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Abstract  

Reversible exsolution and dissolution of metal nanoparticles in complex oxides has been 

investigated as an efficient strategy to improve the performance and durability of the catalysts 

for thermal and electrochemical energy conversion. Here in situ exsolution of Co-Fe alloy 

nanoparticles from the layered perovskite PrBaFeCoO5+δ (PBFC) and their dissolution back into 

the oxide host have been monitored for the first time by in situ neutron powder diffraction and 

confirmed by X-ray diffraction and electron microscopy. Catalytic tests for dry reforming of 

methane showed stable operation over ~100 h at 800 °C with negligible carbon deposition (< 

0.3 mg/gcat·h). The CO2 and CH4 conversions are among the highest achieved by layered double 

perovskites. The cyclability of the PBFC catalyst and the potential to improve the catalytic 

activity by adjusting composition, size, and the nanoparticles distribution would pave the way 

for highly efficient energy conversion applications. 
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1. INTRODUCTION 

Metal nanoparticles dispersed on oxide surfaces have been largely investigated as catalysts in 

several energy conversion thermochemical and electrochemical processes including solid oxide 

cells and dry reforming of methane (DRM). Generally, the particles prepared by conventional 

wet impregnation or infiltration routes are usually subject to long-term stability issues due to 

sintering or coking resulting in irreversible catalyst deactivation.1-6 The exsolution approach 

has attracted much interest to produce supported metal nanocatalysts with higher thermal 

stability to address the sintering issue, and enhanced coking resistance in comparison with 

supported metal catalysts produced by conventional methods.7 The general principle of 

exsolution involves the substitution of active elements into an oxide lattice during the synthesis 

in air, which will exsolve (precipitate) on the surface in the form of catalytically active 

nanoparticles (NPs) under reducing conditions.8 In some cases, the exsolved particles may 

dissolve back into the oxide lattice under oxidative conditions and be self-regenerated by redox 

cycling which relieves coarsening and agglomeration issues and enhances catalyst lifetime.9-10 

This solution, referred to as “intelligent catalyst”,  has been applied to automotive emissions-

control to address the sintering issue.11  

Here, the layered double perovskite, PrBaFeCoO5+δ (PBFC), was selected because iron-based 

double perovskites have excellent resistance against coking and sulfur poisoning12 while cobalt 

promotes the exsolution of Co–Fe alloy nanoparticles for the catalytic activity. Indeed, the Fe-

only composition, PrBaFe2O5+δ, does not exsolve Fe metal under reducing conditions.13 The 

synergistic effects of Fe and Co would improve catalytic activity and stability by forming 

supported metal alloys. Another advantage of PBFC relates to the redox reversibility of metal 



NPs exsolution/dissolution by switching between reducing and oxidizing atmospheres, as 

reported for Pr0.8Sr1.2(Co,Fe)0.8Nb0.2O4+δ
14 and La0.3Sr0.73Cr0.3Fe0.6Co0.1O3-δ.

15  

In this work we monitored the exsolution of Co-Fe NPs from PBFC using in situ neutron 

diffraction under wet 5% H2/He (3% H2O) and their dissolution into the layered perovskite 

under flowing air. Besides examining the crystal structure throughout a redox cycle, we checked 

the catalytic activity of the PBFC material for DRM8, 16 illustrated by the following reaction: 

CH4 + CO2 ↔ 2 CO + 2 H2  ΔH° = 247 kJ mol-1    (Eq. 1) 

One of the most limiting factors in dry reforming is coke deposition on the catalyst through the 

Boudouard equilibrium (2 CO ↔ Cads + CO2, ΔH° = -172 kJ mol-1)17-19 and methane cracking 

(CH4 ↔ Cads + 2 H2, ΔH° = 75 kJ mol-1)20 resulting in rapid catalyst deactivation.8 Self-

regeneration of the catalyst by redox cycling can mitigate coking and particle agglomeration 

issues for long-term operation making the DRM process more industrially viable.21  

