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Abstract: 

The direct one-step CO2 and H2O splitting using an oxygen-transport membrane (OTM) reactor was 

investigated as a potentially ideal way to generate renewable fuels from concentrated solar energy. The 

solar-driven thermolysis of CO2 (or H2O) was promoted by in-situ oxygen removal across 

nonstoichiometric ceria-based membranes. A new solar membrane reactor integrating a tubular 

densified membrane made of either pure ceria or perovskite-coated ceria was designed and operated 

under high-flux concentrated solar radiation. A continuous flow of inert gas on the permeate side was 

used to create the required oxygen partial pressure gradient (driving force) and ensure continuous 

oxygen permeation via oxygen ion diffusion across the densified ceria membrane. The continuous 

OTM solar operation at high temperature was demonstrated through testing under various operating 

conditions. The CO and O2 production rates were sharply enhanced by increasing the operating 

temperature (up to 1550°C). The increase of CO2 concentration or oxidant gas flow rate also enhanced 

the process performance. Unprecedented fuel production rates (>0.07 µmol s
−1

 cm
−2

 at 1550°C) were 

achieved with a pure CO2 stream on the feed side and flowing Ar on the sweep side of the reactive 

ceria membrane. An original composite membrane integrating two different perovskite coatings on 

each side of the ceria membrane, with a sandwich-like structure, was designed and tested under 

concentrated sunlight. Thin layers of La0.5Sr0.5Mn0.9Mg0.1O3 on the inner side and Ca0.5Sr0.5MnO3 on 

the outer side were added to enhance oxygen ion transfer. With such a membrane configuration, a 
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remarkable production of CO (>0.13 µmol s
−1

 cm
−2

) and oxygen (with CO:O2 ratio of 2) was obtained 

simultaneously, respectively on the inner and outer sides of the OTM. These results outperform the 

production rates achieved with the uncoated ceria membranes, and demonstrate the benefits of using 

composite membranes composed of a densified core material coated with (or sandwiched in between) 

redox active perovskite materials.  

 

Keywords: solar fuel, solar membrane reactor, perovskite-coated ceria, oxygen transport, 

thermochemical redox splitting 

 

1. Introduction 

 

Thermochemical H2O and CO2 splitting processes are a promising solution to free the worldwide 

energy production from fossil fuels and reach a carbon neutral economy by producing sustainable 

fuels. Indeed, two-step thermochemical cycles produce CO and H2 from abundant and low-cost 

feedstocks (H2O and CO2) and solar heat as sole inputs, while a reactive metal oxide is regenerated 

[1,2]. Thus, such processes can be considered as carbon neutral provided that the required energy input 

is renewable such as concentrated solar heat. They further offer high theoretical solar-to-fuel energy 

conversion efficiency without requiring any electrical power input, as opposed to the electrochemical 

pathway. The produced hydrogen can be directly used (e.g. in fuel cells) whereas syngas (a mixture of 

CO and H2) can be converted into valuable products such as liquid hydrocarbons via Fischer-Tropsch 

synthesis, or methanol. This pathway represents one of the emerging and most promising processes for 

solar thermochemical fuel production and for the recycling and valorization of anthropogenic 

greenhouse gas emissions [3–6]. CO2 is converted into a valuable product (CO) that can be further 

processed to liquid fuels when combined with H2. Furthermore, the oxygen produced during the 

reduction step can be stored and used for other applications (e.g. oxy-combustion).  

As main issues, two-step thermochemical cycles require large temperature swing and produce solar 

fuels sequentially in separate steps with temperature and/or pressure change. Temperature swing 

induces heat losses due to multiple cooling/heating stages, which negatively impact the solar-to-fuel 

conversion extent. Furthermore, it can also damage the reactor internal ceramic components and the 

reactive material due to thermal stress. Thus, a process able to split directly CO2 (or H2O) by 

performing both steps (reduction and oxidation) simultaneously appears as highly attractive since solar 

fuels could be produced continuously and isothermally. A membrane reactor with an oxygen-selective 

membrane is a relevant option for reaching this goal [7–10]. In such a process, a reactive mixed ionic-

electronic conducting (MIEC) membrane acts as an oxygen exchanger between both reaction zones 

and oxygen transfer medium to separate the produced O2 and CO (or H2) streams, as shown in Figure 

