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ABSTRACT  

Carbon dioxide and steam solid oxide co-electrolysis is a key technology for exploiting renewable 

electricity to generate syngas feedstock for the Fischer-Tropsch synthesis. The integration of this 

process with methane partial oxidation in a single cell can eliminate or even reverse the electrical 

power demands of co-electrolysis, while simultaneously producing syngas at industrially attractive 

H2/CO ratios. Nevertheless, this system is rather complex, and requires catalytically active and 

coke tolerant electrodes. Here, we report on a low-substitution rhodium-titanate perovskite 

(La0.43Ca0.37Rh0.06Ti0.94O3) electrode for the process, capable of exsolving high Rh nanoparticle 

populations, and assembled in a symmetrical solid oxide cell configuration. By introducing dry 

methane to the anode compartment, the electricity demands are impressively decreased, even 

allowing syngas and electricity cogeneration. To provide further insight on Rh nanoparticles role 

on methane-to-syngas conversion, we adjusted their size and population by altering the reduction 

temperature of the perovskite. Our results exemplify how the exsolution concept can be employed 

to efficiently exploit noble metals for activating low-reactivity greenhouse gases in challenging 

energy related applications. 
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INTRODUCTION 

The solid oxide co-electrolysis of steam and carbon dioxide,  

 

CO2+H2O CO+H2+O2   ΔHR,298 K = 524.8 kJ·mol-1   (1) 

 

powered by renewable electricity is a clean and efficient technology to produce syngas (CO+H2) 

feedstock for the production of higher alkanes and oxygenates via the Fischer-Tropsch (F-T) 

process1-5. Thereby, intermittent renewable electricity could be stored in chemical bonds and 

concurrently, the huge capital investments required to modify the existing liquid hydrocarbon 

infrastructure could be circumvented1-5.   

In conventional solid oxide electrolysis cells (SOECs), Ni–based cermets are commonly employed 

as the fuel electrodes (cathodes)4-15. Their microstructure, however, is sensitive to redox conditions 

that dominate co-electrolysis, causing significant losses in electrical conductivity and 

electrocatalytic activity during long-term operation6. To maintain stable performance, reducing 

agents, such as hydrogen or carbon monoxide, are co-fed with steam and/or carbon dioxide to 

prevent Ni oxidation4-15. At the same time, the oxygen formed at the cathode is recovered through 

the solid electrolyte and is routinely evolved into an air stream at the anode. The above described 

combination leads to a large oxygen partial pressure gradient across the electrolyte, which 

increases the chemical potential barrier and thus, the Nernst potential for oxygen anion transport16-

18. 

By supplying a fuel instead of air over the anode the electrical energy demands can be reduced, 

eliminated or even reversed19,20. The concept of the simultaneous cathodic co-electrolysis and the 

anodic fuel oxidation has been principally examined in the case of methane (Fig.1a) due to its low 

cost and abundancy, as well as the possible formation of value-added chemicals from an important 

greenhouse gas16-18, 21-30: 
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Figure 1. The methane-assisted CO2-H2O co-electrolysis concept. a. Schematic with the 

possible reactions on each electrode. b. Minimum electrical power requirements and reversible 

potential for syngas generation, resulting from the various overall reactions ((1), (4) and (6)) in the 

cell. 

 

Cathodic half-cell reaction: CO2 + H2O + 4e-  CO + H2 + 2O2-    (2) 

 

Partial oxidation of methane (POM) at the anode 

Anodic half-cell reaction: 2CH4 + 2O2-  2CO + 4H2 + 4e-            (3) 

Overall cell reaction: 2CH4 + CO2 + H2O  3CO + 5H2 ,  ΔHR,298 K = 226.4 kJ·molCH4
-1  (4) 

 

Complete oxidation of methane (COM) at the anode 

Anodic half-cell reaction: CH4 + 4O2-  CO2 + 2H2O + 8e-       (5) 

Overall cell reaction: CH4 + CO2  2CO + 2H2,  ΔHR,298 K = 247.4 kJ·molCH4
-1  (6) 

 

The Gibbs energy (electrical power demands) and consequently, the reversible potential 

(Eo=ΔGR/nF) of the aforementioned reaction schemes is considerably lower than CO2-H2O co-

electrolysis in a conventional electrolyzer (Fig. 1b). Interestingly, in the temperature range of 

practical interest for SOECs (i.e. 700-900 oC), ΔGR becomes negative and therefore, the cathodic 

co-electrolysis (and syngas production) is accompanied by a noteworthy electricity generation. 

  

  

  

 
 

b
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The methane assisted co-electrolysis process constitutes a rather complex system, involving three 

(or more) processes of multiple reacting species and reactions. At the cathode side, the reactions 

are identical to the conventional CO2-H2O co-electrolysis. Here, the composition of the cathode 

effluents is dictated not only by the individual CO2 or H2O electrolysis reactions, but also by the 

equilibrium of the reverse water-gas-shift (rWGS)6-11, 

CO2 (g) + H2 (g)  CO (g)+ H2O (g) , ΔΗo = 41.2 kJ·mol-1    (7) 

 

To this day, the majority of the works in literature with Ni/YSZ cermet electrodes, agree that 

carbon monoxide at the cathode is principally formed by rWGS (hydrogen is co-fed to protect Ni 

from oxidation) rather than the direct electroreduction of CO2
1,4,8-11.  

