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• Microwave absorbing perovskites are screened in the LSC-LSN-LSM ternary system 

• Best performing catalysts have reducible active sites and irreducible framework 

• Stability peaks at compositions that result in nearly ideal cubic perovskites 

• Combined Goldschmidt and octahedral factors effective predictors of ideal catalysts 

• Best performance and stability from exsolution of Ni-Co alloy active sites 

 

Abstract 

Microwave absorbing catalysts have the potential to electrify high-temperature thermal reactions such 

as the dry reforming of methane process (DRM: CO2 + CH4 → 2CO + 2H2). However, microwave catalysts 
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present unique challenges due to their dual requirements of maintaining microwave absorption in both 

oxidative and reductive environments and stability across a range of temperatures in inherently non-

isothermal reactors. Here, catalyst candidates from the La0.8Sr0.2CoO3-La0.8Sr0.2NiO3-La0.8Sr0.2MnO3 

perovskite systems were screened (28 total) to identify promising microwave catalysts free of noble 

metals for dry reforming methane. The best performing candidates met two main criteria. First, they 

occurred at crystal phase boundaries, giving rise to a pseudocubic perovskite structure. The combined 

use of Goldschmidt tolerance factor and octahedral tolerance factors appeared to be suitable for 

predicting pseudocubic perovskites. Second, they provided a balance of reducible metal sites with an 

irreducible metal oxide support. The best performing catalyst was found to exsolve Ni-Co alloy particles 

as active sites for the DRM reaction which offered superior resistance to coking for excellent reforming 

efficiency and stability. 

 

1. Introduction 

 Synthesis gas (syngas, CO+H2) is so named because of its use as a precursor feedstock throughout 

the chemical industry, from specialty plastics and olefins to fertilizers, steel, and fuels.[1] Industrially, 

steam methane reforming (SMR, CH4 + H2O → 3H2 + CO) is the primary method of generating syngas (3:1 

H2:CO), and is responsible for 6% of all global natural gas consumption [2] with 33% of that natural gas 

solely providing reaction heat to drive this endothermic reaction (a full 2% of all natural gas consumed 

globally). [3] For chemical reactions needing a lower than 3:1 syngas ratio produced by SMR (such as for 

methanol or Fischer-Tropsch synthesis), the excess hydrogen is generally separated off from the product 

stream as waste. There are, however, additional methane reforming processes such as dry reforming 

methane (DRM, CH4 + CO2 → 2H2 + 2CO) that could be used to provide syngas at a 1:1 ratio, but DRM 

requires higher reaction temperatures compared to SMR making it much less cost effective due to higher 

energy requirements. 

 Microwaves provide a pathway to directly convert disparate sources of electricity into the high 

catalyst temperatures required for methane reforming. Electricity can come from a variety of sources 

(coal, solar, wind, nuclear, etc.) and microwave reactors are agnostic to the electricity source. Additionally, 

microwaves are a direct and selective method of heating. Since chemistry occurs on the surface of 

heterogeneous catalysts, heating should ideally be selectively applied to heating just the catalyst surface 

rather than an entire reactor volume. A high susceptibility microwave absorbing catalyst support is one 
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pathway for directly heating catalysts (distributed electrified heating), which can result in greatly 

decreased energy demands for high-temperature endothermic reactions due to energy being selectively 

applied to where the chemistry is taking place rather than the reactor side walls. [4] [3] Here, we report 

the development of a microwave susceptor/catalyst for the efficient conversion of methane to syngas by 

a microwave dry reforming (MW-DRM) process. The catalyst composition was based on the perovskite 

oxide La0.8Sr0.2CoO3 (LSC), well known as a conductive oxide in the high temperature fuel cell field. With a 

melting point of ~1700 °C and conductivity comparable to graphite (4,400 S/cm [5]), LSC is an excellent 

microwave susceptor (material that converts microwaves to heat), but has stability issues that prevent 

usage in reductive conditions [6] such as microwave dry reforming [7]. However, as a perovskite, the 

crystal structure of LSC is able to accommodate a wide array of dopant elements which affords it a large 

breadth of tunability.  

Ionic radii are important to the rational design of stable perovskite structures since it is known 

that the perovskite structure is only stable with specific ratios of ionic radii which allows for a cubic 

structure to occur [8] [9]. Perovskites take an overall formula of ABO3, where A is often an alkaline earth 

metal or lanthanide metal, while B is often a first-row transition metal. The framework of a perovskite 

structure is formed by B-site metal-oxygen-metal octahedrally coordinated bonds with the A-site cation 

helping to charge balance the structure. Perovskites are prototypically a cubic structure, assuming equal 

bond lengths between transition metals and the nearest oxygen atoms. Frequently, the ideal cubic 

structure is distorted due to uneven bond lengths from Jahn-Teller distortion or from geometric packing 

constraints. Additionally, the structure prototypically has a total cation charge of +6 to counterbalance 3 

O2- anions, but the overall structure can tolerate a cation charge slightly below +6 by generating oxygen 

defects. In the case of La0.8Sr0.2CoO3, the addition of Sr2+ induces oxygen defects and promotes both 

oxygen ion conductivity and electronic conductivity. For this work, a constant A site ratio of La0.8Sr0.2 was 

utilized, which results in a constant A site charge of +2.8 and an A site ionic radius of 1.376 Å. [10] By 

adjusting the B site dopant ratios of Ni, Co, and Mn in the catalysts for this study, the B site oxidation state 

could be modified from a preferred +2 (Ni) to +4 (Mn). Additionally, the average ionic radii could be 

modified between 0.53 Å (Mn4+) and 0.69 Å (Ni2+) by changing the dopant ratios. However, accurate 

predictors for the formation of single-phase perovskites remains an area of active research, made more 

critical by the discovery of new perovskite applications such as in high efficiency photovoltaics. [11] [12] 

[13] 
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Traditionally, the preferred metric for predicting the formation of a perovskite is the Goldschmidt 

tolerance factor (t), defined as: 

𝑡𝑡 =  𝑟𝑟𝐴𝐴 + 𝑟𝑟𝑂𝑂
√2(𝑟𝑟𝐵𝐵+𝑟𝑟𝑂𝑂)

   Eq. 1 

where rA, rB, and rO are the ionic radii of the A site, B site, and oxygen, respectively. [8] The Goldschmidt 

tolerance factor predicts an ideal cubic perovskite as t approaches 1.0. Since the ionic radii of the A site 

and of oxygen were kept fixed in this study, t was effectively adjusted between 0.94 (La0.8Sr0.2NiO3) and 

1.02 (La0.8Sr0.2MnO3). In addition to the traditional Goldschmidt tolerance factor, other geometrically 

related tolerance factors have been proposed. One such addition proposed is the Octahedral factor [14] 

[15] [16], defined as  

𝜇𝜇 =  𝑅𝑅𝐵𝐵
𝑅𝑅𝑂𝑂

    Eq. 2 

with the expectation that only specific ratios of Rb/RO can geometrically support a tight (rattle free) 

perovskite structure.  