1. On the reduction side (sweep side), maintained at low oxygen partial pressure, the membrane 
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releases oxygen, thus creating oxygen vacancies, corresponding to reaction (1). According to Fick’s 

law, the oxygen ions captured from CO2 (or H2O) on the oxidation side tend to migrate through the 

membrane toward the reduction side to re-equilibrate the oxygen vacancies created at the membrane 

surface. On the oxidation side (feed side), oxygen vacancies are refilled during CO2 (or H2O) splitting 

reaction, thereby leading to CO (or H2) production, corresponding to reaction (2). These reactions 

occurring simultaneously produce solar fuels continuously. As O2 and CO (H2) are separated by the 

membrane, recombination cannot occur.  

2Ce4+ + O2− → 2Ce3+ + VO +
1

2
O2 (1) 

2Ce3+ + VO + CO2 → 2Ce4+ + CO + O2− (2) 

 

 

Figure 1: Schematic representation of the CO2 dissociation process with a mixed ionic-electronic conducting membrane: the 

reduction side is maintained at low oxygen partial pressure thanks to inert gas flow (sweep) to favor a continuous transfer of 

oxygen ions and electrons across the membrane 

In order to perform such a solar-driven combined-step process, the reactive membrane should satisfy 

the following conditions:  

 offer mixed ionic-electronic conduction and high selectivity for O2 transport; 

 be dense enough to separate the products via oxygen ion diffusion through the membrane 

thickness (without any molecular diffusion of gas species through interconnected pores or 

defects); 

 provide high oxygen ion diffusivity within the temperature range used for CO2 (or H2O) 

splitting; 
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 maintain its crystallographic structure over a large range of experimental conditions, 

especially at high temperature (above 1400°C).  

The available surface area of the reactive membrane is also a key parameter (to be maximized) for 

CO2 dissociation [7,11]. Dense ceramic membrane technologies were considered for several 

applications, including air separation [12,13], air separation combined with methane partial oxidation 

[14], methane reforming [15] or nitrogen monoxide and nitrous oxide dissociation [16]. A membrane 

reactor using a perovskite-disc membrane to perform air separation was developed [17]. The reactive 

membrane (La0.4Ba0.6Fe0.8Zn0.2O3) was coupled with a commercial methane reforming catalyst. A gas 

mixture He/CH4 was supplied to the reduction side of the membrane, resulting in methane partial 

oxidation to CO without any NOx production. On the membrane opposite side, synthetic air was 

continuously injected, providing a pure oxygen flux of 0.9 cm
3
/cm

2
/min at 950°C through a 0.5 mm 

thick membrane.  

Perovskite-based membranes were also studied to produce continuously H2 and syngas (H2/CO 

mixture) by water splitting coupled with partial oxidation of methane, and the highest H2 production 

rate was 3.4 µmol/cm
2
/s with BaCoxFeyZr1-x-yO3 membrane [18]. Other membranes such as 

SrCo0.4Fe0.5Zr0.1O3 [19], SrCo0.8Fe0.2O3 [20], La0.6Sr0.4Co0.2Fe0.8O3 [15] or La1-xSrxFe1-yMyO3 (M=Ni, 

Co, Cr, Cu, Mn) [21,22] were investigated as well for CO2 reforming to produce syngas. Jin et al. [19] 

developed a membrane reactor using a dense BaCoxFeyZr1-x-yO3 perovskite disk membrane coated with 

Nd/Al2O3 and Pd/SrCo0.4Fe0.5Zr0.1O3 catalysts. On the oxidation side, a CO2/He mixture was injected, 

resulting in CO production, while a CH4/Ar gas mixture was injected on the reduction side, resulting 

in syngas production. The experiment was run in the temperature range 850-950°C and the oxygen 

flux through the membrane reached 1.36 mL/cm
2
/min at 950°C. 