At the anode side, POM is preferable than the COM due to the formation of extra syngas at an 

ideal H2/CO ratio for F-T synthesis (i.e. 2.0), and the greater capability for electrical power 

generation at high temperatures (Fig.1b). To acquire this desirable operation, however, the anode 

should exhibit high catalytic activity towards POM and chemical stability in the presence of 

hydrocarbons. The latter constraint rules out Ni-based cermets due to their limited coking 

tolerance, particularly in the absence of steam. As a result, the POM-assisted co-electrolysis 

process concept has been mainly investigated over Sr2Fe1.5Mo0.5O6-δ (SFM) perovskites24-26. To 

boost the limited electrocatalytic performance of these perovskites Ni or Ru infiltration has been 

examined26,29. Although, metal infiltration enhances the catalytic activity and electronic 

conductivity of the perovskite, the long-term performance is questionable because of the intense 

metal agglomeration at elevated temperatures. An interesting approach was proposed for the POM-

assisted CO2 electrolysis by employing a La0.75Sr0.25Cr0.5Mn0.5O3−d (LSCM) perovskite decorated 

with exsolved Cu-Ni bimetallic nano-phases30. This electrode was assembled in a symmetrical 

configuration, exhibiting high electrocatalytic activity due to the anchored Cu-Ni nanoparticles30.   

Lanthanum titanates are a class of perovskites with excellent chemical, thermal and mechanical 

stability and thus, have been successfully applied as electrode composites in solid oxide 

electrochemical processes31-37. Additionally, by controlling the deficiency of the A-site, metal 

nanoparticles from the B-site exsolve on the surface from the perovskite scaffold under reducing 

conditions32-39. The nanoparticles are uniformly decorated over the perovskite and strongly interact 

with the perovskite backbone due to their socketing nature. This characteristic structure renders 
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them more active and stable against coarsening and coking at high temperatures compared to the 

supported counterparts prepared by infiltration30,34-39.  

Herein, we design a new perovskite for the CH4-assisted CO2-H2O co-electrolysis process 

(henceforth referred to as MACE), assembled in a symmetrical cell configuration. The electrode 

material is a low substitution level rhodium-titanate perovskite, La0.43Ca0.37Rh0.06Ti0.94O3 (LCT-

Rh), capable of exsolving high populations (5,100-11,000 particles·µm2) of Rh nanoparticles (2.1-

3.2 nm). The titanate perovskites display excellent robustness among perovskites31,34,35,38, whereas 

Rh is one of the most active catalysts for methane40-49 and carbon dioxide activation48-54. We 

exemplify how the introduction of CH4 at the anode decreases or even reverses the electrical power 

demands of the conventional co-electrolysis by simultaneously producing syngas with an up to 

100% selectivity. Our results demonstrate that the exsolution concept can be employed to 

efficiently exploit noble metals in order to activate low reactivity greenhouse gases, such as CH4 

and CO2, in challenging energy-related processes.  

 

RESULTS AND DISCUSSION 

Electrode nanostructuring by exsolution 

The phase purity and crystal structure of the La0.43Ca0.37Rh0.06Ti0.94O3 powder prepared in air at 

1100 oC was investigated by room temperature XRD and Rietveld refinement over a wide 2θ range 

(20-90o). A single perovskite phase of Ibmm type structure (see Fig. 2a) was observed with a slight 

phase tilting described by a0b-b- in the Glazer tilt notation. Fig.2a also illustrates the visualization 

of the cubic perovskite structure obtained from the Rietveld refinement and CrystalMaker X. The 

elemental quantification from the XPS spectra (Fig.2c) revealed an atomic ratio between 

La/Ca/Rh/Ti was 1.00/0.61/0.03/1.73. This is consistent with previous studies whereby during 

high temperature sintering perovskites exhibit an A-cation (e.g. La) rich surface 

composition33,36,39. Another notable feature displayed in Figs. 2b and 2e is rhodium existence as 

an oxide in the as-prepared sample, which combined with the single perovskite phase shown in 

XRD supports the successful incorporation of Rh in the host perovskite lattice. 
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Figure 2. Crystallographic, surface and microstructure analysis of LCT-Rh perovskite. a. 

Room temperature X-ray diffraction (XRD) patterns and the corresponding Rietveld Refinement 

analysis of the perovskite (Ibmm, as-prepared: a=5.4763 Å, b = 5.4661 Å, c = 7.7211 Å, reduced: 

a=5.4797 Å, b = 5.4811 Å, c = 7.7428 Å). b. XPS survey. Surface analysis for c. Ti and d. Rh. e. 

Quantification chart pies of LCT-Rh sample prior and following reduction at 900 oC f.-i. 

Representative SEM images of the reduced LCT-Rh, where Rh nanoparticles (3.2 nm average size, 

~5,100 particles·μm-2) can be seen as bright white spots.  