 In addition to the traditional geometric approaches to predicting the formation of perovskites, 

there has been a recent push to leverage machine learning methods to predict the formation of 

perovskites. For instance, Bartel et al. utilized an experimental dataset of 576 materials for training a 

model for the prediction of perovskite formation, with the machine learning derived tolerance factor (tau) 

being used to predict potential new material candidates when tau was less than 4.18. [17] Alternatively, 

Park et al. utilized machine learning to evaluate octahedral deformation parameters between doped and 

ideal perovskites in order to predict stability. [18] However, limited sample pools remain the norm in 

material science with the hope that each new small sample dataset will ultimately help guide the 

development of machine learning approaches for perovskite structure prediction. [19] 

For microwave dry reforming (MW-DRM) catalysis, it is essential that the catalyst simultaneously 

provides active sites for the reaction and provides efficient microwave absorption. For promoting CO2 

adsorption, basic oxides (such as La and Sr oxides)[20, 21] are generally utilized. For adsorption and 

activation of methane, typically metallic particles are needed [20, 22-26]. La0.8Sr0.2CoO3 has known 

instability issues in reducing conditions (such as CH4+CO2 or CH4+H2O) and will go through a series of 

known phase transitions [6, 7, 27, 28]. ABO3 perovskites first phase separates into periclase (BO) and 

Ruddlesden-Popper (A2BO4, a type of layered perovskite structure), then metal (B) and Ruddlesden-

Popper phases, and ultimately all the perovskitic structure is lost when the Ruddlesden-Popper phases 
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are reduced to metal and separate oxides (resulting in 2B+A2O3). By limiting the extent of phase 

separation, there is an opportunity to reversibly exsolve metallic nanoparticles during reaction conditions, 

which provide the necessary active sites for CH4 adsorption/disassociation and is a known method of 

generating anchored metal nanoparticles for catalysis [29-31]. Therefore, it is necessary to control the 

strength of the perovskite metal-oxygen backbone through B-site metal doping to generate a catalyst that 

reduces enough to reach the desired phase (identified via in-situ XRD to be B+A2BO4) [7] under the 

selected reaction conditions without over-reducing. For this study, the catalyst was optimized by changing 

the ratio of B site metal dopants between Co, Mn (for a stronger metal-oxygen bond), and Ni (for a weaker 

metal-oxygen bond).  

  

   

Scheme 1. Catalyst development scheme shown symbolically as a slide rule. Depending on reduction conditions, perovskite may 

be fully oxidized (ABO3), or may reduce stepwise (shown with single O removals) into periclase on Ruddlesden-Popper phase (BO 

+ A2BO4) and into metal on Ruddlesden-Popper phase (B + A2BO4). Over-reduction will result in complete separation of A and B 

phases as the perovskitic oxide structure is lost. In the case of a DRM catalyst, the goal is for the catalyst to equilibrate as a B + 

A2BO4 phase when heated under CO2+CH4 reaction conditions (where the blue cursor is highlighting), and reform initial ABO3 

when heated in air for complete recyclability.  

Of the 28 compositions synthesized and screened for this study, the highest performing 

compositions were able to consume 100 kgCO2/MWh and 33.2 kgCH4/MWh, while demonstrating H2 

production at 110 kWh/kgH2 and simultaneous CO production at 8.5 kWh/kgCO from dry reforming using 
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1 g of catalyst. The relatively large experimental pool of perovskite candidates was synthesized and tested 

under the same conditions. Characterization was collected by XRD and oxygen k-edge X-ray absorption 

spectroscopy (XAS) to check structure against tolerance factor perovskite formability predictions. Use of 

a Ni-Co alloy active site was found to reduce coke buildup that would otherwise impact catalyst 

performance, allowing for over 9 hours of operation in optimized catalysts with the small benchtop 

reactor. The optimized microwave catalyst was found to be completely regenerable by re-calcining under 

air to return metal active sites back into the parent perovskite structure with no drop in performance 

observed after coke removal.  

  

2. Methods 

2.1. Catalyst preparation and characterization 

Since DRM requires temperatures above 900 °C to stay free of coke formation at 1 bar of pressure 

[32], we opted to prepare our catalysts using high-temperature solid state synthesis at a higher 

temperature (1100 °C) and in air. We adopted a fixed perovskite A site composition of 80% La and 20% Sr 

to reduce complexity and focus on the more substantial structural changes from B site composition. All 

catalysts screened in this study were prepared by mixing stoichiometric amounts of strontium (II) 

carbonate [SrCO3, 99.9%, Sigma-Aldrich], lanthanum (III) oxide [La2O3, 99.5%, Alfa-Aesar], cobalt (II,III) 

oxide [Co3O4, 99%, Sigma-Aldrich], nickel (II) oxide [NiO, 98% Sigma-Aldrich], and/or manganese (III) oxide 

[Mn2O3, 99% Alfa-Aesar]. Mixtures were mixed and ground in an agate mortar for 10 minutes, added to a 

13 mm pellet die assembly, and pressed into pellets by applying a pressure of 5 metric tons for 5 minutes 

using a Carver, Inc. pellet press (#4350.L). Pellets were removed from the die assembly and heated in an 

alumina crucible to 1100 °C at a rate of 1.5 °C/min and held for 64 hours in air at ambient pressure. Upon 

completion, the sample was cooled to room temperature and ground into a fine black powder with a 

mortar and pestle. Powder diffraction patterns for the synthesized samples were collected on a 

PANalytical X’Pert Pro diffractometer to confirm the starting phase. Depending on catalyst B site 

composition, some catalysts were not necessarily phase pure (details to follow). Scanning electron 

microscopy (SEM) was collected using an FEI Quanta 600F SEM and energy-dispersive X-ray spectroscopy 

(EDX) was collected using an Oxford Inca X-act detector. High-angle annular dark-field scanning 

transmission electron microscopy (HAADF-STEM and STEM-EDX) was collected using an FEI Titan Themis 
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G2 200. STEM samples were prepared by sonicating dilute solutions of catalyst samples in methanol and 

drop casting them onto holey carbon coated copper TEM grids. 