Fluorite-based membrane processes were investigated for the direct dissociation of CO2 and H2O. In 

1993, Itoh et al. [23] proposed for the first time this concept to thermally decompose CO2 using a 

reactive membrane. An yttria-stabilized zirconia membrane in the temperature range of 1311-1509°C 

led to CO2 conversion extent of 0.6%. Nigara et al. [24] highlighted the ability of ZrO2-CeO2-CaO 

membrane to dissociate H2O at high temperature. Hydrogen was also produced by direct water 

splitting at high temperature using a reactive ZrO2-TiO2-Y2O3 membrane. A sufficiently low value of 

oxygen partial pressure is required in order to ensure a mixed ionic-electronic conduction in such 

fluorite material, while a high gradient of oxygen partial pressure is required in order to ensure a 

sufficient driving force for charge transport through the membrane [25].  

More recently, Tou et al. [7,26,27] developed a ceria reactive membrane to produce CO from CO2 

dissociation. The reactor was composed of an inert alumina tube heated by artificial concentrated solar 

flux. The reactive membrane was placed inside the alumina tube and was indirectly heated. The 

membrane inner side was fed with CO2, leading to CO production, while Ar swept the membrane 
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outer side to remove the oxygen released by the membrane. A maximum CO production of 

0.024 µmol/cm
2
/s was achieved under 3.10

-6
 bar pO2 at 1600°C.  

 

This study aims to demonstrate the feasibility of isothermal and continuous CO2 (or H2O) splitting 

using ion-conducting redox active membranes. The single-step thermolysis process is based on the 

utilization of a mixed ionic-electronic conducting ceria membrane at the high temperatures provided 

by concentrated solar energy. The oxygen vacancies created on the reduction side at low oxygen 

partial pressure are filled by promoting CO2 or H2O splitting on the oxidation side. Ceria (CeO2) was 

selected as a relevant membrane material with rapid reaction kinetics, high oxygen diffusion rates and 

exchange properties, and excellent resistance to high temperatures. Tubular dead-end membranes were 

used for in-situ separation of the reaction products via oxygen transfer through the membrane, from 

the oxidation side to the reduction side. A parametric study of the solar membrane reactor was 

performed to investigate the relevant operating parameters impacting the thermochemical system 

performance. Furthermore, substantial efforts were also devoted to the development of a composite 

membrane configuration with appropriate dual perovskite coatings on each side to achieve noticeable 

performance improvements. The analysis of experimental performance with reactive uncoated and 

perovskite-coated ceria membranes was carried out to compare their fuel production capacity in the 

solar membrane reactor. This study demonstrated for the first time the application of such membranes 

for the single-step CO2 (or H2O) splitting using a solar-driven membrane reactor under real 

concentrated solar radiation. The obtained results represent an important step forward in the 

development of novel solar-driven membrane reactors for production of separate streams of O2 and 

CO (or H2) using oxygen-conducting redox materials. 

 

2. Experimental methods 

2.1. Membrane synthesis and shaping 

The pristine tubular ceria membranes were provided by ALSYS-CTI. These membranes were prepared 

from commercial ceria powders (Marion Technologies), by slip-casting of optimized slurries, drying 

and sintering (1600°C during 5 h). Three reactive densified membranes (1.8 mm thick) were used to 

produce solar fuels. These membranes include an uncoated ceria membrane (Figure 2.a) and two 

perovskite-coated ceria membranes (Figure 2.b and c), abbreviated as UC, PCC1 and PCC2, 

respectively. The outer side of the PCC membranes was coated with Ca0.5Sr0.5MnO3 (CSM) perovskite 

while the inner side was coated with La0.5Sr0.5Mn0.9Mg0.1O3 (LSMMg). The UC and PCC2 membranes 

were 150 mm long whereas the PCC1 membrane was only 135 mm long; the other dimensions are 

given in Figure 2.d. The perovskite coatings were deposited by slip-casting (inside) and dip-coating 