The LCT-Rh was then exposed to 5%H2/N2 at 900 oC for 10 h to achieve reduction of the 

perovskite lattice and subsequent exsolution of Rh nanoparticles from the perovskite lattice. Upon 

exposure of the perovskite oxide to a reducing atmosphere, such as hydrogen, oxygen is stripped 
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from the lattice, introducing oxygen vacancies apart from the existing A-site vacancies due to 

deficiency. This process, in combination with the decrease in oxidation state of the reducible ions 

(e.g. 4e- + Rh+4 Rh0 ), favor metal nucleation at the surface34,36. The SEM images of the sample 

at various magnifications (Figs. 2f-2i) depict that the surface was decorated with uniformly 

distributed Rh nanoparticles (bright spots), anchored on surface of the perovskite matrix. Their 

population was impressive, surpassing 5000 particles per square micron with a diameter size 

distribution of 2.5-5.0 nm. To verify that these particles are actually Rh metal, we performed XRD 

and XPS analysis. The room temperature XRD diffractogram (Fig.2a) revealed the appearance of 

the Rh (111) characteristic reflection at 41.1o after the reduction procedure. Moreover, and in 

contrast to the as-prepared sample, the binding energies of Rh 3d after hydrogen exposure shifted 

to ~307 eV which typically corresponds to Rh0, verifying the existence of metallic rhodium on the 

surface of the perovskite. Additionally, some Rh3+ was also observed (~308 eV) which most likely 

corresponds to a surface oxide layer formed due to the exposure of metal Rh particles to 

atmospheric oxygen following the reduction procedure.  Furthermore, the atomic concentration of 

B-site cations as calculated by the XPS was considerably increased (Rh: 0.3 to 0.8 and Ti: 17 to 

18.9%) as compared to the fresh samples. 

Effect of anode feed on the cell performance 

To investigate the electro-catalytic performance of these unique nanostructures for the challenging 

MACE concept, we fabricated a symmetrical LCT-Rh/gadolinia-doped ceria (GDC)-based cells 

with scandia-ceria stabilized zirconia (ScCeSZ) as the solid electrolyte (Fig.3a). The cell was 

mounted in the testing apparatus and the temperature was increased to 900 oC for the reduction 

procedure. A 5%H2/N2 gas mixture was introduced to both anode and cathode compartments for 

10 h to succeed in the decoration of the perovskite with Rh nanoparticles. Fig.3b-3e illustrate the 

microstructure of the reduced cell. The thickness of LCT-Rh/GDC composite electrode was around 

11 μm. The much denser GDC interlayer between the composite electrodes and solid electrolyte 

was ~6 μm, and exhibited excellent adhesion with the solid electrolyte (Fig.3b).  
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Figure 3. Cell structure and effect of anode gas feed on the cell performance. a. Schematic of 

LCT-Rh/GDC symmetrical cell and b. the corresponding cross-section SEM image following 

reduction. c.-e. LCT-Rh/GDC electrode morphology. f. Nyquist plots and g. I-V polarization 

curves for unassisted (20%O2/N2), methane-(40%CH4/N2) and hydrogen-(40%H2/N2) assisted co-

electrolysis of CO2-H2O. In all cases the concentration over the cathode was 25%CO2-25%H2O-

50%N2 and the operation temperature 850 oC. 

The temperature was subsequently set at 850 oC to conduct the electrocatalytic tests. At the cathode 

side, i.e. the CO2-H2O co-electrolysis chamber, the feed gas concentrations were kept at 25%H2O-

25% CO2-50%N2 (1/1 CO2/H2O) with a total volumetric flowrate of 100 sccm. Figure 3f and 3g 

show the effect of anode gas to the cell impedance and I-V characteristics. Initially, a 20%O2/N2 

feed (synthetic air) at 100 sccm flowrate was introduced to the anode in order to simulate the 

typical H2O-CO2 co-electrolysis process. As seen in Figure 3g, the current density rapidly rises 

only after 0.8 V of applied voltage, as expected for the solid oxide co-electrolysis (Fig.1b). 
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However, by switching the anode feed to a fuel, such as dry H2 or CH4 (both 40% in N2), a 

remarkable shift of the onset potential to the fuel cell region was observed, and therefore, the 

syngas formation from CO2-H2O at the cathode is accompanied by the generation of electrical 

power.  

The Nyquist plots in Figure 3f obtained under short-circuit conditions (0 V) project a remarkable 

decrease in the cell’s polarization resistance (Rp) when air (5.89 Ω·cm-2) is substituted by 

hydrogen (0.21 Ω·cm-2) or methane (0.62 Ω·cm-2). The first intercept with x-axis (Z’ real) of the 

EIS spectra has been normalized to zero to directly depict the Rp of the cell. Another important 

feature shown in Figure 3f is that the predominant source of the cell’s resistance is the very low 

frequency processes (<1 Hz), which can be related to either fuel oxidation at the anode or CO2-

H2O co-electrolysis at the cathode. Since the cathodic process was the same in all cases, the only 

factor varied was the gas feed at the anode, and hence it can be safely assumed that the preeminent 

part of the resistance is due to the fuel oxidation. The electrochemical performance is connected 

to the kinetics of oxygen reaction over the anodic electrode. This is also evident by the difference 

between the resistances of H2 and CH4 feed. Hydrogen molecule exhibits high mobility and 

reactivity, reacting fast with oxygen species, and thus eliminating concentration of the latter over 

the anode. On the contrary, methane is a refractory molecule with slower kinetics for oxidation, 

leading to higher polarization resistances due to increased oxygen partial pressures at the anode. 