 

EXPERIMENTAL SECTION 

Materials Synthesis and Characterization  

Polycrystalline PBFC was prepared by the Pechini method. Stoichiometric amounts of 

Pr(NO3)2·6H2O (Aldrich, 99.9%), Ba(NO3)2 (Aldrich, 99%), Fe(NO3)2·9H2O (Aldrich, 98%), 

Co(NO3)2·6H2O (Aldrich, 98.5 %) were dissolved in distilled water with ethylene glycol (EG), 

citric acid (CA) in the molar ratio to the total metal ions (M)  CA:EG:M of 1:3:1.5. Ammonia 

was added to fix the pH at 8 to enhance cation binding to the citrate and avoid the precipitation 

of individual hydroxides.22 The solution was continuously stirred on the hot plate at 80 °C for 

2 h to evaporate water. The resulting viscous liquid was heated to 250 °C, causing self-ignition 

and formation of a resin, which was calcined at 550 °C. After annealing in air at 1100 °C for 6 

h, a layered double perovskite, referred as S-PBFC, was formed, as evidenced by XRD (Figure 

1a, black curve). The phase evolution was analyzed after annealing the S-PBFC powder at 850 



°C (8 h) under 5% H2/N2 (3% H2O) resulting in the reduced composition, R-PBFC. Redox 

reversibility was examined by annealing the R-PBFC powder at 800 °C in air overnight 

resulting in the oxidized sample, O-PBFC which was further reduced under hydrogen. The X-

ray diffraction (XRD) patterns were collected using a Bruker AXS D8 Advance diffractometer 

in Bragg-Brentano geometry equipped with a Ge a (111) Johansson focusing primary 

monochromator (Cu-Kα1) and a silicon strip Lynxeye detector. Data were analyzed by the 

Rietveld method with the FullProf program23 and its graphic interface WinPLOTR24. The 

oxygen content (5+δ) was determined via iodometric titration against standardized sodium 

thiosulfate.25 The morphology of the samples was observed with field emission scanning 

electron microscopy (JEOL JSM-7100F). All the samples were examined using 5−10 kV 

imaging to reduce charging. Microstructure and element distribution were probed by Scanning 

Transmission Electron Microscopy (STEM) using a JEOL 2100 LaB6 instrument operating at 

200 kV equipped with Energy Dispersive X-ray Spectroscopy (EDS) (OXFORD X-MAXN 

80T). The powder samples were crushed in dry ethanol and a droplet of the suspension was 

mounted on a carbon-coated copper grid.  

 

In situ neutron diffraction 

The neutron diffraction patterns have been collected in the temperature range of 20-900 °C on 

the high-flux two-axis D20 neutron diffractometer at the high-flux reactor of the Institut Laue-

Langevin (ILL, Grenoble, France).26 The set-up has been described previously.25 A take-off 

angle of 90 ° from the (115) plane of a germanium monochromator was chosen, giving a 

wavelength λ ~ 1.54 Å and an optimum resolution, Δd/d  ~ 3×10-3, while retaining a high flux 

on the sample (~ 1.6 × 107 n cm2 s-1). A sample of ~ 2.0 g was loaded at the center of a quartz 

tube (8 mm inner diameter). Two K-type thermocouples were placed in the quartz tube; one a 



few mm above the sample to monitor the temperature and another below the sample to adjust 

the temperature. The temperature profile used in the neutron experiment is displayed in Fig. 1.  

 

Figure 1. Temperature profiles used in the neutron experiment. 

Data were collected during heating and cooling. A single data set covers a temperature change 

of 10 °C. The background was modeled using linear interpolation between ~ 60 points and two 

asymmetry parameters were refined below 2θ = 55°. The unit cell parameters and zero-point 

shift were refined. The peak profile was modeled using a Thompson-Cox-Hastings pseudo-

Voigt profile function. The atomic coordinates, the oxygen occupancy, and the isotropic 

displacement parameters (Biso) of all the atoms were refined.  