 

2.2. X-ray absorption characterization 

Soft X-ray absorption oxygen K-edge spectra of all perovskite samples were collected at the 

varied-line-space plane grating monochromator beamline of the Center for Advanced Microstructures 

and Devices (CAMD) synchrotron facility (Louisiana State University). The samples were spread onto a 

carbon tape placed on a stainless-steel sample holder and loaded into the main chamber via a load-lock 

chamber. The main chamber pressure was maintained at ~10-9 Torr. All absorption spectra were acquired 

in total electron yield mode by measuring the drain current of the sample. The O K-edge spectra were 

normalized and analyzed using Athena software. 

 

2.3 Microwave dry reforming catalytic benchmarking 

To rapidly optimize catalyst formulations for the microwave dry reforming of methane (MW-

DRM) reaction, our approach was to test each catalyst to the point of failure using a small benchtop 

microwave reactor (CEM Discover SP), mass spectrometer (Pfeiffer Omnistar), and a mixture of pure CO2 

and CH4 able to be delivered at rates up to 1,000 sccm using a reactor setup as shown in Figure 1.  



8 
 

 

Figure 1. (a) Basic reactor schematic used in this study. All tests in this study were 1 g with the space velocity varied by changing 

flow rate. (b) Typical reactor test plan consisting of the applied power increased stepwise until conversions of both CO2 and CH4 

held over 80%. Once conversions of both CO2 and CH4 were over 90% then the space velocity was increased. (c) Outcome of each 

test plan was the amount of CO2 (and CH4) converted per unit power at a range of space velocities for each catalyst.  

In a typical test plan, gas flow was flowed through a 1 g quartz wool supported catalyst bed at 50 sccm 

with 50 W microwave power applied. Since side reactions such as the reverse water gas shift (CO2 + H2 → 

CO + H2O) and the Boudouard reaction (2CO → CO2 + C) are favored at temperatures below 700 °C, 

corresponding to equilibrium conversions below 80% of CO2 and CH4 [20, 32], we focused solely on 

conditions that allowed above 80% conversions of both CO2 and CH4 for evaluating dry reforming 

performance for each composition. If catalyst conversions were below 90% conversion for both CO2 and 

CH4, applied power was increased in a 10-20 W interval. If conversions of CH4 and CO2 did stabilize above 

90% conversions, the reactant flow rates (and space velocity) were increased and the power was gradually 

stepped up to reach 90% conversions again. Effectively then, we tested for conditions in which CO2 and 

CH4 conversions were stable between 80% and 90% while increasing the space velocity in steps. This 

process was repeated until the system maximum of 300 W microwave power was applied with the highest 

performing catalysts reaching this at space velocities of 24 L/g*hr while the worst performing failed to 

achieve 90% conversions at just 3 L/g*hr. Finally, for each flow rate, power level, and measured percent 
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conversion, the dry reforming efficiency was calculated in terms of kg CO2 converted/MWhr where both CH4 

and CO2 conversions were over 80% for each sample.  

 

3. Results 

3.1. LSC-LSM series 

Initial tests were conducted using La0.8Sr0.2CoO3 (LSC) with varied amount of Mn substitution on 

the B site from 0-100% (i.e., La0.8Sr0.2MnO3) as shown in Table 1. 

 

Table 1. LSCM series of catalysts. 

# Name A site % 
La 

A site % 
Sr 

B site % 
Co 

B site % 
Mn 

1 LSC 80 20 100 0 
2 LSCM 90:10 80 20 90 10 
3 LSCM 75:25 80 20 75 25 
4 LSCM 66:34  80 20 66 34 
5 LSCM 50:50 80 20 50 50 
6 LSCM 25:75 80 20 25 75 
7 LSM 80 20 0 100 

 

Pure LSC has considerable difficulty maintaining a perovskitic structure under the strongly reductive 

conditions of methane dry reforming. However, past studies have shown Mn helped to stabilize LSC 

under reductive conditions. [7] In this study, the limits of this performance gain were studied by 

increasing the space velocity and microwave power to find the performance limits of each catalyst (see 

Figure 1). In the case of LSC, peak dry reforming efficiency was reached with 80% conversions at 200 

sccm (12 Lg-1hr-1) and 260W for 40.3 kgCO2/MWh. The addition of 34% Mn loading to form 

La0.8Sr0.2Co0.66Mn0.34O3 (written as LSCM 66:34) was found to improve performance to reach 80% 

conversions at 300 sccm (18 Lg-1hr-1) and ~190W power for 87±8 kgCO2/MWh. Additional Mn loading 

past 34% was found to decrease the material performance with very low catalytic activity again by 

La0.8Sr0.2MnO3.  
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Figure 2 (a) Peak MW-DRM efficiency (test plans conducted as shown in Figure 1) for 7 compositions of perovskites ranging 

from La0.8Sr0.2CoO3 to La0.8Sr0.2MnO3. Error bars show standard deviation for compositions synthesized and tested at least 3 

separate times. (b) Temperature programmed reduction experiments for perovskites ranging from LSC to LSM. Dotted line 

drawn to visually divide the broad low temperature reduction features (Region A) from the high temperature reduction 

features (Region B). (c) Integrated values of the same TPR data with the total area of region A shown in orange and the total 

area of region B shown in blue. (d) SEM and EDX maps of perovskite samples after testing MW-DRM efficiency ranging from LSC 

to LSM. Note, although surface features were visible on LSCM 66:34, the features were too small and thin for clear 

identification in EDX mapping, and no clear separation was visible by EDX in LSM.  