Nevertheless, even though the hydrogen sacrifice can significantly reduce the electrical power 

demands, methane is a more strategic choice due to its capability to form useful products. Methane 

oxidation at the anode can attribute both extra syngas and diminished electricity demands to the 

process, increasing the overall efficiency. Fig. 3 reveals the potential of the Rh nanoparticles-

decorated electrode to perform adequately even under dry methane feed, constituting it ideal for 

this process.  

To evaluate the contribution of Rh nanoparticles to the overall electrocatalytic performance of the 

perovskite, an identical symmetrical cell with an undoped La0.4Ca0.4TiO3 (LCT) perovskite was 

fabricated and tested. The impedance spectra under open- and short-circuit conditions, as well as 

the I-V curves for MACE concept are displayed in Fig. S4. The cell based on the undoped LCT 

exhibited up to ten times higher Rp than the Rh-doped sample. The lower resistance obtained with 

LCT-Rh as to LCT is in good agreement with the results in current density (Fig. S4c), further 
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confirming that, primarily, methane oxidation and secondarily, carbon dioxide-steam co-

electrolysis are remarkably accelerated by the exsolution of Rh nanoparticles.  

Comparison to reference systems  

The performance of LCT-Rh for MACE was also benchmarked against an SFM double perovskite, 

which constitutes one of the most promising ceramic electrodes reported in literature to date for 

similar high temperature electrolysis processes24-26. SFM was also mixed with GDC at 60/40wt.% 

ratio and assembled in a ScCeSZ-based symmetrical configuration for the experimental tests. The 

characterizations of the SFM/GDC cell, including the crystallographic analysis and microstructure 

of the composite electrode, as well as its electrocatalytic performance for CO2-H2O co-electrolysis 

are presented in Figs. S5-S7.  

Gas concentrations of 40%CH4/N2 and 25%H2O-25% CO2-50%N2 over the anode and cathode, 

respectively, were selected for MACE studies. At 850 oC, the OCV observed with SFM/GDC was 

~0.19 V, representing a 0.15 V lower capability for cogeneration compared to LCT-Rh cell (OCV 

= 0.34 V). The maximum current density delivered by SFM/GDC was 0.4 A·cm-2, whereas with 

LCT-Rh/GDC exceeded 1.57 A·cm-2 at 1.0 V (Fig.4b). The superiority of LCT-Rh nano-structured 

electrode is even more pronounced at voltages < 0.6 V, where the current density attained with the 

Rh-based electrode was enhanced by up to 8 times over SFM/GDC. According to thermodynamics, 

by adding methane the voltage requirements of CO2-H2O co-electrolysis should decline by at least 

1.0 V (Fig.1b). However, with SFM the onset potential was close to 0.6 V, reduced only by ~0.35 

V from the minimum voltage for conventional co-electrolysis. A similar decrease in onset 

potentials as with SFM has been reported in CH4/CO2 systems, even by using electro-catalysts 

with exsolution of bimetallic CuNi particles30. Yet, here, an impressive drop of the onset potential 

to the co-generative region was observed in the presence of Rh exsolved particles, manifesting 

their essential role in the improvement of electrocatalytic performance. 

In the vast majority of the works reported in literature on MACE, methane is mixed with steam 

before introduced to the anode chamber. Steam addition, however, facilitates O2- diffusion in the 

perovskite lattice, and produces syngas via steam-methane reforming under open-circuit 

conditions. Upon current or voltage imposition and O2- pumping to the anode, the oxidation of CO 

and H2 is much faster than that of the refractory methane molecule, resulting in enhanced current 

densities (similarly as H2 feed in Fig. 3). Nevertheless, by following this route a major part of the  
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Figure 4. Comparison between LCT-Rh and SFM electro-catalysts for methane-assisted co-

electrolysis of CO2-H2O concept. a. Schematic of the cells used and b. the corresponding 

electrochemical performance of LCT-Rh/GDC and SFM/GDC symmetrical cells. c., d. Anode and 

e, f. cathode products formation rates at several applied voltages. Overall g. reactants consumption 

and h. syngas generation in the examined cells. Feed: Anode feed: 40%CH4-60%N2 ,cathode feed: 

25%CO2-25%H2O-50%N2. Operation temperature was 850 oC. 

useful products is consumed, hence decreasing the overall energy efficiency of the process. To this 

end, we selected to expose our anodes to the severe dry methane atmospheres in order to accurately 
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determine their activity for the challenging methane oxidation. The effluents of both compartments 

were continuously monitored by means of gas-chromatography and mass-spectrometry. Figs. 4c.-

h contain the formation rates of anode and cathode products measured with LCT-Rh/GDC and 

SFM/GDC electro-catalysts. The values presented in the figure were recorded after steady-state 

conditions were established (20-30 min) during the potentiostatic transient experiments. The 

applied potentials ranged from -0.15 (co-generation) to 1.0 V (electrolysis) to cover all possible 

type of operations with the cells. At the anode side, the conversion of methane over LCT-Rh/GDC 

varied between 3.7-13.4%, while over SFM/GDC from 0.1-2.1 %. 