 

Evaluation of catalytic activity for dry reforming of methane (DRM) 

The catalytic activity for the DRM reaction (Eq. 1) was evaluated in a fixed bed quartz reactor 

(i. d. = 6 mm). It can be inferred from the results of in situ neutron diffraction that the exsolution 

of Co-Fe NPs occurred at a temperature of 850 °C, or higher with a higher rate. Therefore, 

polycrystalline S-PBFC (200 mg) and quartz powder (800 mg 40-60 mesh) were loaded in the 

reactor and heated in pure H2 at 900 °C for 1 h to activate the catalyst and ensure the exsolution 

of the Co—Fe NPs from the oxide host in a short time. We also adopt those conditions for better 

comparison with the literature.27-29
 After purging the reactor with argon for 1 h to remove 

residual H2, the reactant gases (20 % CH4, 20 % CO2, balanced with argon) were introduced at 

a total flow rate of 100 mLmin-1. The gaseous hourly space velocity (GHSV) of 3.0×104 

mLgcat-1h-1 was maintained throughout the test. The reaction products were analyzed online by 



gas chromatography (GC9790, FULI), and the flow rate of the tail gas was measured by a soap 

film flowmeter. The DRM tests were performed on cooling from 900 to 800 °C with a 

temperature step of 50 °C. CO2 conversion and CO selectivity were calculated using the 

following equations: 30-31 

𝐶𝑜𝑛𝑣 CO2
=  

[CO2 ]in−[ CO2 ]𝑜𝑢𝑡

 [CO2]𝑖𝑛
 × 100 %, 

𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 CO =  
[ CO ]out

[ CO ]𝑜𝑢𝑡 + [ CO2 ]𝑜𝑢𝑡
× 100 %     

where [CO2]in, [CO2]out and [CO]out are the molar flow rates at the inlet and outlet of the reactor. 

The coking rate (amount of carbon deposited per gram of catalyst and per hour) was evaluated 

by temperature programmed oxidation (TPO) using thermogravimetric (TG) analysis (STA 449 

F3, NETZSCH, Germany). Around 30 mg of powder containing 80 wt.% of the quartz sand 

and 20 wt.% of the spent catalyst (unable to be removed from quartz sand) was placed in an 

alumina crucible and heated under N2 (10 sccm) to 800 °C at 10 °C min-1 to remove the adsorbed 

gas molecules. After cooling to room temperature, the sample was heated to 1000 °C in dry air 

(60 sccm) at 10 °C min 1. The mass loss detected in the high-temperature stage above 600 °C 

relates to the amount of carbon deposition. 

 

2. RESULTS AND DISCUSSION 

Structure characterization 

To achieve phase purity, the PBFC powder was annealed at 1100 °C in air for 6 h. The XRD 

pattern displayed in Fig. 2a shows two distinct doublets in the 2θ ~ 45°–50° and 65°–70° ranges, 

typical of the tetragonal layered double perovskites of space group, S.G. P4/mmm (JCPDS#00-

061-0290) in agreement with previous results reported for PrBaCoFeO5+δ.
32 

 



 

Figure 2a. Rietveld plot of X-ray diffraction data for S-PBFC at 20 °C. 