In order to investigate the impact that Mn substitution has on perovskite catalyst behavior 

under reductive conditions, temperature programmed reduction (TPR) was collected using 10% 

hydrogen to reduce the catalyst. As can be seen in Figure 2b, the reduction of LSC occurs in two distinct 

regions. The first region has been shown to be consistent with the reduction of the ABO3 perovskite to 

Ruddlesden-Popper (layered perovskite, An+1BnO3n+1) structures. [7] Depending on the perovskite, this 

can be a straightforward one step reduction as shown in scheme 1, or it may occur through a series of 

layered perovskite structures which leads to Region A becoming broader. For instance, LaCoO3 is known 

to transition through La4Co3O10 (an n=3 Ruddlesden-Popper) before reducing to La2CoO4 (n=1) [27], 

which would result in multiple reduction features in Region A. For LSC, the large sharp reduction feature 

of Region B was found to be consistent with both the formation of the desired phase of B+A2BO4 and 

further reduction to 2B+A2O3. [7] Expectedly, substitutions of increasing amounts of Mn for Co results in 
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both a shift of this reduction feature for higher temperatures (Figure 2b), but also a decrease in the total 

reducibility of the catalyst (Figure 2c) with a notable decrease in total reducibility with Mn loading above 

~34-50%. Consequently, although the addition of Mn has the desired effect of increased perovskite 

stability in a high temperature reducing environment, it also has the undesired effect of decreasing the 

amount of Co active sites that can form which are needed for a good dry reforming catalyst. [7] This can 

be readily visualized by SEM-EDX of the catalysts after testing for dry reforming efficiency. Post reaction, 

LSC was found to significantly phase separate into separate regions of Co, La, and Sr with heavy carbon 

buildup in the Co rich areas (Figure 2d). In contrast, a 25% Mn load on the catalyst B site resulted in 

clearly defined sub-micron scale Co particles on a La and Sr rich support consistent with the desired 

equilibrium phase of a microwave absorbing dry reforming catalyst. Further increasing the Mn content 

to 34% resulted in a larger number of smaller Co particles forming across the catalyst surface such that 

EDX mapping no longer had sufficient spatial resolution to show distinct Co regions and appeared that 

Co, La, Sr, and Mn remained well dispersed post reaction despite the clear surface structures visible in 

the SEM of LSCM 66:34. In contrast, these particles were not visible across the surface of LSM post 

microwave dry reforming. 

 

3.2. LSN-LSM series 

Since nickel is typically regarded as a better performing methane reforming catalyst than cobalt 

(and is more commonly used), [33] we investigated if the performance of La0.8Sr0.2NiO3 (LSN) is similarly 

improved through the incorporation of Mn (from 0-100% as shown in Table 2). 

 

Table 2. LSMN series of catalysts. 

# Name A site % 
La 

A site % 
Sr 

B site % 
Mn 

B site % 
Ni 

1 LSM 80 20 100 0 
2 LSMN 80:20 80 20 80 20 
3 LSMN 66:34 80 20 66 34 
4 LSMN 50:50  80 20 50 50 
5 LSMN 20:80 80 20 20 80 
6 LSN  80 20 0 100 

 

As synthesized, LSN had poor performance for microwave dry reforming in our tests as it barely 

achieved 80% conversions at our lowest flowrate of 50 sccm (3 Lg-1hr-1) and at 240W (Figure 3a). Similar 
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to the LSC-LSM case, the addition of increasing amounts of Mn improved catalyst performance up until, 

in this case, 66% Mn (LSMN 66:34). The optimized LSMN was capable of >80% conversions at 200 sccm 

(12 Lg-1hr-1) at 100 W power for 99±8 kgCO2/MWh, a significant 15% improvement in dry reforming 

efficiency versus the best LSCM catalyst.  

 

Figure 3. (a) Peak MW-DRM efficiency (test plans conducted as shown in Figure 1) for perovskites compositions ranging from 

La0.8Sr0.2NiO3 to La0.8Sr0.2MnO3. Error bars show standard deviation for compositions synthesized and tested at least 3 separate 

times. (b) Temperature programmed reduction experiments for perovskites ranging from LSN to LSM. Dotted line drawn to 

visually divide the broad low temperature reduction features (Region A) from the high temperature reduction features (Region 

B). (c) Integrated values of the same TPR data with the total area of region A shown in orange and the total area of region B 

shown in blue. (d) SEM and EDX maps of perovskite samples after testing MW-DRM efficiency ranging from LSN to LSM. LSN 

displayed complete phase separation of Ni from La and Sr regions with carbon coking present on Ni regions.  

 

Performance dropped off by LSM back to 12 kgCO2/MWh (250W for only 3 Lg-1hr-1). Similar to the LSC-

LSM series, the addition of Mn resulted in a shift in the reduction peaks towards higher temperature 

with higher Mn loading although the shift was less pronounced (Figure 3b). Similarly, the total 

reducibility decreased with Mn loading but was relatively level between 20-80% Mn loading (Figure 3c). 

SEM-EDX showed very sharp differences in morphology following microwave dry reforming efficiency 

tests (Figure 3d). Post-reaction, LSN had complete phase separation of Ni from La and Sr with large 

carbon deposits on the Ni particles present. Effectively, LSN had fully over-reduced to Ni + La2O3 + SrO. 

Conversely, LSM had no clear phase separation visible by SEM-EDX following reaction. Between those 
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two limits, catalysts in the LSMN series showed large amounts of structural reconstruction under dry 

reforming conditions. At low Ni loadings, the Ni exsolved to the surface similar to Co, but the separation 

appeared more complete by SEM-EDX resulting in clear pockets of just Ni and regions of heavily 

reconstructed La, Sr, and Mn (unlike the LSCM system which tended to still keep Co partially mixed in 

the Mn regions). By 34% Ni loading, phase separation resulted in a hollowed-out mixture of materials 

that nonetheless retained better dispersion of nickel particles than at higher Ni loadings, but this 

structural reconstruction likely was responsible for the poorer catalytic performance at high space 

velocities compared to the LSM-LSC series even though the efficiency at 12 Lg-1hr-1 was higher. 

 

3.3. LSCMN series with Mn:Ni fixed 2:1 

Since the LSM-LSN series displayed the highest performance at a 2:1 ratio, initial catalyst 

screening was performed with this Mn:Ni ratio fixed with the balance of Co varied between 0 and 100% 

(Table 3).  

Table 3. LSCMN series of catalysts with Mn:Ni ratio held at 2:1. 