Interestingly, LCT-Rh was primarily selective towards POM (CO selectivity: 65-100%) as 

opposed to SFM (CO selectivity: 13-16%), which allowed up to 30 times higher syngas yields of 

an 1.8-2.0 H2/CO ratio. In all our measurements of the anode effluents, only traces of C2 

hydrocarbons (ethane and ethylene) were measured in the order of 100-300 ppm, confirming POM 

(eq. 3) and COM (eq.5) as the main and side reaction, respectively. The COM’s contribution over 

LCT-Rh becomes significant as current density rises, and particularly above 0.5 V (>0.8 A·cm-2) 

of applied voltage (Fig. 4c). This finding, and in conjunction with the slight decrease in syngas 

rate at the same conditions, indicate that at high O2- fluxes a considerable part of the formed syngas 

is subsequently oxidized to CO2 and H2O.  

Although numerous studies have been carried out to elucidate the steps leading to the catalytic 

syngas formation via POM reaction, the exact mechanism is still uncertain40,41. To this day, two 

mechanisms have been proposed for methane conversion to syngas; the direct and the so-called 

combustion-reforming. The former involves the direct oxidation of adsorbed methane to syngas 

whereas the latter yields CO and H2 from reforming reactions either with CO2 (dry) or H2O 

(steam), produced in a first stage by methane complete oxidation40,41. In both mechanisms, and 

generally for all alkanes’ activation in heterogeneous catalysis, the rate-determining step is the 

dissociative adsorption of the fuel on an active site, i.e. the initial cleavage of the C-H bond40. In 

the present system, this step is thermodynamically favoured on Rh nanoparticles, since noble metal 

surfaces, and particularly that of Rh, exhibit the lowest energy barriers for this elementary step40,41. 

Additionally, our electrocatalytic activity results indicate that over LCT-Rh, a direct mechanism 

is possible since only at high current densities do CO2 and H2O concentrations increase at the 
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expense of CO and H2. However, comprehensive studies with advanced in-situ physicochemical 

characterizations are required to decipher this complex catalytic system.    

The CO and H2 produced in the cathodic compartment (CO2-H2O co-electrolysis) of the cell 

reactor, along with the CO2 conversion at each applied voltage with LCT-Rh/GDC and SFM/GDC 

electrodes are illustrated in Figs. 4e and 4f. As expected from the enhanced current densities 

obtained with the Rh-exsolved perovskite (Fig. 4b), syngas rate and CO2 conversion at the cathode 

were much higher than that of SFM/GDC. In all cases, the faradaic efficiencies measured with 

both electrodes approached 100%, within a relative error of 5% in mass balances. Therefore, the 

current densities in Fig. 4b directly correspond to an electrochemical oxygen flux and syngas 

generation according to eq.1. With both cathodes, hydrogen constituted the primary product, 

denoting the dominance of the H2O electrolysis process. Nonetheless, as the current rises the CO 

formation was improved, and H2/CO ratio rapidly declined for both electrodes examined. 

Specifically, the H2/CO ratios measured at the cathode varied from 1.84-2.75 and 2.12-3.49 for 

SFM and LCT-Rh, respectively.  

The CO2 and H2O co-electrolysis over the cathode is also a rather complicated process because 

CO can be a product of both electro-catalytic CO2 reduction at the active electrochemical zone 

(three-phase boundary) and the catalytic rWGS reaction (eq. 7) on the electrode’s surface. The 

contribution of each path to CO formation is still not clear, since it is quite sensitive to the operating 

conditions (temperature, gas composition, materials etc.)1,4,8-11. Moreover, most of the mechanistic 

studies have been carried out with Ni/YSZ cells in presence of a protective H2 atmosphere (to 

avoid oxidation of Ni), further complicating the system by introducing H2 in the gas-phase. In the 

context of the present study, we performed background experiments for the separate dry CO2 and 

H2O electrolysis over LCT-Rh/GDC and SFM/GDC. For CO2 electrolysis the current densities 

were inferior to H2O, albeit, faradaic efficiencies of 80-95% were acquired with both electro-

catalysts. These results suggest that both rWGS and CO2 electrolysis are feasible, even if the latter 

is kinetically less favoured as to H2O electrolysis.  

The dependence of the overall reactant consumption and product formation in the cell reactor on 

the applied voltage is portrayed in Figs. 4g and 4h. It should be noted that H2O consumption rate 

was calculated from H2 and O2 mass-balances. With LCT-Rh cell the total production of syngas 

was impressive and reached up to 20.6 sccm·cm-2 with a H2/CO ratio varying from 1.9–2.2, which 
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is ideal for industrial applications such as F-T. The consumed gases were CH4 (1.5-5.4 sccm·cm-

2) and H2O (1.2-4.7 sccm·cm-2), whereas the overall CO2 consumption declined at the highest 

voltages due to its concurrent formation as a by-product at the anode side. Interestingly, Fig. 4h 

depicts that up to 10.3 sccm·cm-2 of syngas can be produced without imposing any electrical 

power, whereas at -0.15 V, the formation of 5.6 sccm·cm-2 is accompanied by the generation of 

~30 mW·cm-2. To comprehend the exceptional activity of Rh nanoparticles for MACE process, 

the total syngas rate with SFM/GDC was 0.06 sccm·cm-2 and the maximum power output did not 

exceed 2 mW·cm-2. 

Controlling LCT-Rh nanostructure and its effect on the electro-catalytic performance 

To explore the key role of Rh nanoparticles to the functionality of the LCT-Rh electrodes, we 

adjusted the size and population of the exsolved particles at the surface by changing the reduction 

temperature of the perovskite. We pretreated LCT-Rh with 5%H2/N2 at four different temperatures 

between 600 and 900 oC, while maintaining the 10 h exposure time as in the previous experiments. 