(outside), using suitable optimized slurries. For both LSMMg and CSM perovskite formulations, the 

powder (synthesis with P2 Pechini method [28]) was dispersed in water (45 wt %) using a 
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polymethacrylate dispersing agent (DARVAN C-N®) and polyvinyl alcohol (Rhodoviol, 2 wt%) as a 

binder/plasticizer. A SpeedMixer® (DAC 150.1 FVZ-K) was used to obtain fluid, uniform, stable and 

smooth slurries, suitable for casting. For the inside LSMMg coating, the membrane was filled with the 

slurry, up to the membrane flange during 90 s. Then, the membrane was turned over to let the excess 

slurry flowing freely. For applying the external coating, the ceria tube was immersed in the CSM 

slurry during 90 s and then removed at a rate of 0.5 cm/min. In between the two deposition steps, the 

membranes were dried for 30 min at 100°C and weighted. The mass uptake after the LSMMg coating 

was estimated at 0.5% while it was ~0.2% for the CSM coating due to the different procedure. The 

membranes went through a multi-step thermal treatment with a final sintering in air at 1500°C for 8 h 

(2°C/min ramp). After this final thermal treatment, the coatings exhibited surface defects that may be 

due to local variations of the porosity, roughness or other types of defects of the ceria membrane 

support (such as cracks or molding irregularities) and that alter the uniformity of the perovskite 

coatings thickness. The prepared membranes used in this study are shown in Figure 2. The coating on 

PCC2 membrane was thinner than PCC1 and some zones of the ceria support appeared uncovered by 

the perovskite layer (especially for PCC2). This presumably indicates that the effect of the perovskite 

coating will be enhanced in the case of PCC1. Although the thickness of the coatings is not perfectly 

uniform, the CSM layer typically corresponds to the size of one grain (10-25 µm thick) while the 

LSMMg layer (0.5-3 µm thick) is composed of several smaller grains. The membrane tubes are closed 

at one end (dead-end tubes or finger type) and fitted with a flange (collar shape) for tight fixation. The 

reactive surface area of membranes was considered as the area exposed to solar irradiation in the 

cavity (including the capped tube end), corresponding to 26 cm
2
 for both UC and PCC2 membranes 

and 22 cm
2
 for the shorter PCC1 membrane. 
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Figure 2: Reactive membranes used in the continuous thermochemical splitting process, a) pure uncoated ceria (UC) tube, b) 

and c) perovskite-coated ceria (PCC1 and PCC2) tubes, d) scheme of the dead-end membrane tube and dimensions 

2.2. Solar membrane reactor  

Isothermal experiments using ceria-based membranes to continuously produce solar fuels with in-situ 

extraction/pumping of the produced oxygen across the membrane, were performed in a vertical-axis 

medium-size solar facility of PROMES-CNRS laboratory (SUNFUEL reactor). The solar reactor was 

placed at the focus of a parabolic dish irradiated by a sun-tracking heliostat. The solar reactor was 

designed to produce continuously solar fuels thanks to a reactive membrane able to separate the two 

redox reaction steps and the gas products (Figure 3). The cavity was composed of an alumina cylinder 

(50 mm inner diameter and 80 mm height) with a lateral opening to let the membrane pass 

horizontally through it and it was closed by an alumina top-cover with 19 mm diameter aperture. The 

cavity configuration permits both to maximize the absorbed concentrated solar radiation and to 

minimize the solar re-radiation loss from the cavity to the surrounding environment. The effective 

active area of the membrane being heated by the absorbed solar energy corresponds to the zone 

inserted within the reactor cavity (~50 mm length). A hermetical transparent Pyrex window on top of 

the reactor allows the solar radiation to reach the cavity receiver/reaction chamber. A water-cooling 
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system was used to cool the stainless-steel reactor shell and flanges in order to avoid sealing damages 

due to high temperatures. The reactive membrane was installed in the reactor thanks to a support fixed 

on the reactor side, resulting in ~26 cm
2
 of the membrane surface being exposed to high-temperature 

solar heat inside the solar-cavity receiver. Seals on the membrane flange were used to prevent any gas 

transfer between the inner and outer sides of the membrane as well as any leak between the reactor and 

the outside. The reactive membrane was used as an oxygen transferring medium: its outside surface 

releases oxygen (reduction reaction) while its inner surface is re-oxidized with CO2 (or H2O). A 

CO2/Ar gas mixture (or steam) was injected inside the membrane tube via an alumina pipe (6x4 mm) 

fixed to the membrane support. The extremity of the pipe reached the heated zone (extremity of the 

membrane tube), so that the oxidative gas swept the whole membrane length. In case water was used 

as an oxidant, liquid water was injected in a stainless steel capillary inserted inside the alumina pipe, 

and then vaporized at the capillary exit (tip placed just before the cavity zone) and transported by Ar 

carrier gas flowing inside the alumina pipe.  