# Name A site % 
La 

A site % 
Sr 

B site % 
Co 

B site % 
Mn 

B site % 
Ni 

1 LSC 80 20 100 0 0 
2 LSCMN 92.5:5:2.5 80 20 92.5 5 2.5 
3 LSCMN 85:10:5 80 20 85 10 5 
4 LSCMN 70:20:10 80 20 70 20 10 
5 LSCMN 55:30:15 80 20 55 30 15 
6 LSCMN 40:40:20 80 20 40 40 20 
7 LSCMN 25:50:25 80 20 25 50 25 
8 LSCMN 10:60:30 80 20 10 60 30 
9 LSMN 66:34 80 20 0 66 34 

 

The overall highest efficiency catalyst remained the cobalt-free La0.8Sr0.2Mn0.66Ni0.34O3. However, 

performance was comparable (within standard deviation of each other) with Co concentrations below 

50% on the perovskite B site (Figure 4a).  
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Figure 4. (a) Peak MW-DRM efficiency (test plans conducted as shown in Figure 1) for perovskites compositions ranging from 

La0.8Sr0.2CoO3 to La0.8Sr0.2Mn0.66Ni0.34O3. Error bars show standard deviation for compositions synthesized and tested at least 

three separate times. (b) TPR experiments for perovskites ranging from LSC to LSMN 66:34. Dotted line drawn to visually divide 

the broad low temperature reduction features (Region A) from the high temperature reduction features (Region B). (c) 

Integrated values of the same TPR data with the total area of region A shown in orange and the total area of region B shown in 

blue. (d) SEM and EDX maps of perovskite samples after testing MW-DRM efficiency ranging from LSC to LSMN 66:34. LSCMN 

displayed clearly socketed particles at the surface that were small enough to be difficult to clearly EDX map by SEM.  

 

Unlike LSMN 66:34, Co doped catalysts efficiency peaked at 18 Lg-1hr-1 for 25-40% Co loadings. TPR 

showed a consistent shift to higher temperatures for Region B reduction with increasing Mn loading 

(Figure 4b). However, the total reducibility remained relatively high up until Mn content was increased 

above 40% (Figure 4c). Similar to the LSC-LSM series, SEM-EDX showed clear exsolved particles on the 

catalyst surface post MW-DRM testing (Figure 4d). For larger particles visible in La0.8Sr0.2Co0.7Mn0.2Ni0.1O3 

(LSCMN 70:20:10, Figure 4d), it appeared that Co and Ni were co-exsolving as alloy particles. For further 

verification, STEM-EDX was conducted on LSCMN 40:40:20 post MW-DRM testing (Figure 5). 
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Figure 5. HAADF-STEM imaging of a typical microscale particle of La0.8Sr0.2Co0.4Mn0.4Ni0.2O3 after testing MW-DRM. Although 

the particle is bulk, reduction under reaction conditions resulted in fine nanoparticles diffused across the bulk perovskitic 

microparticle. Nanoparticles appeared to be entirely Ni-Co alloy particles as separate Ni or Co particles were not observed. Use 

of a high-pass filter for the image showed an amorphous carbon coating was clearly present on the Ni-Co nanoparticles with 

relatively uniform thickness while LaMnSrOx support appeared clear of this amorphous coating. 

The surfaces of the microscale catalyst particles were coated with exsolved Ni-Co particles and at no 

location were separate Ni or Co particles observed, even with the sub-50 nm nanoparticles clearly visible 

through STEM-EDX. Unlike in the LSM-LSN system, the remaining perovskite support in the LSCMN 

system did not appear to become dramatically hollowed out and reconstructed as significant amounts of 

Co remained with the LSM support even post dry reforming at the microwave’s maximum of 300W 

(consistent with what was observed with the LSM-LSC series catalysts). Essentially, the use of both Co 

and Ni provided the benefits of both systems with the superior activity of the Ni active sites in the LSM-

LSN system along with the better support stability and better catalyst space velocities of the LSM-LSC 

system. 

 

3.4. Impact of tolerance factors on structure and function 

Characterization of the perovskite structures were collected by XRD and XAS. For the LSC-LSM 

system, both LSC and LSM index purely as perovskites (Figure 6a, Figure s1). However, the perovskites 

that both LSC and LSM index as are not cubic, instead adopting the rhombohedral distorted R-3c 
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structure. This rhombohedral structure is still a perovskite – the structure is composed of vertex sharing 

metal oxide octahedra making up the B-O-B bonding backbone with the A-site cations ionically bonding 

and filling the voids in the structure. However, Jahn-Teller distortions in the transition metals results in 

unequal metal-oxygen covalent bond lengths which results in irregular octahedra and manifests in XRD 

as split peaks. [34] This is most pronounced looking at the strongest diffraction peak (011) at ~33° 

(which splits into 11�0 and 211 for the rhombohedral structure, shown Figure 6a inset). Unlike LSC and 

LSM, compositions in between became closer to an ideal cubic perovskite structure. Using XAS to look 

specifically at the oxygen k-edge to explore the B-O-B bonding network (since in perovskites, oxygen is 

bonded to b-site transition metals only), an ideal cubic perovskite is expected to show just one peak in 

the region between 527-531 eV. [35] [36] [37] In the case of LSCM 66:34, which had the highest 

tolerance factor in the LSC-LSM series while having an octahedral factor >0.414, the XAS spectrum very 

nearly showed just one peak at ~530 eV with a very small shoulder at 529 eV. This is in contrast to LSC, 

which had a large peak at 528.5 eV along with at 530.5, consistent with two types of metal oxide bonds 

due to the Jahn-Teller effect. LSM similarly had a very broad XAS spectrum, likely also due to two 

separate peaks, albeit closer together in energy. 
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Figure 6. (a) XRD patterns for LSM, LSC, and LSCM 66:34. (inset a) Magnification of the boxed area between 31° and 34° 

showing the peak splitting present on the rhombohedral perovskite structures of LSC and LSM with the almost merged main 

peak of LSCM 66:34. (b) XAS spectrum of O k-edge between 527 and 531 eV for LSC, LSCM 66:34, and LSM. (c) XRD patterns of 

LSN, LSM, and LSMN 66:34 with inset showing the split main perovskite peak of LSM, the nearly cubic perovskite peak of LSMN 

66:34, and the two main peaks of the Ruddlesden-Popper present in the two phase LSN system. (d) XAS spectrum of O k-edge 

between 527 and 531 eV for LSN, LSMN 66:34, and LSM. (e) XRD patterns for LSMN 66:34, LSCMN 40:40:20, and LSC (LSCMN 

series with Mn:Ni ratio 2:1). (inset e) Magnification between 31° and 34° highlighting the non-split main peak of LSMN 66:34 

and LSCMN 40:40:20. (f) XAS of LSMN 66:34 and LSCMN 40:40:20 showing their non-split oxygen k-edge peaks in contrast with 

rhombohedral LSC. 