Fig. 5a and 5b display the surface morphology and the properties of the Rh nanoparticles following 

the four reduction procedures. The sample treated at 600 oC, resulted in smaller particles (2.1 nm 

average diameter) but with remarkably higher populations (11,000 particles·μm-2) compared to 

900 oC (3.2 nm average diameter, 5,100 particles·μm-2). Additionally, the Rh particles and 

perovskite backbone interface length significantly increases to 68 from 45 μm·μm-2 by decreasing 

the temperature of exposure to 600 oC (Fig.5b). 

Based on the above observations, three LCT-Rh/GDC symmetrical cells were fabricated and 

reduced at 600, 800 and 900 oC (referred to as RED600, RED800 and RED900). Except from the 

RED900 sample, used in our studies so far, we selected two new samples for testing; RED800 

with similar and RED600 with considerably altered nanostructure properties. Fig. 5c shows the 

current density for a transient experiment with consequent potentiostatic steps between -0.15 (co-

generation) and 0.5 V (electrolysis) of 30 min each. With all imposed potentials, the current density 

was rather stable with indications of minor activation during the first few minutes of each step. 

The RED900 exhibited the best electrochemical performance closely followed by RED800, 

whereas RED600 had similar current densities only at the lower applied potentials. Obviously, the 

higher oxygen removal rate from the perovskite during reduction at elevated temperatures creates 
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more oxygen vacancies in the lattice, and decreases the oxidation state of the B-site cations, thus 

enhancing the electronic and ionic conductivity of the perovskite electrodes32,35.  

Nonetheless, the analysis of the gas effluents exiting the anode compartment revealed that the 

converted methane and CO selectivity (produced via POM) were improved with RED600 (Figs. 

5d and 5e). In Fig.5d, we have also plotted as dotted lines the theoretical methane conversion if 

POM and COM reactions were individually taking place at the anode. Ideally, an electrode which 

is solely selective to POM, requires four times less O2- anions, and consequently four times lower 

current for each CH4 molecule. Since RED600 almost exclusively produces syngas (98-100% CO 

selectivity), the methane conversion (up to 18.2%) and CO yield (up to 16.8%) were higher than 

RED800 and RED900, even by achieving lower current densities.  

 

Fig. 5. Effect of pretreatment temperature on Rh nanoparticles and cell performance for 

MACE. a. Surface morphology and b. characteristics of Rh nanoparticles resulted from 600-900 
oC exposure to hydrogen. c. Effect of time on stream on current density during potentiostatic steps 

of -0.15, 0.00, 0.25 and 0.50 V, and the corresponding d. CH4 conversion and e. CO selectivity 

acquired at steady state with the RED600, RED800 and RED900 samples. In Fig. 5d the dotted 
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lines represent methane conversion if POM (red) or COM (blue) were individually taking place at 

the anode.   

Perovskite oxides have been successfully employed as Rh support for the POM reaction in 

conventional thermal catalytic systems40,41,44. In these studies, the size and dispersion degree of 

Rh nanoparticles, as well as the reducibility of the support were essential for the mechanism of 

POM. Here, the highest syngas yields were obtained with RED600 sample (Fig.S8a). This is due 

to the higher interface length between Rh and perovskite support that provides enhanced contact 

area for the reaction of oxygen anions from the perovskite lattice and dissociated methane (or CHx 

radicals) from the Rh surface. However, by normalizing the methane consumption rate to the 

interface length (Fig.S8b), RED800 and RED900 samples display almost identical activities which 

are slightly higher than RED600 at low currents, hence revealing an interaction between the 

embedded Rh particles and the perovskite support. It has been proposed that the catalytic activity 

of Rh is well connected to its oxidation state, and specifically the closer to metallic state, the higher 

the number of active sites for methane dissociation40-47. Particles with size close or below 2 nm, 

as in the RED600 sample, are prone to remain in the oxidized (Rh3+ and Rh4+), less active state 

due to the fast exchange of oxygen species with the support, whereas as the particles size increases 

up to 4 nm, Rh can maintain the desirable reduced state55. Further, the extensive exposure of the 

samples to hydrogen containing atmosphere at elevated temperatures, such as 800 and 900 oC, 

renders the perovskite support less reducible compared to the pretreatment at 600 oC, which in turn 

renders oxygen migration towards Rh surface less likely. 

Nonetheless, the selectivity to syngas exhibits the opposite trend and declines with increasing the 

particle size. Similar correlation between size and selectivity has been previously observed in POM 

kinetic and mechanistic studies on Rh catalysts43. It has been suggested that even if the reaction 

mechanism does not depend on particle size, the involved processes are kinetically controlled and 

dominate the performance of Rh43. As seen in Fig. 5e, at low current densities and therefore, 

oxygen supply to the anode, all samples were exclusively selective to POM. The increase in 

electrochemical oxygen flux by rising current density, however, caused a brisk decline in CO 

selectivity. This similar trend observed in POM selectivity with O2- flux indicates an analogous 

path to methane oxidation with all samples examined. Most probably, as the oxygen concentration 

at the anode increases, the subsequent oxidation of the produced syngas to CO2 and H2O on the 
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larger Rh particles of RED800 and RED900 is facilitated, thus leading to the decline in selectivity 

to POM. 