 

The redox stability and phase reversibility were evaluated by annealing the powder samples 

alternatively under wet 5% H2/Ar and ambient air for 8 h. Figs 2b and 2c displaying the XRD 

patterns of PBFC after the redox tests demonstrate the excellent stability as suggested by the 

retention of the tetragonal structure. After the reducing treatment under hydrogen, the XRD 

pattern (Fig. 2b) exhibits extra peaks at 2θ ~ 44, 51 and ~ 65.4° assigned to the exsolution of 

Co-Fe alloy (S.G. Im-3m, JCPDS #01-071-7173) nanoparticles, as reported for NdBaFe2-

xCoxO5+δ and Sr2Fe1.35Mo0.45Co0.2O6.
33 The intensity of the other peaks from Co-Fe alloy falls 

below the diffraction detection limit due to the very small amount and nano size of the exsolved 

particles. It is useful to mention that the only Fe composition, PrBaFe2O5+δ, did not exsolve 

metal NPs under similar reducing conditions.13 There are also small peaks in the XRD pattern, 

at 2θ ~ 26.7, 29.7 and 30.6° assigned to the Ba6Pr2Fe4O15 impurity phase (S.G. P63mc, 

JCPDS#00-061-0536), as reported for the reduction of PrBaFe1.8Co0.2O5-δ.
34 Because the 

reflections from Co-Fe and Ba6Pr2Fe4O15 are close to XRD detection limits, those phases could 

be only roughly estimated at ~ 6 wt. % and ~ 4 wt. %, respectively (Table 1).  



 

Figure 2b. Rietveld plot of X-ray data for R-PBFC. First, second and third row tick marks refer 

to R-PBFC, Co-Fe alloy, and Ba6Pr2Fe4O15, respectively.  

 

After annealing the R-PBFC sample in air at 800 °C, the XRD pattern of O-PBFC (Fig. 2c), 

shows the reflections of the only layered phase with lattice parameters close to those of the 

original composition (Table 1) due to small variations in oxygen-content. In contrast to the 

oxidation of Sr2Fe1.5Mo0.45Co0.2O6-δ,
33 we were not able to detect the presence of 

CoFeOx/CoFe2O4 in the XRD pattern of O-PBFC, which suggests faster dissolution of Co-Fe 

into the bulk and excellent redox cyclability of PBFC, as reported for 

Pr0.4Sr0.6Co0.2Fe0.7Nb0.1O3-δ.
35  

 

 



 

Figure 2c. Rietveld plot of X-ray data for O-PBFC. 

 

 

Table 1. Lattice parameters of PrBaFeCoO5+δ (S.G. P4/mmm) after various treatments. 

Phase a (Å) c (Å) V (Å3) Reliability factors (Rietveld) 

S-PBFC 3.91626 (2) 7.7575 (1) 118.977 (2) Rwp (%) = 9.36, Rp (%) = 6.85, χ2 = 2.1 

*R-PBFC 3.97320 (4) 7.66475 (8) 120.998 (2) Rwp (%) = 9.7, Rp (%) = 6.97, χ2 = 2.9 

O-PBFC 3.91757 (4) 7.71880 (9) 118.463 (6) Rwp (%) = 9.53, Rp (%) = 7.27, χ2 = 2.7 

*Phase fractions: R-PBFC (~ 91 wt. %), Co-Fe (~ 6 wt. %), and Ba6Pr2Fe4O15 (~ 4 wt. %).  

 

 

Microstructure analysis 

Fig. 3 shows the surface morphology after reduction, reoxidation and re-reduction. The SEM 

image after reduction shows spherical nanoparticles on the surface (Fig. 3a) with size 

distribution expanding from 25 to 100 nm (Fig. 3b). After reoxidation, the smooth surface of 

O-PBFC suggests that the exsolved NPs have dissolved into the perovskite lattice (Fig 3c). The 

small pyramidal particles remaining on the surface were identified as BaCO3 (Fig. S1). The 

formation of barium carbonate is due to the surface segregation of Ba2+ ions which react with 

CO2 to form BaCO3 as observed for GdBaCo2O5+δ and PrBaCo2O5+δ by low energy ion 



scattering.36-37 Fig. 3d shows that on reducing O-PBFC, smaller exsolved particles are formed 

in comparison to R-PBFC. This observation establishes the cyclic regeneration of the 

nanocatalyst with likely improved catalytic activity expected from decreased particle size.38   

     
a                                                                       b 

    
c      d 

Figure 3. SEM images of PBFC after various treatments: (a) reduction and(b) size distribution of 

the Co-Fe alloy particles, (c) re-oxidation, (d) re-reduction. 

