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ABSTRACT  

Recent research has developed systems for the chemical looping (CL) gasification of biomass 

using iron (Fe)-based metal oxides as oxygen carriers (OCs). The present study constructed a CL 

fuel cell utilizing lignosulfonate, a type of technical lignin, as the fuel and compared the 

performance obtained with Ca2Fe2O5 and Fe2O3 as the OC materials. At 800 °C, the redox 

reactions of Ca2Fe2O5 and Fe2O3 were found to be continuous and stepwise, respectively, during 

both chemical and electrochemical processes. This difference affected the reoxidation to 

regenerate the metal oxides upon discharge rather than the reduction to metallic Fe by the 

lignosulfonate. The Ca2Fe2O5 was almost completely regenerated to its original structure 

whereas the Fe2O3 was only reoxidized to FeO and Fe3O4. The power densities of these fuel cells 
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were comparable, with values of 0.353 W cm–2 for the Ca2Fe2O5 cell and 0.364 W cm–2 for the 

Fe2O3 cell. This equivalent performance is attributed to the similar internal resistances of both 

cells resulting from the strong effect of metallic Fe. However, the difference in reoxidation 

between the two OCs significantly affected the energy density. The Ca2Fe2O5 cell showed an 

energy density of 0.755 Wh g–1 whereas a value of just 0.491 Wh g–1 was obtained from the 

Fe2O3 cell. Similar results were observed in trials with Miscanthus sinensis, a grassy biomass, as 

the fuel. The use of Ca2Fe2O5 as the OC evidently increases the power generation efficiency of 

biomass-based fuel cells.  
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Introduction 

The recycling of previously unused biomass such as technical lignin and grass clippings has 

attracted significant attention 1–4. Although biomass valorization has been widely studied, 

improvements in production efficiency are required prior to practical applications 5–7. 

Specifically, in the case that unused biomass is employed as a fuel for gasification power 

generation, conventional technologies have been unable to increase fuel utilization due to the 

effects of residual tar and char derived from lignin 8–10. Consequently, the associated energy 

conversion efficiencies remains in the range of 20–30% 11. Lignin has also been considered as a 

fuel for redox flow fuel cells, but the resulting power density and energy density values remain 

insufficient compared with those obtainable from conventional biomass power generation 12–14. 

Additionally, this type of fuel cell requires an external dissolution process for the lignin. 

 

Recent work has demonstrated chemical looping (CL) gasification based on employing unused 

biomass as a fuel 15–17. CL is a technology in which a metal oxide (MOx) serving as an oxygen 

carrier (OC) is converted to the corresponding metal (M) using a fuel, after which this metal is 

re-oxidized using water vapor (H2O) or carbon dioxide (CO2) to synthesize high-purity hydrogen 

(H2) or carbon monoxide (CO). This technology has also been applied to iron (Fe)-air batteries, 

in which the reduction process uses H2 produced in a solid oxide electrolysis cell (SOEC) while 

the oxidation process uses H2O produced in a solid oxide fuel cell (SOFC) 18–20. The authors 

recently reported an SOFC capable of directly using biomass. This device was operated using 

sodium lignosulfonate, a type of technical lignin, as a model biomass fuel, together with Fe2O3 as 

the OC 21. The lignosulfonate was pyrolyzed and gasified in this cell at an operating temperature 
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of 800 °C and the gaseous reducing products gradually reduced the Fe2O3 to Fe. The overall 

reduction process is summarized by Eq. (1).  

lignosulfonate + Fe2O3 → 2Fe + lignosulfonate residue + xH2 + yCO (1) 

The oxidation process in this cell proceeded through a combination of the following reactions. 

nFe + mO2– → FenOm + 2me–       (2) 

xH2 + 1/2xO2– → xH2O + xe–       (3) 

yCO + 1/2yO2– → yCO2 + ye–       (4) 

nFe + mH2O → FenOm + mH2       (5) 

nFe + mCO2 → FenOm + mCO      (6) 

It should be noted that the redox reactions in equations (1) to (6) continued as long as 

carbonaceous residue remained available during the discharge process. This fuel cell 

demonstrated a maximum power density of 0.364 W cm–2 and an energy density of 0.491 Wh g–

1. However, assuming a higher heating value (HHV) of 2.68 Wh g–1 for the lignosulfonate 22, the 

power generation efficiency calculated from the energy density was just 18.3%. This low value 

was attributed to the generation of Fe3C in addition to Fe during the reduction process and to the 

formation of only FeO (Fe2+) and Fe3O4 (Fe2+, Fe3+) during the regenerative oxidation process. 