Unlike the LSM-LSC series, the LSM-LSN series transitions from single phase perovskite (albeit 

rhombohedrally distorted) to a two-phase system for LSN (Figure 6c). In particular, the catalysts with Ni 

loadings above ~34% indexed as a mixture of La2-xSrxNiO4 and NiO (essentially meaning that synthesis 

conditions were insufficient to oxidize the system into pure La0.8Sr0.2NiO3). Note that even at 34% Ni 

loading, a small La2-xSrxNiO4 impurity peak is visible at 31.5° which is completely gone by 20% Ni (Figure 

s2). La0.8Sr0.2NiO3 would be expected to have a tolerance factor of 0.94 and an octahedral factor of 0.49. 

As noted, Ni had difficulty supporting the ~3+ oxidation state required for forming La0.8Sr0.2NiO3. When 

the Mn concentration is increased, the tolerance factor increases to 0.99 at LSMN 66:34 before the 

octahedral factor drops below 0.414 as LSM is approached. This is also captured in the XAS 

characterization as LSN lacked the characteristic oxygen k-edge peaks in the region expected for 

perovskites, LSM had a broad feature consistent with multiple oxygen bond energy levels, while the 

highest performing LSMN 66:34 catalyst had very nearly a single peak at 530 eV (Figure 6d). 

The LSCMN system similarly was found to repeat the same structural trends. With the Mn:Ni 

ratio fixed at 2:1, Co concentrations below 40% were found to have nearly no rhombohedral peak 

splitting at 33° (Figure 6e, Figure s3). Likewise, XAS showed a single peak in the 527-531 eV region for 

compositions in this range (Figure 6f, Figure s3). Overall, the best performing catalysts all were found to 

have nearly ideal tolerance factors (~0.99) while also having octahedral factors >0.414 which resulted in 

nearly ideal cubic perovskites without the Jahn-Teller distortion induced rhombohedral perovskite 

structures of LSC or LSM and without the phase separation observed near LSN.  

 

3.5. LSC-LSM-LSN ternary system 

A total of 28 samples were ultimately prepared of varied Co, Mn, and Ni loadings (as shown in 

Table 4) in order to fill out the compositional space of a pseudotrinary phase diagram.  
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Table 4. The 28 La0.8Sr0.2CoMnNiO3 compositions prepared in this study. 

# Name Co Mn Ni Rb 1 Rb/RO 2 t 3 kgCO2/MWh4 Color 

1 LSC 100 0 0 0.61 0.43571 0.97659 40.3 R174 B81 

2 LSCM 90:10 90 10 0 0.602 0.43000 0.98049 62.5 R130 B125 

3 LSCM 75:25 75 25 0 0.59 0.42143 0.98641 72.0 R111 B144 

4 LSCM 66:34  66 34 0 0.5828 0.41629 0.98999 86.8 R81 B174 

5 LSCM 50:50 50 50 0 0.57 0.40714 0.99642 76.3 R102 B153 

6 LSCM 25:75 25 75 0 0.55 0.39286 1.00664 52.4 R150 B105 

7 LSM 0 100 0 0.53 0.37857 1.01707 21.3 R212 B43 

8 LSMN 80:20 0 80 20 0.562 0.40143 1.00048 82.0 R91 B164 

9 LSMN 66:34 0 66 34 0.584 0.41743 0.98919 99.4 R56 B199 

10 LSMN 50:50 0 50 50 0.61 0.43571 0.97659 75.9 R103 B152 

11 LSMN 20:80  0 20 80 0.658 0.47000 0.95381 52.4 R150 B105 

12 LSN 0 0 100 0.69 0.49286 0.93921 9.8 R235 B20 

13 LSCMN 92.5:5:2.5 92.5 5 2.5 0.608 0.43429 0.97756 55.2 R145 B110 

14 LSCMN 85:10:5 85 10 5 0.606 0.43286 0.97854 62.5 R130 B125 

15 LSCMN 70:20:10 70 20 10 0.602 0.43000 0.98049 71.4 R112 B143 

16 LSCMN 55:30:15 55 30 15 0.598 0.42714 0.98246 89.3 R76 B179 

17 LSCMN 40:40:20 40 40 20 0.594 0.42429 0.98443 94.8 R65 B190 

18 LSCMN 25:50:25 25 50 25 0.59 0.42143 0.98641 92.6 R70 B185 

19 LSCMN 10:60:30 10 60 30 0.586 0.41857 0.98839 97.1 R61 B194 

20 LSCMN 70:10:20 70 10 20 0.618 0.44143 0.97272 86.4 R82 B173 

21 LSCMN 75:20:5 75 20 5 0.598 0.42714 0.98246 61.0 R133 B122 

22 LSCMN 80:10:10 80 10 10 0.61 0.43571 0.97659 48.3 R158 B97 

23 LSCMN 65:30:5 65 30 5 0.59 0.42143 0.98641 88.1 R79 B176 

24 LSCMN 10:80:10 10 80 10 0.61 0.43571 0.97659 52.4 R150 B105 

25 LSCMN 20:20:60 20 20 60 0.642 0.45857 0.96129 64.9 R125 B130 

26 LSCMN 33:33:33 33 33 33 0.6039 0.43136 0.97956 85.5 R84 B171 

27 LSCN 75:25 75 0 25 0.63 0.45000 0.96697 45.2 R165 B90 

28 LSCN 50:50 50 0 50 0.65 0.46429 0.95754 3.3 R248 B7 

1 Average b-site ionic radius 
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2 Octahedral factor 
3 Goldschmidt tolerance factor 
4 Peak MW-DRM energy efficiency achieved for each catalyst 

 

The color assignments in Table 4 are based on the peak achieved MW-DRM performance in terms of 

kgCO2/MWh converted while maintaining ≥ 80% conversions of both CO2 and CH4. For all 28 

compositions, XRD was collected along with XAS of most of the compositions focused in particular on 

the oxygen k-edge between 528-580 eV as this region is key for understanding the transition metal-

oxide bonding network of the perovskite. [35] [36] [37] [7] From XRD, all 28 samples were found to be 

classifiable as either rhombohedral perovskites, nearly cubic perovskites (pseudo-cubic), or were found 

to not form single phase perovskites and instead form a mixture of Ruddlesden-Popper and periclase 

phases consistent with a reduced perovskite as shown in Scheme 1 (Figure s1-s4 for XRD patterns). 