 

Further information on R-PBFC is obtained from high-resolution TEM images. Fig. 4a shows 

a nanoparticle of ~ 50 nm diameter partially embedded in the support. From EDS analysis (Fig. 

4b), the composition consists of mainly Co (90 at. %) and some Fe (10 at. %) in consistency 

with element mapping (Figs. 4 c-h), as expected from the lower segregation energy of Fe.39,40  



 

Figure 4. TEM images of R-PBFC: (a) magnified HRTEM image, and (b) EDS of an exsolved 

nanoparticle, (c) TEM, (d) high-angle annular dark-field image, and (e-h) EDS element mapping 

of the metals. 

 

In situ neutron diffraction  

i) Cycle under wet 5% H2/He (3% H2O)  

The neutron pattern collected at T = 20 °C before heating is displayed in Fig. 5. All the peaks 

could be indexed in the tetragonal unit cell (S.G. P4/mmm) giving the lattice parameters, a ~ 

3.90595 (5) Å and c ~ 7.73215 (4) Å. Refinement of the oxygen sites leads to the stoichiometric 

composition, PrBaFeCoO5.92(8) whose structural parameters are listed in Table 2.  

 

 



 
Figure 5. Rietveld plot based on neutron diffraction data collected on S-PBFC at T ~ 20 °C. The 

excluded region (99-104°, 2θ) contains contributions from the sample environment. 

 

Table 2. Structural parameters of S-PrBaFeCoO5+δ at 20 °C (S.G. P4/mmm, a = 3.90595(5) Å,                 

c = 7.73215 (4) Å); Rwp = 2.54 %, Rp = 1.98 %, χ2 = 1.85. *Fixed. 

 

Atom x y z Biso Occupancy 

Pr 0.0 0.0 0.0 1.172 (2) 1* 

Ba 0.0 0.0 0.5 1.193 (2) 1* 

Fe 0.5 0.5 0.25 1.176 (2) 1* 

Co 0.5 0.5 0.25 1.176 (2) 1* 

O1 0.5 0.5 0.0 2.070 (2) 0.98 (3) 

O2 0.5 0.5 0.5 2.009 (2) 1.01 (1) 

O3 0.50 0.0 0.2 2(2) 1.190 (2) 0.99 (1) 

 

The sample was heated under wet 5% H2 /He at a rate of 10 ℃ min -1 while data were collected 

at 10-minute intervals (Fig. 6a). When the temperature exceeded 200 °C, the oxygen occupancy 

at the O1 site within the Pr-layer decreased progressively until the O1-site emptied at 500 °C 

(Fig. 6b) and the composition was refined to PrBaCoFeO5.00(2). Meanwhile oxygen is being lost, 

the a-lattice parameter increases steeply due to increasing ionic radii of the transition metal ions 

(FeCo)4+,3+ → (FeCo)3+,2+.41 Once the O1 lost is over at T ~ 500 °C, further heating/cooling 

induced linear variation of the lattice parameter due to the only thermal expansion dependence. 



 

 

 

Figure 6. (a) Neutron patterns collected on heating S-PBFC under wet 5% H2/He; the average 

temperature is indicated on each pattern, (b) Evolution of O1-site occupancy throughout a 

heating/cooling cycle, and a-lattice parameter in the insert with the numbers 1 and 2 referring to 

the start of heating and cooling, respectively.  