Durability test 

To assess the durability of the perovskite symmetrical cell, we performed a 96-h transient 

experiment of methane-assisted CO2-H2O co-electrolysis with consecutive potentiostatic steps. 

For the experiments, we selected the RED900 sample, which exhibited the highest current densities 

among the cells examined in the previous section. The experimental conditions were identical as 

in Fig. 4, i.e. dry 40%CH4/N2 and 25%CO2/25%H2O/50%N2 at the anode and cathode 

respectively, at 850 oC operation temperature. Fig. 6a displays the overall formation rates of 

hydrogen and carbon monoxide exiting the cell reactor, as well as the developed current density 

under several closed-circuit conditions. Initially, the cell operated with excellent stability for 24-h 

in syngas-electricity co-generation mode, achieving syngas production of 5.65 sccm·cm-2 with a 

2.1 H2/CO ratio and electrical power of ~30 mW·cm-2. By switching to short-circuit for the 24-h 

(no electrical power generation or consumption), the current doubles, leading to an analogous H2 

and CO formation increase (H2: 3.5 to 7, CO: 1.75 to 3.5).  Likewise, by raising the cell voltage to 

0.1 V a current density of 0.56 A·cm-2 was attained, concurrently releasing 13 sccm·cm-2 of syngas. 

By returning to short-circuit conditions, the developed current density and selectivity to syngas 

were practically unaltered and even slightly enhanced, suggesting negligible degradation of the 

system during the examined time period. These results imply that our cell can operate in several 

modes depending our needs, simply by switching the applied voltage (or current).  

Fig. S9 contain SEM images of the used anode and cathode where minor differences can be 

observed in the size and population of Rh nanoparticles, corroborating to the exsolved Rh particles 

robustness due to their socketing nature30,34,36. This assumption was recently verified by 

performing in-situ transmission electron microscopy studies, where the nanoparticles of similar 

titanate perovskites were observed to grow epitaxially and isotropically, maintaining the initial 

point of nucleation56. Moreover, during the exsolution process, the parent perovskite lattice rise 

around the particle, thus confining and straining the particle, which in turn enhances thermal 

resistivity and stability of the particles56. EDX analysis verified carbon presence at the anode, most 

likely formed by methane cracking due to the low CH4/O2 molar ratio. In the present durability 

study, the currents varied from 0.18-0.56 A·cm-2, corresponding to 0.7-2.1 sccm·cm-2 or a PCH4/PO2 
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= 21. At these conditions carbon formation from methane pyrolysis is inevitable, albeit LCT-Rh 

retained its exquisite performance. Nevertheless, long-term stability experiments are required to 

accurately evaluate the effect of carbon presence in POM activity and the overall cell performance. 

 
Figure 6. Durability study of the LCT-Rh/GDC symmetrical cell for the methane assisted 

CO2-H2O co-electrolysis concept. a. Formation rates of hydrogen and carbon monoxide, as well 

as the developed current densities during the 96-h potentiostatic transient experiment. Post-mortem 

SEM images of the anode and cathode are presented in Fig. S9. Reactor inlet: anode feed: 

40%CH4-60%N2, cathode feed: 25%CO2-25%H2O-50%N2. Operation temperature: 850 oC. 

 

CONCLUSIONS 

A La0.43Ca0.37Rh0.06Ti0.94O3 (LCT-Rh) ceramic electrode uniformly decorated with exsolved Rh 

nanoparticles (2.1-3.2 nm) after thermal reduction by hydrogen was employed in a symmetrical 

cell configuration for the methane-assisted co-electrolysis of CO2 and H2O concept. By switching 
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the anode feed from air to methane fuel (40% in N2), a remarkable shift of the onset potential to 

the fuel cell region (from 0.9 to -0.34 V) was observed due to Rh nanocatalysts, and hence, the 

syngas formation from CO2-H2O at the cathode was accompanied by electricity generation. 

Additionally, the sacrificed methane reacted over the anode towards syngas (up to 100% 

selectivity, ~2.0 H2/CO ratio), thus constituting the overall process even more attractive. As 

compared to a state-of-the-art SFM perovskite, LCT-Rh cell performance and syngas formation 

was up to 800% improved as to SFM. To further tune the activity of Rh nanoparticles to the 

functionality of the electrode for methane-to-syngas conversion, we modified the exsolved Rh 

nanoparticle properties (size and population) by varying the reduction temperature of the 

perovskite between 600 and 900 oC. The sample reduced at 600 oC exhibited the smallest particles 

(2.1 nm) but with impressive populations of 11,000 particles·μm-2. This resulted in higher methane 

conversions to CO and H2 (yields up to 16.8%) than 800 and 900 oC, even at inferior lower current 

densities. Furthermore, LCT-Rh adequate stability and coking resistance during the 96-h durability 

study, holding promise for efficient exploitation of noble metals to activate molecules of low 

reactivity, such as CH4 and CO2. in challenging energy applications.  