At the exit of the tubular membrane (inner side), the outlet gas was analyzed by an online gas analyzer 

(Emerson Xstream) equipped with IR (CO/CO2, 0-40% for CO, 0-100% for CO2) and thermal 

conductivity detector (H2, 0-50%). Regarding the reduction side of the membrane, an Ar flow 

(99.9999% purity, [O2]<2 ppm) was injected from the reactor bottom toward the Pyrex window via 

two stainless steel pipes in order to sweep the window area and then entered the cavity to flow in the 

downward direction. The O2 released by the membrane was thus continuously evacuated from the 

cavity by the Ar carrier gas. The Ar/O2 mixture was continuously analyzed by a trace O2 

electrochemical analyzer (Systech, range from 0.1 ppm to 1%, precision ±2% of reading). The gas 

flow rates were regulated with mass-flow controllers (MFC, Brooks Instruments model SLA5850S) 

while water was injected with a liquid mass flow controller (range 0−60 g/h, accuracy ±1% of full 

scale). In case of water injection, the outlet gas from the membrane reactor (inner side) flowed through 

a bubbler and a desiccant column to condense and remove excess steam in order to protect the gas 

analyzer. As the bubbler induced a pressure increase (~60 mbar) in the membrane tube, a second 

bubbler was placed at the cavity outlet (reduction side) to equilibrate the pressure. The reactor was 

heated by opening progressively the shutter system placed between the heliostat and the parabolic 

dish, to allow a slow and controlled heating of the membrane. When the target temperature was 

reached, the shutter was adjusted to maintain a constant temperature. The temperature was monitored 

thanks to B-type thermocouples (T1, T2, T3, and T4) along with a solar-blind pyrometer pointing on 

the membrane upper surface. T1 was placed below the membrane tube, in contact with its outer wall, 

T2 was in contact with the cavity outer wall, T3 was placed at the cavity bottom, and T4 was inserted 

into the membrane tube below the alumina pipe (Figure 3). The pressure in the reactor was measured 

by three pressure transmitters placed at both gas inlets and in the cavity. The pressures inside the 

membrane tube and within the cavity were maintained equal with a mechanical pressure regulator 

(metal diaphragm) to avoid undesired gas exchange between the inner side of the membrane and the 
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cavity in case the membrane was not completely densified (or not fully impermeable to molecular gas 

species in the course of the solar experiments, due to cracks formation).  

 

 

Figure 3: (a) Schematic representation of the SUNFUEL solar reactor with dead-end tubular oxygen-conducting redox 

membrane configuration, (b) tubular membrane before insertion within the cavity, (c) solar reactor operated at the focus of a 

parabolic dish solar furnace 

 

3. Results and discussion 

3.1. Solar membrane reactor performance and stability 

 

This experimental study addresses the solar thermochemical splitting of CO2 (or H2O) in the ceria 

membrane reactor for in-situ separation of CO (or H2) and O2 via lattice oxygen transfer and 

generation of synthetic solar fuels. In order to assess the performance of the isothermal solar 

membrane reactor, different operating conditions were studied. The impact of these conditions on both 

O2 and fuel production rates was investigated. Table 1 summarizes all the operating conditions along 

with the measured gas production rates for the three reactive membranes. In total, 782 µmol/cm
2
, 

602 µmol/cm
2
 and 1987 µmol/cm

2
 of CO were produced with UC, PCC1 and PCC2 membranes after 

a total operation time under solar radiation of 7.5 h, 5 h and 8.5 h, respectively.  