 

When the temperature approached 855 °C (Fig. 6a), a peak related to a Co-Fe alloy (S.G. Im-

3m) emerged at 2θ ~ 43.5° and grew on further heating. At the same time, few weak peaks 

related to Ba6Pr2Fe4O15 are observed in the 2θ range of 36 - 38° in consistency with the XRD 

of R-PBFC (Fig. 2b). Since exsolution occurs after the achievement of oxygen loss (850 °C 



versus 500 °C), the stabilization of metals on the surface seems to be induced by the creation 

of oxygen vacancies, as reported for the layered double perovskite manganates, 

PrBaMn1.7M0.3O5+δ (M = Ni, Co).39 The Rietveld profile at 900 °C (Fig. 7) was fitted with a 

main layered perovskite phase, PrBaCo0.955Fe0.995O5 (~ 90 wt. %) whose lattice parameters are 

listed in Table 3, and two minor phases Co-Fe (~ 6 wt.%) and Ba6Pr2Fe4O15 (~ 4 wt. %). 

 

Figure 7. Rietveld plot of the neutron data collected at T = 900 °C under wet 5% H2/He. First, 

second, and third row tick marks refer to R-PBFC, Co-Fe alloy, and Ba6Pr2Fe4O15, respectively. 

The excluded region contains contributions from the sample environment. 

 

Table 3. Structural parameters of R-PBFC at 900 °C (S.G. P4/mmm, a = 4.0041 (2) Å, c = 

7.80959 (5) Å); Rwp = 2.23 %, Rp = 1.65 %, χ2 = 2.72. * Fixed, +constrained to be the same. 

 

Atom x y z Biso Occupancy 

Pr 0.0 0.0 0.0 2.136 (2) 1* 

Ba 0.0 0.0 0.5 2.159 (2) 1* 

Fe 0.5 0.5 0.25 2.460 (1) 0.995 (1) 

Co 0.5 0.5 0.25 2.460 (1) 0.955 (1) 

O1 0.5 0.5 0.0 3.031 (2)+ 0.003 (3) 

O2 0.5 0.5 0.5 3.031 (2)+ 1.002 (3) 

O3 0.50 0.0 0.20 (2) 4.018 (2) 1.001 (2) 

Oxidizing cycle in air 



After cooling under hydrogen, the sample was heated in air at a rate of 10 °C min-1 up to 900 

°C. While the temperature increases, the contribution from Co-Fe and Ba6Pr2Fe4O15 phases 

decrease progressively as noticed by the decrease of their reflections (Fig. 8). At T ~ 800 °C, 

those minor phases were no more detected suggesting complete reversibility of Co-Fe 

exsolution/dissolution in PBFC, in consistency with XRD and electron microscopy 

observations. In contrast to the spherical Co-Fe nanoparticles exsolved from the 

Sr2Fe1.35Mo0.45Co0.2O6-δ that firstly oxidize to CoFe2O4 before dissolving into the bulk, we did 

not detect the presence of (Co,Fe)3O4 or transition metal oxides (FeO, Fe2O3, CoO, Co3O4) in 

our in situ neutron experiment. Therefore, if the alloy NPs oxidized before their dissolution in 

PBFC, such oxidation should be very fast. 

 

 
Figure 8. Neutron powder patterns collected throughout a heating/cooling cycle in air. The 

average temperature is indicated on each pattern. Time increases upward. 

 

Indeed, the neutron data collected at the end of the oxidizing cycle (Fig. 9) are fitted with a 

single layered double perovskite PrBaFeCoO5+δ whose cell parameters are close to those of the 

original composition (Table 4). Since the structure of the parent compound was maintained 

during the exsolution process, and the phase change was not too large, the dissolution of the 

nanoparticles in the bulk was anticipated, especially at temperatures close to the annealing 



temperature. Moreover, redox exsolution reversibility is easier for A-site stoichiometric 

compositions such as La0.3Sr0.7Cr0.3Fe0.6Co0.1O3-δ
15, 42 and Co-doped Sr2Fe1.5Mo0.5O6−δ,

33 

whereas A-site deficient compositions, as in La0.7Ce0.1Co0.3Ni0.1Ti0.6O3, make redissolution less 

favorable.43  

 

Figure 9. Rietveld plot of O-PBFC at the end of the oxidizing cycle at ~ 60 °C. The excluded region 

contains contributions from the sample environment. 