The latter effect caused the decrease in the ability of Fe2O3 as the OC 15,23–25. 
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The present study focused on the use of Ca2Fe2O5 as an OC for power generation. This material 

has a brownmillerite structure and contains numerous oxygen ion vacancies within its crystal 

lattice. H2
 24, CO 26, hydrocarbons 27 and biomass 28,29 have all been considered as fuels for the 

CL reduction process. Ca2Fe2O5 was found to generate more H2 and CO than Fe2O3 during the 

CL oxidation process and, unlike Fe2O3, reverted to its original structure following reoxidation. 

These differences between the two compounds can be explained by the Gibbs free energy change 

for the reoxidation reaction for each OC. Specifically, the processes 2Fe + 2CaO + H2O or CO2 ⇌ Ca2Fe2O5 + H2 (–41.4 kJ mol–1) or CO (–40.8 kJ mol–1) at 800 °C can be contrasted with 

2Fe3O4 + H2O or CO2 ⇌ 3Fe2O3 + H2 (+101.1 kJ mol–1) or CO (+100.7 kJ mol–1) at 800 °C. The 

main objective of this study was to assess the use of lignosulfonate as the fuel in the fuel cell. 

Another goal was to elucidate several aspects of this system. Firstly, to determine if the OC 

could be reduced to metallic Fe without producing Fe3C in the reduction process. Secondly, to 

assess whether the anode reaction 2Fe + 2CaO + 3O2– → Ca2Fe2O5 + 6e– occurred during the 

oxidation process. Thirdly, to determine if the OC could be reoxidized to its original structure 

without undergoing carbonation to CaO, and lastly to evaluate any increases in power generation 

as a result of these factors. In addition to these items, the use of grassy biomass in place of 

lignosulfonate was investigated as a means of expanding the versatility of the technology. 

 

Results and Discussion 

Redox Properties of Ca2Fe2O5 and Fe2O3  

The redox properties of the Ca2Fe2O5 and Fe2O3 powders were evaluated using temperature-

programmed reduction (TPR) followed by temperature-programmed oxidation (TPO). Figure 1a 



 

 6 

shows the H2 consumption rates for the two samples when heated from 50 to 800 °C at a rate of 

6.6 °C min–1 in a 2% H2 (balance: helium (He)) flow. The TPR profile for the Fe2O3 exhibits a 

minor peak at approximately 250 °C and a major peak at approximately 460 °C, as well as a 

significant increase in hydrogen consumption between 550 and 800 °C. Gao et al. reported a 

similar TPR profile for Fe2O3, attributing the first peak to the Fe2O3 → Fe3O4 transformation, the 

second peak to the Fe3O4 → FeO transformation, and the final hydrogen consumption stage to 

the reduction of FeO to Fe 30. In contrast, the TPR profile for the Ca2Fe2O5 in Fig. 1a contains a 

single peak at approximately 650 °C, consistent with results reported by Sun et al. 29 and Cai et 

al. 31. Figure 1b shows the O2 consumption rates for the two reduced samples when heated from 

50 to 800 °C at 6.6 °C min–1 in a 2% O2 (balance He) flow. The TPO profile for the Fe2O3 

exhibits a feature that can be interpreted as either two steps or a broad peak between 

approximately 200 and 600 °C, while the TPO profile for the Ca2Fe2O5 shows a single peak, 

similar to the TPR profile.  