 

EXPERIMENTAL SECTION 

Materials synthesis and cell fabrication 

The LCT-Rh perovskite was prepared by a modified solid state synthesis described in detail 

previously31,38. The La2O3 (99.99%, Sigma Aldrich), CaCO3 (99.995%, Alfa Aesar), TiO2 

(99.99%, Sigma Aldrich) and Rh2O3(99.9% Rh basis, Sigma Aldrich) precursors were transferred 

to a beaker, and mixed with acetone and a Hypermer KD-1 non-aqueous dispersant 

(polyester/polyamide copolymer, ~0.05 wt.%). The mixture was homogenized, slowly dried and 

finally calcined at 1000 oC for 12 h to decompose the carbonates and initiate nucleation of the 

perovskite. The calcined powder was then ball-milled in acetone, pressed into dense pellets and 

fired at 1100 oC for 24 h to obtain a pure perovskite phase. To investigate the contribution of Rh 

nanoparticles to the cell performance the undoped, A-site deficient La0.4Ca0.4TiO3 (LCT) was also 

synthesized following the same procedure as described above for LCT-Rh. The LCT-Rh 

performance was also compared to a state-of-the-art Sr2Fe1.5Mo0.5O6-δ (SFM) double perovskite 

prepared by a citric acid assisted combustion method25. Sr(NO3)2, Fe(NO3)3·9H2O and 
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(NH4)6Mo7O24·4H2O (Sigma Aldrich) were used as precursors, while citric acid aided the 

combustion process. After combustion, the ashes were calcined at 1100 oC for 4 h to form the 

double perovskite. 

The symmetrical cells tested were based on a ScCeSZ solid oxide membrane (20 mm diameter, 

~150 μm thickness, Fuel Cell Materials). Prior to the deposition of each electrode an adhesion 

layer of GDC was printed (2 mg.cm-2) on one side to increase surface roughness of the commercial 

polished pellets and to bridge the thermal and chemical electrode-electrolyte mismatch13,38. To 

fabricate the electrode powders, LCT-Rh, LCT or SFM were ball-milled together with GDC 

powder at 60/40 weight ratio, and subsequently were mixed with a terpineol-based ink vehicle. 

The viscous suspension was screen-printed on the GDC layer (4 mg.cm-2) on both sides and the 

cell was fired at 1100 oC for 2 h. Au paste, mesh and wires were used for the electrical contacts. 

The apparent electrode area was approximately 0.6 cm2.   

Characterization 

The crystallography and phase purity of the electrodes was examined by room temperature XRD 

with a Bruker using nickel-filtered Cu Kα beam operating at 40 kV, 40 mA and a scan rate of 0.02° 

in the 2θ range of 20°-90°. The Rietveld refinement was carried out using GSAS II. The parameters 

unlocked and refined were the background (shifted Chebyshev polynomial, 3-6 terms), peak shape, 

unit cell parameters, atomic coordinates, site occupancies, thermal displacement parameters and 

microstrain. The crystal structure was constructed by using CrystalMaker X for Windows. The cell 

morphology was examined by scanning electron microscopy (SEM) by means of a SEM Quanta 

3DFEG600 (also equipped with an energy dispersive X-ray spectroscopy (EDX) analyzer) and a 

high resolution FEI Helios Nanolab 600. Chemical analysis of the samples surface was conducted 

by X-ray photoelectron spectroscopy (XPS) with a Thermo Fisher Scientific, K-alpha instrument. 

The elemental analysis was investigated in vacuum (10-8 mbar) with monochromatic Al-Ka 

radiation. Quantification was performed based on the area of peaks with sensitivity factors from 

the Scofield library. 

Electrochemical testing 

Electrochemical characterization was performed with an electrochemical workstation 

(CompactStat, Ivium Technologies B.V.) and the accompanying IviumSoft software. Current-

voltage sweeps were performed with a scan-rate of 0.02 V∙s-1. Potensiostatic electrochemical 
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impedance spectroscopy (EIS) under open-circuit voltage (OCV), short-circuit (0 V) and 

electrolysis conditions were carried out with an amplitude of 20 mV in the frequency range of 4 x 

105 Hz to 10-2 Hz.  

High purity CH4, H2, CO2, N2 (99.999%, Air Liquide) and synthetic air gases were used. The gas 

flows were regulated with mass flow controllers (Brooks). Water vapor was added by bubbling 

the cathode gas inlet (CO2-N2) stream through a temperature controlled saturator. All pipelines 

were heated above 120 oC to avoid water condensation. The analysis of the reactants and products 

(CH4, CO, CO2, H2, O2) was performed via on-line gas chromatography (SRA instruments) and 

infra-red spectrometry (Fuji Electric). The conversion of CH4 and selectivity to CO at the anode 

compartment were calculated as follows:  

XCH4= (rCH4,in- rCH4,out) rCH4,in⁄      (8) 

SCO =  rCO (rCH4,in- rCH4,out)⁄      (9) 

In equations 8 and 9, rCH4 represents the CH4 molar rate entering (in) or exiting (out) the reactor 

cell and rCO, the molar rate of CO at the exit of the anode compartment. 

 

SUPPORTING INFORMATION 

Deconvolution of Rh3d XPS spectra, SEM images of LCT-Rh prior, following reduction and after 

durability study, SEM and EDX of LCT-Rh and SFM-based cells, XRD of SFM, Electrochemical 

performance of the undoped LCT perovskite, LCT-Rh and SFM for co-electrolysis of CO2-H2O. 
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