 

  



Table 4. Structural parameters of O-PBFC (S.G. P4/mmm, a = 3.97348 (2) Å, c = 7.86199 (6) Å) at 

the end of the oxidizing cycle; Rwp = 2.56 %, Rp = 1.82 %, χ2 = 3.57.  

 

 

Evaluation of the catalytic activity for DRM 

The DRM reaction is highly endothermic (Eq. 1, ΔH° = 247 kJ mol-1) which usually requires 

temperatures above 800 °C to proceed efficiently. In addition, simultaneous side reactions like 

the Reverse Water Gas shift (RWGS, Eq. 2) drop the H2/CO ratio below 1:   

CO2 + H2 → CO + H2O  (Eq. 2)  ΔH° = 41 kJ mol-1.  (2) 

The temperature-dependent tests were achieved by decreasing the temperature from 900 to 

800 °C. At 900 °C, CO2 conversion reached ~ 36.1 % and drops to ~ 19.6 % at 850 °C, and ~ 

6.9% at 800 °C (Fig. 10). At the same time, CO selectivity under steady-state conditions was ~ 

47.7 % at 900 °C and decreases to ~ 22.6 % at 850 °C, and ~ 8.6 % at 800 °C (Fig. 10). CO2 

conversion and CO selectivity values for R-PBFC are much better than those measured for the 

related PrBaMn1.7Co0.3O5+δ and PrBaMn2CoO5+δ catalysts, and close to values assessed for  Fe-

infiltrated PrBaMn1.7Co0.3O5+δ (Table 5).27 At all temperatures, CO2 conversion exceeds CH4 

conversion stating for the contribution of the simultaneous RWGS reaction. The H2/CO ratio 

increases with temperature; from 0.075 (800 °C) to 0.152 (850 °C), and 0.3275 (900 °C) as 

shown in Fig. 10. Such increase is anticipated because the DRM reaction is more endothermic 

than the RWGS reaction.44
 

Atom x y z Biso Occupancy 

Pr 0.0 0.0 0.5 0.9 (2) 1* 

Ba 0.0 0.0 0.0 1.4(2) 1* 

Fe 0.5 0.5 0.25 1.2(2) 1* 

Co 0.5 0.5 0.25 1.2 (2) 1* 

O1 0.5 0.5 0.0 2.5 (2) 1.01 (1) 

O2 0.5 0.0 0.28 (1) 2.5 (2) 1.01 (1) 

O3 0.5 0.5 0.5 2.9 (2) 0.98 (2) 



 

Figure 10. Catalytic performance of PBFC for DRM: CO2 & CH4 conversion, CO selectivity, and 

H2/CO at 800, 850, and 900 °C.  

 

Long-term tests at 800 °C (Fig. 11) showed that CO2 and CH4 conversions increase slowly first 

due to surface modifications during the dry reforming reaction then reach steady-state 

conditions after ~ 50 h gas exposure. At 900 °C, CO2 and CH4 conversions drop during the first 

40 h due to metal sintering as expected when the temperature increases,45-46 then reach a steady-

state conversion rate of ~ 28 % for CO2 and ~ 13% for CH4.  

 

   Figure 11. CO2 and CH4 conversions for long-term stability tests at 800 and 900 °C.   



 

In Fe-infiltrated PrBaMn1.7Co0.3O5,
27 long-term stability of the catalyst was explained by the 

oxidation of Fe to FeOx on the surface of Co-Fe alloy and reaction of FeOx with carbon, 

according to the Mars-van-Krevelen mechanism, as follows:47 

Fe + xCO2 → FeOx + xCO      

FeOx + xCCo → Fe + xCO + Co      

We believe that a similar mechanism contributes in PBFC to reduce coking and ensure the 

stability of the catalyst in the DRM tests. 