 

Several different models have been proposed for the reduction of metal oxides to metals, 

depending on particle size. Larger particles undergo reduction via a topochemical reaction mode, 

whereas smaller particles undergo uniform internal reduction according to a nucleation and 

growth model 32. Although the reduction mechanism for Ca2Fe2O5 has not yet been established, 

the appearance of a single peak in each of the TPO and TPR plots suggests a topochemical 

model in conjunction with structure-preserving reduction for this material. 
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In a previous study by the authors 21, Fe2O3 powder was used as a working electrode in a three-

electrode cell (Fig. S1b) and was electrochemically oxidized and reduced at 800 °C by cyclic 

voltammetry. Three reduction peaks were observed during the reduction sweep (Fig. 1c) that 

were assigned to the following processes 33.  

3Fe2O3 + 2e– ⇄ 2Fe3O4 + O2–  −0.45 V (vs. O2/O
2−)    (7)  

Fe3O4 + 2e– ⇄ 3FeO + O2–   −0.96 V (vs. O2/O
2−)   (8)  

FeO + 2e– ⇄ Fe + O2–   −1.07 V (vs. O2/O
2−)    (9) 

When the electrode was swept in the oxidation direction, a broad oxidation peak appeared at 

−0.76 V together with a less intense oxidation peak at −0.23 V. These results are consistent with 

those obtained for TPR and TPO in the present work and indicate that the series of redox 

reactions transforming Fe2O3 into Fe can be promoted by chemical and electrochemical systems. 

In contrast, when Ca2Fe2O5 was used as the working electrode, no redox peaks were observed 

under the same conditions. Hence, at 800 °C, it appears that Ca2Fe2O5 is electrochemically 

reduced and re-oxidized in a manner similar to Fe2O3 although, in contrast, these redox reactions 

occur sequentially. 

 

To obtain a better understanding of the redox properties of the Ca2Fe2O5 and Fe2O3 samples, 

each powder was placed in the anode chamber of a gas flow cell (Fig. S1c) and heated to 800 °C. 

Argon (Ar), H2 and Ar flows were then sequentially and continuously supplied to the anode 

chamber. Figure 2a plots the open-circuit voltage (OCV) data recorded during these trials. It is 

apparent that the OCV increased upon switching to H2 but this increase occurred in a stepwise 
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manner in the trial using the Fe2O3 and in a single step with the Ca2Fe2O5. This difference is 

consistent with the trends observed in the TPR and CV data. The subsequent switch back to Ar 

reduced both OCV values to approximately 0.9 V due to the effect of O2 present as an impurity 

in the Ar flow. 

 

After 500 sec, a constant current of 0.1 A cm–1 was applied to each cell while maintaining the Ar 

flow. As shown in Fig. 2b, both cells were successfully discharged, reaching short-circuit times 

of 1136 sec for Ca2Fe2O5 and 963 sec for Fe2O3. Interestingly, the X-ray diffraction (XRD) 

patterns acquired from the discharged samples showed peaks attributable to Ca2Fe2O5 and 

additional peaks associated with CaFe2O4 for the former (Fig. 2c) and peaks attributable to Fe2O3 

along with additional peaks related to FeO and Fe3O4 for the latter (Fig. 2d). These results 

indicate that the reduced Fe species in both samples was re-oxidized to essentially the original 

oxides via the anode reaction. Ishihara et al. reported that, at 800 °C and a cell voltage of 0.9 V, 

either FeO or Fe3O4 is generated 18. Assuming that the reduced Fe species before discharge was 

Fe3O4 in the present case, the anode reaction would have been as follows. 

Fe3O4 + 3CaO + 0.5O2– → 1.5Ca2Fe2O5 + e–     (10) 

Based on the discharge charge in Fig. 2b, it was calculated that the quantity of reoxidized Fe3O4 

was 1.69 mmol as the metal equivalent. Assuming that the Fe species was FeO, 0.57 mmol 

would have been generated. The number of moles of Ca2Fe2O5 added to the cell was 1.26 mmol 

as the metal equivalent, which was close to the average of the values above. Thus, it appears that 

almost all the Fe species assumed to have been produced were reoxidized by discharging the cell. 