 

 

(a) (b) 

(c) 
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Figure 4 presents the steady-state O2 and CO production rates. During the heating ramp, the O2 

production rate increased rapidly (starting at 800°C, measured at T4) up to a peak and decreased to 

reach an almost stable O2 production rate. When the temperature decreased, the O2 production dropped 

quickly because the reduction was thermodynamically unfavorable. On the contrary, during reactor 

cooling, the oxidation was thermodynamically favored, thus the CO production rate increased. The 

total O2, CO and H2 amounts produced by the UC, PCC1 and PCC2 membranes were calculated by the 

integration of associated production rates. The data are reported in Table 2. 

 

 

Figure 4: O2, CO and H2 production rates at steady state for all the investigated operating conditions (Table 1) for a) UC, b) 

PCC1, and c) PCC2 membranes. 
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Table 1: Summary of the operating reactor parameters used for each membrane, along with the gas production rates achieved at steady-state.  

Qred,tot and Qox,,tot represent the total gas flow rate on the reduction and oxidation side, respectively (values given at normal conditions, 0°C, 1 atm) 

Condition 

# 

Membrane Temperature Qred, tot Oxidant gas Qox, tot Oxidant molar 

fraction 

O2 production 

rate (±2%) 

CO production 

rate (±2%) 

H2 production 

rate (±2%) 

  (°C) (L/min)  (L/min)  (µmol/cm
2
/s) (µmol/cm

2
/s) (µmol/cm

2
/s) 

1 UC 1496 1.0 CO2 0.4 1.00 0.019 0.037 - 

2 UC 1497 1.0 CO2 0.4 0.50 0.013 0.027 - 

3 UC 1496 1.0 CO2 0.4 0.25 0.010 0.020 - 

4 UC 1501 1.0 CO2 0.4 1.00 0.020 0.041 - 

5 UC 1499 1.0 CO2 1.0 1.00 0.026 0.053 - 

6 UC 1548 1.0 CO2 1.0 1.00 0.035 0.071 - 

7 UC 1547 1.0 CO2 0.4 1.00 0.031 0.061 - 

8 UC 1499 1.0 CO2 0.4 1.00 0.019 0.038 - 

9 UC 1448 1.0 CO2 0.4 1.00 0.011 0.023 - 

1 PCC1 1499 1.0 CO2 0.4 0.50 0.018 0.036 - 

2 PCC1 1508 1.0 CO2 0.4 1.00 0.032 0.063 - 

3 PCC1 1501 1.0 CO2 1.0 1.00 0.045 0.090 - 

4 PCC1 1553 1.0 CO2 1.0 1.00 0.066 0.133 - 

5 PCC1 1548 1.0 CO2 0.4 1.00 0.039 0.078 - 

6 PCC1 1548 1.0 CO2/H2O 0.4 0.5 CO2/0.5 H2O 0.033 0.049 0.017 

7 PCC1 1550 1.0 H2O 0.4 0.50 0.027 - 0.054 

1 PCC2 1499 1.0 CO2 0.4 0.50 0.018 0.035 - 

2 PCC2 1499 1.0 CO2 0.4 1.00 0.025 0.050 - 

3 PCC2 1499 1.0 CO2 0.4 0.50 0.017 0.035 - 

4 PCC2 1501 1.0 CO2 1.0 1.00 0.034 0.067 - 

5 PCC2 1548 1.0 CO2 1.0 1.00 0.048 0.096 - 

6 PCC2 1547 1.0 CO2 0.4 1.00 0.036 0.072 - 

7 PCC2 1548 1.0 CO2 0.4 0.50 0.018 0.037 - 

8 PCC2 1545 1.0 H2O 0.4 0.50 0.023 - 0.047 
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Table 2: O2, CO and H2 amounts produced by each investigated membrane 

Membrane O2 amount produced CO (and H2) amount 

produced 

(mL) (mL) 

UC 291.2 453.8 

PCC1 257.6 302.4 (10.1) 

PCC2 689.9 1153.6 (9.2) 

 

 