  



Table 5. Relevant Results on Double Perovskite catalysts for DRM.  

 

Temperature-Programmed oxidation (TPO) using thermogravimetry (TG) evaluates the 

thermal oxidation behavior of the spent catalyst. The TG-TPO plot (Fig. 12) shows a weight 

increase of ~ 3.27 % in the temperature range of 200 - 600 °C consistent with the oxidation of 

the R-PBC to O-PBFC and Co-Fe dissolution into the oxide host. The weight loss of ~ 2.4 % 

above 600 o C mainly results from the oxidation of carbon (coking) to CO2. The amount of 

carbon evaluated is below 0.3 mg/(gcat·h) and might originate from methane cracking20 (CH4 = 

C + 2 H) and/or CO disproportionation (2 CO = C + CO2) during the DRM reaction. 

Since neutrons provided a clear temperature point at T ~ 800 °C for the full reincorporation of 

Co-Fe in the oxide host (Fig. 8), bulk oxidation between 600 and 800 °C may overlap to small 

extent with carbon oxidation, but the two processes cannot be resolved by the TG method. 

Nevertheless, the theoretical mass needed to oxidize the Co-Fe alloy (evaluated at ~ 6 wt.% and 

Compound 

 CO2 conversion (%) at various temperatures 

800 °C 850 °C 900 °C 

GHSV 

(Lg-1h-1) 

Ref. 

PrBaMn2O5+δ 2.5,1.5, 1.5 5, 2.5, 2.5 10,12.5,7.5 30 28 

PrBaMn1.7Ni0.3O5+δ 15 25 42.5 30 29 

PrBaMn2O5+δ <1   

96 

30 

(PrBa)0.025Mn1.95O5+δ <1   30 

(PrBa)0.05Mn1.90O5+δ 20   30 

(PrBa)0.1Mn1.80O5+δ 32   30 

PrBaMn1.7Co0.1Ni.0.2O5+δ 7.5 20 40 30 28 

PrBaMn1.7Ni0.3O5+δ 

(Fe-infiltrated) 

15 28 45 30 29 

PrBaMn1.7Co0.3O5+δ 2.0 4.0 12.5 30 27 

PrBaMn1.7Co0.3O5+δ 

(Fe-infiltrated) 

5.0 15.0 30.0 30 27 

PrBaFeCoO5+δ 6.9 19.6 36.1 30 This work 



consisting of Co, 90 at. % and Fe, 10 at. %) is estimated at ~ 3.34%, i.e., within the experimental 

error of the mass increase below 600 °C. Therefore, although the oxidation of the sample might 

compete with carbon oxidation above 600 °C, the contribution of the former process is 

negligible in evaluating the coking rate. 

 

Figure 12. TG profile for the temperature-programmed oxidation (TPO) of the carbon deposits 

in the spent catalyst.   

 

Finally, although the XRD pattern of the used catalyst, consisting of 80 wt.% quartz sand and 

20 wt.%, gave a poor signal/noise ratio after the long-term stability tests, the main features of 

R-PBFC could be distinguished (Fig. S2) 

  



Conclusion  

The important point of this work is that we demonstrated that Co-Fe alloy nanoparticles that 

combine catalytic efficiency of Co with coking resistance of Fe, move out or into the layered 

double perovskite PBFC on switching between the reductive and oxidative atmospheres. Redox 

cycling can be used repetitively for self-regeneration of the nanocatalyst to alleviate sintering 

and coking issues of supported catalysts for challenging energy applications. The performance 

of the PBFC catalyst for the DRM reaction was stable at 800 °C for ~ 100 h duration test with 

negligible carbon deposition, and the CH4 and CO2 conversions, as well as H2/CO selectivity 

were among the highest obtained for layered perovskites. To make this catalyst competitive, 

the size, composition, and population of the exsolved NPs might be adjusted, by altering the 

reduction temperature, time, and gas atmosphere.  
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