Additionally, the Goldschmidt tolerance factor (t) and octahedral factor (Rb/Ro) were calculated for each 

perovskite based on Shannon ionic radii [10] assuming an ideal 6-coordination number for the B-site 

metals and ionic charges of Mn4+, Co3+, and Ni2+. Figure 6a shows all 28 tested LSC-LSM-LSN 

compositions from Table 4 in a ternary diagram. As shown in the LSCM, LSMN, and LSCMN series in 

Figures 2-4 (with these series highlighted in green on the ternary plot in Figure 6a), the perovskite 

catalyst activities all drop off as the composition approaches pure LSM, LSN, or LSC.  
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Figure 7. (a) Pseudoternary plot of all 28 perovskite compositions as a function of perovskite B site metal identity (since all 

compositions had the same La0.8Sr0.2 A site composition) with color assignments shown in Table 4. Marker shape shows XRD 

determined structure, whether rhombohedral or pseudo-cubic. Triangles show 2-phase systems where mixtures of A2BO4+BO 

formed instead of a single-phase perovskite. (b) Goldschmidt tolerance factor vs. octahedral tolerance factor plots for all 28 

perovskite compositions with color assignments from Table 4. Green vertical line drawn at t=1 with horizontal line drawn at 

Rb/RO= 0.414. (c-e) Goldschmidt tolerance factor vs. octahedral tolerance factor plots for the LSCM, LSMN, and LSCMN series 

highlighted with green lines in the pseudoternary plot. 

Plotting all 28 compositions in terms of their calculated Goldschmidt tolerance factors vs. their 

octahedral factors, all 28 compositions make up a diagonal line (Figure 7b). This is a consequence of this 

study varying only the catalyst B site identity as changing the effective B site ionic radius (Rb) affects 

both the octahedral factor and the tolerance factor while changing the A site identity affects only the 

tolerance factor but not the Octahedral factor. As clearly visible in Figure 7b-e, catalyst performance 

improves up until roughly 0.99, gets slightly lower between 0.99-1, and performance drops off rapidly 

for tolerance factors above 1.0 (such as for LSM at t=1.017). The traditional Goldschmidt tolerance 

factor would predict that perovskites should be most stable at t=1 (shown as the vertical green limit line 

in Figures 7b-e). More recently it has been discussed that additional geometric constraints would 

require that the octahedral factor Rb/RO must be at least √2 − 1 (~0.414) in order to form, [15] with this 
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octahedral limit shown as the horizontal limit line in Figures 7b-e. Essentially, perovskite activity is 

improving as the Goldschmidt tolerance factor approached 1, up until the octahedral goes below the 

octahedral limit of ~0.414. In terms of the LSM-LSC series (Figure 7c), the perovskite expected to be 

closest to ideal is LSCM 66:34 (t=0.99, µ=0.416). For the LSM-LSN series (Figure 7d), the perovskite 

expected to be closest to ideal then is LSMN 66:34 (t=0.99, µ=0.417), which is also the closest to ideal in 

the LSCMN range shown in Figure 7e. The limit lines provided by the Goldschmidt tolerance factor and 

octahedral factors were found to be effective predictors for catalytic performance, which corresponded 

well with near cubic perovskite structures. However, they were found to not be effective predictors of 

the formation of singe phase rhombohedral perovskite structures (for instance LSM had t=1.02 despite 

excellent crystallinity) and give false positives for 2-phase systems such as LSMN 50:50 which were well 

within the thresholds expected for a perovskite to form. However, alternative perovskite tolerance 

factors such as the Tau factor [17] were found to be less suitable for predicting perovskite formations as 

all 28 samples prepared in this study were within the range expected for single phase perovskites with 

Tau factors varying only modestly between 2.21 and 2.42, well less than the 4.18 limit proposed for 

perovskites to form within (Figure s5). For this material system at least, Goldschmidt tolerance factors 

and octahedral factors appeared best able to predict the ratios of Mn, Ni, and Co that could be prepared 

in good stable cubic perovskites. 

 

3.6. Stability of LSCM, LSMN, and LSCMN systems 

 The best performing catalysts La0.8Sr0.2Co0.66Mn0.34O3 (LSCM 66:34) and La0.8Sr0.2Mn0.66Ni0.34O3 

(LSMN 66:34) along with La0.8Sr0.2Co0.4Mn0.4Ni0.2O3 (LSCMN 40:40:20) were tested for stability for the 

microwave heated dry reforming reaction in order to test whether the reaction was best performed 

with Co, Ni, or Co-Ni alloy metal sites. As discussed previously, LSMN 66:34 had the highest peak 

efficiency reached out of the 28 catalysts in this study at 99.4 ± 8 kgCO2/MWh (alternatively, 109.5 

kWh/kgH2 generated). This was slightly higher than that observed for LSCMN 40:40:20 (94.8 ± 5 

kgCO2/MWh, 114.9 kWh/kgH2), and significantly higher than that observed for LSCM 66:34 (86.8 ± 8 

kgCO2/MWh, 125.4 kWh/kgH2). However, as discussed previously, this efficiency peaked for LSMN 66:34 

at 12 Lg-1hr-1 while LSCM and LSCMN peaked at 18 Lg-1hr-1. For consistency, we selected a constant 

power and space velocity for all three catalysts at 210W applied power and 18 Lg-1hr-1 since at these 

conditions the conversion of CO2 and CH4 would start at over 80%. At these conditions, initial 

conversions for LSCM 66:34 were higher as shown in Figure 8a. However, CH4 conversion rapidly 
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dropped off to around 80% within 5 hours. Similarly, LSMN 66:34 (Figure 8b) had conversions that 

rapidly dropped off within 3 hours (note again, 18 Lg-1hr-1 is a higher space velocity than LSMN most 

efficiently operated at). In contrast, LSCMN 40:40:20 was able to run under these conditions for twice as 

long as LSCM 66:34 (Figure 8c). With a separate run stopped after ~3 hours at 210W, the coke content 

built up on the catalysts from LSCMN 40:40:20 and LSMN 66:34 was investigated by temperature 

programmed oxidation (TPO) to quantify the CO2 released from burning off the coke with the results 

shown in Figure 8d. 