 

 9 

 

Combustion and Pyrolysis Characteristics of Lignosulfonate and its Reaction with Metal 

Oxides 

The composition of the lignosulfonate used in this study was 41.6% C, 33.1% O, 16.1% Na and 

5.8% S 34. This carbon content is close to the 40% reported by Mei et al. 22. The combustion and 

pyrolysis characteristics of the lignosulfonate were assessed using thermogravimetry and 

differential thermal analysis (TG–DTA). In these trials, a sample was heated to approximately 

500 °C to induce combustion in an air flow, and also pyrolyzed more gradually by heating from 

approximately 400 to 800 °C in an Ar flow (Fig. S2). The residual mass following pyrolysis up 

to 800 °C was found to be greater than that after combustion. The pyrolysis residue was also 

assessed using Raman spectroscopy. While no clear peaks were obtained from the material prior 

to pyrolysis, following pyrolysis peaks were observed at 1320 and 1600 cm–1. These were 

attributed to the presence of amorphous carbon (referred to here as the D band) and graphite (the 

G band), respectively (Fig. S3). These results demonstrate that graphite and amorphous carbon 

remained in the sample after pyrolysis at 800 °C. 

 

In subsequent experiments, a quantity of Ca2Fe2O5 or Fe2O3 (equivalent to 1.26 mmol of the 

metal) was mixed with 0.25 g of lignosulfonate and heated from room temperature to 800 °C at a 

rate of 6.6 °C min–1 in a He flow. Figure 3 shows the concentrations of gaseous effluent 

components produced from the mixtures, along with data for the lignosulfonate alone for 

comparison. In all cases, CO2 was produced beginning at approximately 200 °C, CH4 was 

obtained from approximately 300 °C, and CO and H2 were observed starting at approximately 
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600 °C. Ca2Fe2O5 exhibited a more pronounced effect on the reaction with lignosulfonate than 

Fe2O3. In particular, CO2 and CO were consistently produced in greater amounts using the 

former material. Furthermore, above 750 °C, the decrease in CO2 concentration and the increase 

in CO concentration were more significant. The lignosulfonate/Ca2Fe2O5 mixture was evidently 

more susceptible to combustion and subsequent gasification via the Boudouard reaction 35, 

shown in Eq. 11, compared with the lignosulfonate/Fe2O3 combination. 

C + CO2 → 2CO        (11) 

 

Comparative Performance of SOFCs Using Ca2Fe2O5 and Fe2O3 as OCs 

A mixture of 0.25 g of lignosulfonate and Ca2Fe2O5 or Fe2O3 (each 1.26 mmol as the metal 

equivalent) was transferred into the anode chamber of a batch cell (Fig. S1d) and heated to 

800 °C at a rate of 6.6 °C min–1. Figure 4a shows the current density–voltage (I–V) and current 

density–power density (I–P) curves obtained from the two SOFCs. The OCV values for both 

cells were approximately 1 V and the slopes of the I–V curves were similar. This similarity was 

also confirmed by acquiring the impedance spectra of both cells under OCV conditions (Fig. S4). 

Maximum power densities of 0.353 and 0.364 W cm–2 were obtained from the Ca2Fe2O5 and 

Fe2O3 cell, respectively. These values exceed those reported for lignin-fueled redox flow fuel 

cells (as an example, 0.269 W cm–2 13) as a consequence of the differences in the I–V slopes, 

meaning the internal resistance, of the present cells and those evaluated in prior work. It should 

be noted that an inflection point appears at approximately 0.6 V in the I–V curves for both cells 

in Fig. 4a, likely due to the oxidation of nickel (Ni), an anode component, during cell discharge 

36. 
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Figure 4b presents the voltages obtained from the Ca2Fe2O5 and Fe2O3 cells over time in 

conjunction with a current density of 0.1 A cm–2. In both cases, the initial voltage remained at 

approximately 0.9 V for up to 6000 s. This voltage plateau is attributed to the action of the 

lignosulfonate as a reducing agent, because this phenomenon was not observed in the absence of 

lignosulfonate (see Fig. 2b). The voltage provided by the Fe2O3 cell was found to rapidly 

decrease after this plateau, with a short circuit occurring at 8020 sec. In contrast, the Ca2Fe2O5 

cell exhibited a voltage plateau that was extended by approximately 2000 s. The energy density 

per gram of the lignosulfonate was calculated by integrating the voltage–time (V–time) curve and 

multiplying this value by the discharge current of 0.05 A. The resulting values were 0.458 Wh g–