The continuous membrane-driven solar process for fuel production eliminates the need for the 

temperature swing used in two-step cycles. In the solar membrane-driven isothermal process, the gas 

flow production rate evolved until reaching steady-state values, meaning that the oxygen transfer from 

the oxidation to the reduction side was equilibrated. Figure 5 shows the transient evolution of both O2 

and CO production rates during the heating ramp and after temperature stabilization at 1550°C (T4 

inside the membrane) for a CO2 flow rate Qox,tot=1 L/min and a CO2 molar fraction xCO2=1.00. Both O2 

and CO productions were already stabilized at 1500°C, with similar Qox,tot and xCO2 values. After 

temperature stabilization, the difference between T1 and T4 was small (< 20°C), revealing a small 

radial temperature gradient in the membrane. Furthermore, the difference between T1 and Tpyrometer 

was also small. Although the cavity is similar to a black-body, an uncertainty of measurement remains 

for the temperature measured by the pyrometer due to the unknown membrane emissivity (an 

emissivity value of 1 was considered). The O2 and CO production rates evolved during the transient 

period before reaching steady-state values. The O2 production rose with temperature increase and the 

O2 production peak occurred when the target temperature was reached. After the O2 peak production, 

the O2 production rate decreased until reaching a stable value (0.048 µmol/s/cm
2
). For each fixed 

operating condition, when the membrane reached non-stoichiometry equilibrium in its thickness, the 

oxygen production was only attributed to the oxygen diffusivity through the membrane, which 

determined the oxygen flux for the considered temperature and oxygen partial pressure gradient. The 

time required to reach equilibrium likely depends on the membrane thickness and microstructure. 

Regarding the CO production rate, it started to decrease when the temperature increased due to 

thermodynamic limitation. Then, as further oxygen vacancies were created in the membrane bulk, the 

CO production increased up to 0.096 µmol/cm
2
/s (while O2 decreased) and reached equilibrium 

values. During a change in operating parameters, the O2 and CO production rates evolved from a 

transient period towards steady-state stabilization at a ratio O2:CO of 1:2. Once the steady-state 

established, the O2 and CO production rates remained constant.  
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Figure 5: Evolution of the O2 and CO production rates along with temperature, with Qox,tot=1.0 L/min and xCO2=1.00, for the 

PCC2 membrane (condition #5) 

An essential outcome for the membrane-driven solar process is a stable fuel production rate over time. 

The O2 and CO production rates in steady-state under similar conditions have been measured at 

different period of time after the beginning of the experiment. The results confirmed that both O2 and 

CO production rates were repeatable and stable for three similar conditions at different testing times 

(Figure 6), with values in the range 0.019-0.020 µmol/cm
2
/s and 0.037-0.041 µmol/cm

2
/s, 

respectively. Thus, the ceria membrane is clearly able to provide a stable CO production rate, with a 

mean value 0.039 µmol/cm
2
/s at 1500°C and a standard deviation of 0.002.   

 

Figure 6: Evolution of O2 and CO production rates as a function of the elapsed time since the experiment started, for UC 

ceria membrane (conditions #1, 4, and 8) 
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3.2. Influence of the operating parameters on fuel production rates 

3.2.1. Temperature 

Temperature is a key parameter in the thermochemical production of solar fuels from redox materials. 

As predicted by thermodynamics [29,30], the temperature influences the reduction extent of reactive 

materials. Thus, it was relevant to study the influence of temperature on the production rate of the 

reactive membranes. Figure 7.a presents the evolution of O2 and CO production rates at steady state 

for different operating temperatures measured inside the membrane (T4). A temperature step was 

performed at 1400°C, but no significant CO production was observed. The temperature was then 

further increased until observing a start of CO production above 1400°C. For a T4 temperature of 

1500°C, the temperature measured by T2 is lower than 1400°C. As T2 thermocouple is in contact with 

the outside cavity wall, this means that the temperature in the insulation layer is also below 1400°C. 

Thus, the membrane surface situated outside of the reactor cavity in the insulation layer cannot react. 