 

Figure 8. (a-c) MW-DRM stability tests of LSCM 66:34, LSMN 66:34, and LSCMN 40:40:20 (respectively) while operating at 

210W, 1g catalyst, 18 Lg-1hr-1 (300 sccm CO2+CH4, ~34,000 hr-1) after initially ramping up to conditions as shown in Figure 1. 

Note: LSCMN 40:40:20 had to be run over 2 days with the reactor off overnight. (d) TPO profiles of LSMN 66:34 after running 

the above stability experiment and of LSCMN 40:40:20 after repeating a stability experiment to stop after an equivalent ~3 

hours. (e) Mass spectrometry quantification of CO2 released from sample TPO back calculated for total carbon content. (f) XRD 

of fresh LSCMN 40:40:20, after MW-DRM, after TPO, and after reoxidation with a furnace held at 1000 °C.  

In roughly the same amount of time, three times higher coke build up occurred on the Ni metal site 

catalyst as compared to the Ni-Co alloy metal site catalyst. Post TPO, XRD characterization showed that 

in addition to the carbon being burned off by 1000 °C, the LSCMN 40:40:20 catalyst’s phase transitions 
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were almost completely reversed (Figure 8f) as Ni and Co were re-absorbed into the perovskite matrix 

and the Ruddlesden-Popper structure returned to a nearly pure perovskite. This could be encouraged by 

regrinding the catalyst and calcining for longer (12 hrs, 1000 °C), which resulted in a complete 

regeneration of the pseudo-cubic perovskite structure of the initial LSCMN 40:40:20. Retesting the 

regenerated catalyst, the LSCMN 40:40:20 performed at exactly the same efficiency as the initial testing 

(Figure s6) indicating that the phase transitions that took place under reaction conditions were 

completely reversible through regeneration by air calcination. 

 

4. Conclusions 

The LSC-LSM-LSN ternary perovskite system has been investigated and optimized for the MW-DRM 

reaction. In order to function as dry reforming catalysts, LSC and LSN based catalysts need to reduce and 

form metal particles for CH4 activity. However, we have found that for efficient operation the amount of 

metal reduction must be moderated by balancing high temperature stability (resisting over-reduction 

and excessive phase separation) with a large amount of well anchored (sintering resistant) active sites. 

Due to the dual requirements of phase stability with maintaining a large number of active sites, the 

optimal amounts of both Co additions and of Ni additions to the largely irreducible LSM system were 

found to correlate with the amounts that resulted in Goldschmidt tolerance factors closest to 1 without 

resulting in octahedral tolerance factors dropping below √2 − 1. Consequently, catalytic performance 

was found to correlate with the formation of nearly cubic perovskite structures with minimal Jahn-Teller 

distortion observed in oxygen bond strengths of optimized compositions. Nickel-based catalysts were 

found to be more active for dry reforming than Co catalysts, but Co based catalysts supported higher 

space velocities. Use of both Co and Ni dopants resulted in Ni-Co alloy active sites and provided the 

activity of the Ni system with better stability than the Co system for efficient performance at 95 

kgCO2/MWh (115 kWh/kgH2 or 10.4 kWh/m3
H2) while operating at space velocities of up to 24 Lg-1hr-1 

(~45,000 hr-1). At 18 Lg-1hr-1 (~34,000 hr-1), La0.8Sr0.2Co0.4Mn0.4Ni0.2O3 was found to maintain above 80% 

conversions through 9+ hours of constant power operation. LSCMN 40:40:20 was found to be 

completely regenerable through calcination at 1000 °C which resulted in the removal of deposited 

carbon and the re-absorption of the Ni and Co active sites back into the parent perovskite, ready to be 

reactivated under dry reforming conditions. 
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Supporting Information 

 

Figure s1. (a) Normalized XRD patterns for all seven compositions of LSM-LSC perovskite series with 

colors assigned according to MW-DRM performances as shown in Table 4. Magenta diamonds show 

primary reflections in the rhombohedral structure. Inset shows the primary reflections around 33° of all 

seven catalysts highlighting both the gradual shift in 2-theta due to ionic radii changes on substitution, 

and the gradual shift to almost a single reflection peak at LSCM 66:34. (b) Normalized XAS spectra for all 

seven compositions of LSM-LSC perovskites.  
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Figure s2. (a) Normalized XRD patterns for all six compositions of LSM-LSN perovskite series with colors 

assigned according to MW-DRM performances as shown in Table 4. Green squares show primary 

reflections for cubic NiO while green diamonds show the orthorhombic Ruddlesden-Popper structure 

reflections. Inset shows the primary reflections around 33° of all six catalysts highlighting both the 

gradual shift in 2-theta due to ionic radii changes on substitution, and the gradual shift to almost a single 

reflection peak at LSMN 66:34. (b) Normalized XAS spectra for all six compositions of LSM-LSN catalysts.  
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Figure s3. (a) Normalized XRD patterns for all nine compositions of LSM-LSN-LSC perovskite series with 

the Mn:Ni ratio fixed at 2:1 and with colors assigned according to MW-DRM performances as shown in 

Table 4. Blue diamonds show the rhombohedral perovskite structure reflections of LSN. Inset shows the 

primary reflections around 33° of all nine catalysts highlighting both the gradual shift in 2-theta due to 

ionic radii changes on substitution, and the gradual shift to almost a single reflection peak at LSCMN 

40:40:20 to LSMN 66:34. (b) Normalized XAS spectra for all nine compositions of LSM-LSN-LSC 

perovskites. 
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Figure s4. (a) Normalized XRD patterns for remaining 11 compositions and with colors assigned 

according to MW-DRM performances as shown in Table 4. Top series shows the four compositions in the 

LSC-LSN series with inset showing the primary reflections near 33°. Bottom series show the seven 

compositions in the LSM-LSN-LSC series where the Mn:Ni ratio was not at 2:1 with the inset again 

showing the primary reflections near 33°. 
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Figure s5. Plot and table of Tau factors and tolerance factors for all 28 catalysts described in this study. 

All 28 materials had Tau factors well below the 4.18 limit proposed as a limit for stable perovskite 

formation. 
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Figure s6. Catalyst performance vs. flow rate/space velocity for fresh La0.8Sr0.2Co0.4Mn0.4Ni0.2O3 and the 

same catalyst after recalcining at 1000 °C and freshly regrinding. Peak performance was slightly higher 

after regenerating the sample but was within a standard deviation range for peak performance in both 

cases. 
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