1 for the Ca2Fe2O5 cell and 0.365 Wh g–1 for the Fe2O3 cell, as expected. Note that, hereafter, the 

term gravimetric energy density is used to refer to the energy density per gram of lignosulfonate. 

It is also noteworthy that the enhanced performance provided by the Ca2Fe2O5 was observed not 

only in trials with lignosulfonate but also when using Miscanthus sinensis, a type of grassy 

biomass, as the fuel (Fig. S5). This biomass consisted of 37.5% cellulose, 22.9% hemicellulose, 

14.9% lignin, 9.5% ash and other materials 37. It is thus reasonable to conclude that cellulose and 

hemicellulose could also be used as fuels for these OCs. 

 

The performance of Ca2Fe2O5 as the OC can also be understood by comparing this material with 

a mixture of CaO and Fe2O3 and with CaFe2O4. Specifically, the gravimetric energy density for 

these specimens decreased in the order of Ca2Fe2O5 > CaFe2O4 = CaO + Fe2O3 > Fe2O3 (Fig. 

S6). A similar performance hierarchy between Ca2Fe2O5 and CaFe2O4 has also been observed in 
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trials involving the CL gasification of biomass 29,38 and is attributed to the ability of CaFe2O4 to 

undergo more than two reduction steps 38. It has also been demonstrated that a CaO + Fe2O3 

mixture generates both Ca2Fe2O5 and CaFe2O4 during reoxidation 39. 

 

XRD analyses were performed to investigate the reduction of Ca2Fe2O5 and Fe2O3 by biomass 

and to also assess the reoxidation of these compounds upon discharge. Figures 5a and 5b show 

XRD patterns for these two samples, respectively, before and after discharge. These data 

demonstrate that both samples were reduced to metallic Fe at the OCV, although Fe3C was also 

generated in the case of the Fe2O3 cell. Following discharge, the OC in the Ca2Fe2O5 cell 

returned almost entirely to its original structure, whereas the OC in the Fe2O3 cell was only 

regenerated to FeO and Fe3O4. This latter result differs from that in Fig. 2d, in which 

regeneration to Fe2O3 is apparent. Interestingly, Strazzolini et al. 25 reported that Fe3C formed 

during reduction by biomass may prevent reoxidation to Fe2O3. The overall reoxidation process 

during discharge in the present work is assumed to proceed as follows. 

2Fe + 2CaO + 3O2– → Ca2Fe2O5 + 6e–     (11) 

Based on this equation, it was calculated that 1.68 mmol of Fe was reoxidized, which exceeds 

the original quantity of Ca2Fe2O5 (1.26 mmol). This outcome suggests that either the unused 

carbonaceous residue functioned as a new reducing agent during discharge or the CO generated 

from the residue via the Boudouard reaction participated in the anode reaction. In any case, it 

appears that the excess unused fuel contributed to the subsequent discharge. 
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From the results discussed above, it appears that an excess of biomass relative to the amount of 

the OC effectively promotes the discharge process. Hence, subsequent trials investigated the 

relationship between the gravimetric energy density and the mass of the lignosulfonate. In these 

experiments, the amounts of Ca2Fe2O5 and Fe2O3 were fixed at 1.26 mmol as the metal 

equivalents while the mass of the lignosulfonate was varied. Figure 6a shows the change in cell 

voltage over time when discharging at a constant current of 0.1 A cm–2 using Ca2Fe2O5 as the 

OC. A minimal voltage plateau was observed at a mass of 0.15 g and the cell voltage at each 

point in time was found to increase with increasing lignosulfonate mass. Similar results were 

observed in the cell using Fe2O3 as the OC (Fig. S7). These data indicate that the additional 

lignosulfonate was effectively utilized as either a reducing agent or a fuel. 

