CO> gasification of C, and Cp were calculated using the
Kissinger method:
In(yT;2) = —E,(RT,) ! + In(ARE; 1)

Where v, Tp, A, R and E. represents the heating rate (°C/min), peak temperature (K), pre-
exponential factor, general gas constant(J/mol.K), and the activation energy (kJ/mol), respectively.
Various heating rates and peak temperatures from the Figure 7(a) were fitted to determine the
activation energies for the CO; gasification of C, and Cgp (see Figure S3 in the supplemental file).
The activation energies calculated are 53 and 83 kJ/mol for C, and Cp respectively, further

confirming that C, is more reactive with COx.
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Raman spectroscopy was used to confirm the nature of all types of carbons. Based on the TPO
results, three samples S1 (Post-CH4), S2 (CO: gasification of S1 at 520°C), and S3 (CO:
gasification of S1 at 700°C) were prepared. As seen in Figure 7(b), three major peaks appeared at
797, 1421, and 1593cm™ respectively for the three samples (S1, S2, and S3). The peak at around
797cm most likely corresponds to the amorphous carbon®® (C,), which disappeared for S2
indicating the selective oxidation of Cy at relatively low temperatures. The peak at 1593 cm’!
corresponds to the G-band of graphite whereas the peak at 1421cm’! (shifted by ~51cm™ compared
to a typical D-band at 1370cm™ due to UV excitation®) belongs to the defects in the graphite
structure (D-band).®> The intensities of both D and G bands decreased for S3 compared to S2,
indicating that most of the carbon was gasified at 700°C. The presence of both bands for S3 also
indicates that there is still some leftover, stable carbon species. This corresponds well with the
TPO data of the post-CO2 sample in Figure 7a, which showed a peak at 770°C. It is also worth
noting that the synergy between C, and Cp leads to better overall COz conversion, and further

optimization of the deposited carbon species can lead to improved CLMC performance.
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Conclusion

The present study reports LaFe1-xNixO3-5 redox catalysts (0.4 <x < 1) as flexible oxygen or carbon
carriers for CO; utilization and tunable production of syngas at relatively low temperatures
(~700°C) in the context of a hybrid redox process. Among them, redox catalysts with higher Fe
contents exhibited promising results in terms of their oxygen carrying capability for chemical
looping partial oxidation (CLPOx) of methane. In comparison, redox catalysts with higher Ni
contents primarily function as carbon carriers for chemical looping methane cracking (CLMC).
XRD and TPR characterizations revealed that both CLPOx and CLMC involve the formation of
La;03 and Ni%Ni-Fe phases. The ability to re-incorporate La,O3 and Ni/Fe into a perovskite
structure gives rise to oxygen carrying capacity whereas stable Ni° or Ni/Fe phases would catalyze
methane cracking with negligible lattice oxygen exchange in the reaction cycles. The balance
between CLPOx and CLMC can be tuned by controlling the Ni-Fe ratio that ultimately allows
tunable syngas production. Temperature programed oxidation and Raman spectroscopy of the
carbon carrier (LaNiOs-s) indicated the presence of graphitic and amorphous carbon, which can
be effectively gasified by CO: to produce a concentrated carbon monoxide stream. Stability tests
over LaFeo sNiosO3; and LaNiO; revealed that the redox performance was stable over span of 50

cycles.
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