 

Gravimetric energy densities were calculated based on the data in Fig. 6a and Fig. S7 and are 

plotted against the mass of lignosulfonate in Fig. 6b. Although the gravimetric energy density 

should essentially be independent of the fuel mass, the calculated values tended to increase along 

with the fuel mass in both the Ca2Fe2O5 and Fe2O3 cells. However, the gravimetric energy 

density for the Ca2Fe2O5 cell remained constant at masses above 0.5 g whereas that for the Fe2O3 

cell decreased at 0.5 g. It is noteworthy that the incorporation of Ca2Fe2O5 produced a maximum 

gravimetric energy density of 0.755 Wh g–1. This value corresponds to 28.2% of the HHV of 

2.68 Wh g–1 22 for lignosulfonate and exceeds the value of 18.3% obtained from the Fe2O3 cell. 

Note that these percentages will vary depending on the HHV value that is selected. 

 



 

 14 

XRD patterns were obtained from the OCs following discharge to further assess the effect of fuel 

mass on the gravimetric energy density. Figures 6c and 6d present the patterns associated with 

the use of Ca2Fe2O5 and Fe2O3 as the OC, respectively. Regardless of the mass, peaks attributed 

to Ca2Fe2O5 can be seen in the patterns generated after discharge as shown in Figure 6(c), while 

peaks attributed to FeO and Fe3O4 are evident in Fig. 6d. A notable feature of these data is that 

the effect of fuel mass on the peak attributed to metallic Fe differed between the Ca2Fe2O5 and 

Fe2O3 cells. Specifically, the metallic Fe peak became more intense with lower mass in the 

former but with higher mass in the latter. 

 

Matsui et al. reported that the Ni in Ni-based anodes is readily oxidized at high fuel utilization 40. 

Based on this, a relationship between the lignosulfonate amount and the discharge characteristics 

of the Ca2Fe2O5 can be proposed. In this mechanism, a low fuel supply produces little residue 

during discharge such that Ni oxidation occurs before the anode reaction is complete and the 

discharge cannot be sustained. As a result, metallic Fe remains even after discharge, lowering the 

energy density. If the fuel supply is increased, the residue allows Fe reoxidation to be completed 

before the Ni is oxidized, resulting in a high energy density. In contrast, in the case of the Fe2O3 

cell, a greater fuel supply is thought to promote the formation of Fe3C or the growth of Fe 

particles 41, suppressing the reoxidation of metallic Fe. Unlike conventional CL gasification, the 

present fuel cell appears to comprise a complex circulating system of carbonaceous residues, 

metallic Fe and Ni, Ca2Fe2O5 or Fe2O3, oxide ions and electrons during the discharge oxidation 

process. Even so, in terms of both the CL gasification process and the fuel cell, Ca2Fe2O5 is a 

better OC than Fe2O3. 
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Conclusions 

This study investigated the performance of Ca2Fe2O5 and Fe2O3 as OC materials in 

lignosulfonate-fueled CL fuel cells. The chemical and electrochemical redox processes for these 

materials were consistent. Ca2Fe2O5, unlike Fe2O3, was found to undergo continuous redox 

reactions and almost complete regeneration to its original structure. This difference had a greater 

impact on the energy density than on the power density of the cell. A cell incorporating 

Ca2Fe2O5 as the OC exhibited a gravimetric energy density of 0.755 Wh g–1, which was higher 

than the value of 0.491 Wh g–1 obtained using Fe2O3 as the OC. Notably, a similar difference in 

energy density between the OC materials was seen when using a grassy biomass as the fuel. 

These results clearly demonstrate that the power generation efficiency of the present biomass-

based fuel cell was improved when utilizing Ca2Fe2O5 as the OC for the CL system. 

 

Experimental Section 

Materials 

Ca2Fe2O5 and Fe2O3 were employed as OCs in this study. The preparation of the former has been 

described in detail elsewhere 42. In brief, the required amounts of CaO (Wako Chemical) and 

Fe2O3 (Wako Chemical) were mixed, pressed into a pellet, and then calcined in air at 1000 °C for 

3 h. The resulting Ca2Fe2O5 was then ground with a mortar and pestle. The Fe2O3 was used as 

received without further treatment. Sodium lignosulfonate (Tokyo Chemical Industry) was used 
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as the lignin sample. The Miscanthus sinensis employed as the biomass was collected at sites 

around the Nagoya University campus. 

SOFC fabrication 

The cell used in this study consisted of a NiO–4 mol% yttria-stabilized zirconia (4YSZ) diffusion 

layer (thickness ∼500 μm), a NiO–8 mol% YSZ (8YSZ) reaction layer (thickness ∼30 μm), an 

8YSZ layer (thickness ∼5 μm), a Ce0.9Gd0.1O1.95 (GDC) layer (thickness ∼5 μm), a 

La0.6Sr0.4CoO3 (LSC) + GDC protective layer (thickness ∼70 μm) and an LSC layer (thickness ∼30 μm) (Figure S1). The cell was fabricated by tape casting using a previously reported 

procedure.21 The anode diffusion and reaction layers were prepared by combining NiO and 

4YSZ powders and NiO and 8YSZ powders, respectively, in a volume ratio of 1:1, after which 

spherical acrylic beads with a particle size of 1.5 µm were added at a concentration of 20 vol% 

as a pore agent for the diffusion layer. The slurries for the anode and electrolyte tapes were 

prepared by mixing the corresponding powdered components with suitable quantities of 1-

butanol and isopentyl acetate (as solvents), dibutyl phthalate (as a plasticizer) and propylene 

glycol ether derivative (as a dispersant) in a ball mill, after which polyvinyl butyral resin was 

added to prepare a uniform suspension. Each suspension was then cast onto polyethylene 

terephthalate (PET) foil using a doctor blade. The tapes peeled off from the foil were laminated 

in the order of diffusion layer, reaction layer, electrolyte membrane and protective membrane, 

pressed at 90 °C and 1 MPa for 10 s, degreased at 500 °C for 2 h, and finally sintered at 1325 °C 

for 5 h. The LSC cathode (area 0.5 cm2) was printed on the surface of the protective membrane 

and sintered at 950 °C for 5 h. The porosity of the anode diffusion layer was 24.0%. 

Characterization 
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TG–DTA data were obtained using a Shimadzu DTG-60 instrument while heating specimens 

from room temperature to 800 °C at a heating rate of 6.6 °C min−1 in an air or Ar flow. XRD 

patterns were collected over the 2θ range of 20–80° using a Rigaku MiniFlex II diffractometer 

equipped with a monochromator and a Cu Kα radiation source (1.5432 Å). The peak assignments 

were made using the International Centre for Diffraction Data database. Raman spectra were 

obtained with a Jasco NRS-1000 incorporating a 3.5 mW laser operating at 532 nm. TPR, TPO 

and catalytic reactions were conducted by packing the sample into an alumina boat that was 

subsequently transferred into a quartz tube. The boat was heated from room temperature to 

800 °C at a rate of 6.6 °C min–1 in a He flow. The effluent gas was sampled online at 50 or 

100 °C intervals and sent to a gas chromatograph (Varian CP-4900). H2, O2, CH4 and CO were 

separated using a molecular sieve column held at 100 °C while CO2 was separated using a 

Porapak Q column at 80 °C. Scanning electron microscopy (SEM) images were acquired using a 

Keyence VE-8800 at an accelerating voltage of 2 kV. 

Electrochemical measurements 

Three-electrode, gas flow and batch cells were utilized in this work. The three-electrode cell was 

prepared by applying a Ca2Fe2O5 or Fe2O3 aqueous slurry and a platinum (Pt) paste (Tanaka 

Kikinzoku TK7605) to the upper and lower surfaces, respectively, of a 1-mm-thick 8YSZ disk 

(Tosoh TZ-8Y) in a circular pattern with an area of 0.5 cm2. A Pt reference electrode was 

attached to the side of the disk to measure the anode potential during CV trials. All the cells were 

set up by placing the cell assembly between two alumina tube systems. A tube closed at one end 

was used for the anode chamber in the batch cell while the other two cells used double tubes. In 

each case, the double tubes comprised the cathode chamber. A Pt mesh was used as the current 

collector for both electrodes. A glass ring gasket with a softening temperature of 720 °C was 
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used as the sealing material for the anode chamber. The anode chambers of the flow cell and 

batch cell were filled with Ca2Fe2O5 or Fe2O3 powder and with a powdered mixture of each 

metal oxide and lignosulfonate, respectively. The mass of the fuel was in the range 0.15–0.75 g 

whereas the quantity of the metal oxide was fixed at 1.26 mmol as the metal 

equivalent. Schematic diagrams of the cell units constructed in this work are presented in Figure 

S1. The furnace temperature was controlled by a thermocouple and the unit was heated from 

room temperature to 800 °C at a rate of 6.6 °C min–1. Ar and H2 (Ar before H2 and Ar after H2) 

were supplied to the anodes of the three-electrode and the flow cells, respectively, at rates of 30 

mL min–1. All electrochemical measurements were performed using a potentiostat–galvanostat 

(Solartron 1287) and a frequency-response analyzer (Solartron 1260). CV profiles were recorded 

over the potential range from zero to +1.5 V at a scan rate of 50 mV sec–1. The impedance 

spectra were collected at the OCV over the frequency range of 0.1–106 Hz. The I–V curves were 

recorded at a scan rate of 5 mV sec−1 while V–time data were acquired at a current density of 0.1 

A cm–2.  

 

Data availability 

The datasets generated and/or analyzed during the current study are available within the paper. 

Other materials and data are available from the corresponding author, Takashi Hibino, upon 

reasonable request. 
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Figure 1. (a) H2-TPR profiles and (b) O2-TPO profiles for Ca2Fe2O5 and Fe2O3 powders and (c) 

CV curves for Ca2Fe2O5 and Fe2O3 electrodes. Gas mixtures containing 2% H2 and 2% O2 (He 

balance) were used for the TPR and TPO trials, respectively. The CV curves were recorded at 

800 °C.  
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Figure 2. (a) OCV and (b) V-time plots for flow cells incorporating Ca2Fe2O5 and Fe2O3 in the 

anode chamber and operating at 800 °C. XRD patterns obtained from (c) Ca2Fe2O5 and (d) Fe2O3 

residues after discharge. OCV data were acquired while switching from Ar to H2 and back to Ar. 

After reduction with H2, the V-time curves were recorded while supplying Ar. 

  



 

 31 

 

Figure 3. (a) CO2, (b) CH4, (c) CO and (d) H2 concentrations in the outlet gases from mixtures 

of lignosulfonate and Ca2Fe2O5 or Fe2O3 between room temperature and 800 °C. Data for 

lignosulfonate alone are also included for comparison. The mass of the lignosulfonate was fixed 

at 0.25 g with 0.126 mmol Fe in the two Fe-based compounds. 
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Figure 4. (a) I–V and I–P curves and (b) V–time curves acquired from Ca2Fe2O5 and Fe2O3 cells 

at 800 °C. The masses of the lignosulfonate and of the two Fe-based compounds were the same 

as those provided in the caption to Figure 3. 
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Figure 5. XRD patterns for (a) lignosulfonate/Ca2Fe2O5 and (b) lignosulfonate/Fe2O3 mixtures 

before and after discharge at 800 °C and for the original raw materials. The masses of the 

lignosulfonate and of the two Fe-based compounds were the same as those provided in the 

caption to Figure 3. 
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Figure 6. (a) V–time curves acquired using various masses of lignosulfonate at 

800 °C, (b) energy density values as functions of the lignosulfonate mass, and XRD patterns for 

(c) lignosulfonate/Ca2Fe2O5 and (d) lignosulfonate/Fe2O3 mixtures after discharge. Each of the 

two Fe-based compounds contained 0.126 mmol Fe. 
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