Hence, the reactive surface of the membrane corresponds to the surface in the cavity. As expected, it 

appears that increasing the temperature leads to an increase of the production rates, because it results 

in an increase of the reduction extent of the reactive material as well as a faster oxygen ionic 

conduction. Indeed, oxygen diffusivity through the membrane material requires lattice defects, 

specifically oxygen vacancies [26,31], and the non-stoichiometry (𝛿) depends on both the temperature 

and the oxygen partial pressure [29]. Thus, increasing the temperature enhances the non-stoichiometry 

extent achieved by the reactive oxide, which in turn promotes the CO2 splitting capability. Although 

temperature increase cannot directly promote the CO2 splitting step according to thermodynamics, 

results show that it still favors CO production by enhancing the oxygen transfer driving force, 

associated with oxygen vacancies gradient. Thus, O2 and CO production rates in the redox membrane 

process were enhanced by a temperature rise, due to improved oxygen mobility. At 1547°C, the O2 

and CO production rates reached maximum values of 0.031 µmol/cm
2
/s and 0.061 µmol/cm

2
/s, 

respectively, and the CO2 conversion extent reached 0.5 mol%. Nevertheless, the maximum operating 

temperature is limited by the stability of the reactive material due to fastened ageing, strong thermal 

gradients along the membrane axis and possible risk of sublimation [32,33]. The apparent activation 

energy of the reaction was determined by plotting the logarithm of the average production rate versus 

reverse temperatures (Figure 7.b). The activation energy for the UC membrane was ~262 kJ/mol, 

while it was only ~114 kJ/mol and ~199 kJ/mol for PCC1 and PCC2 membranes, respectively. The 

lower activation energy values for PCC1 and PCC2 membranes confirm the beneficial effect of the 

coatings in boosting the oxygen transfer rate through the membrane. The coating on PCC2 support is 

less uniform than on PCC1 and the layer is thinner. Thus, the effect of the coating is more significant 

for the PCC1 membrane, which explains the lower activation energy value for this membrane. 

Consistently, the activation energy value for PCC2 lies between those for PCC1 and UC membranes. 
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Figure 7: Influence of the reaction temperature on UC membrane performance: a) Steady state production rates for three 

reaction temperatures (T4=1448°C, 1496°C and 1547°C, corresponding to conditions #9, 1 and 7, respectively) with a total 

gas flow rate of 0.4 L/min on the oxidation side and a CO2 molar fraction of 1.00, and b) logarithm plot of O2 and CO 

production rates (v) versus reverse temperatures (Qox, tot=0.4 L/min, xCO2=1.00)  

 

3.2.2. Oxidant gas flow rate on the oxidation (inner) side of the membrane 

In two-step thermochemical cycles, the importance of the total gas flow rate during the oxidation step 

was pointed out [34,35]. In the present work, the influence of the oxidant gas flow rate on the inner 

side (Qox,tot) of the UC membrane was evaluated (Figure 8). Increasing Qox,tot from 0.4 L/min to 

1.0 L/min improved the steady-state O2 and CO production rates from 0.019 µmol/cm
2
/s to 

0.026 µmol/cm
2
/s and from 0.038 µmol/cm

2
/s to 0.052 µmol/cm

2
/s, respectively. Furthermore, the 

CO:CO2 ratio decreased from 0.52% to 0.33% when Qox,tot was increased, thus favoring the 

thermodynamic driving force toward CO production. Moreover, an increase of the total gas flow rate 

on the oxidation side improves mass transfer and promotes the access of the oxidant gas to the reactive 

surface, which favors the oxidation reaction (surface-controlled reaction), thus improving the fuel 

production rate. Meanwhile, dilution of gas products is enhanced and their continuous removal from 

the reaction sites shifts the equilibrium towards CO production. However, the increase of Qox,tot led to 

a decrease of the CO2 conversion extent (0.5% at Qox,tot= 0.4 L/min versus 0.3% at Qox,tot= 1 L/min). 

The CO2 conversion extent tends to follow the same behavior as the CO:CO2 ratio. In fact, the latter 

corresponds to the CO production rate divided by the CO2 flow rate at the reactor exit, while the CO2 

conversion extent corresponds to the ratio (CO production rate) / (CO2 flow rate injected). The CO2 

flow rate at the reactor exit is very similar to the injected CO2 flow rate, since only a small fraction of 

the CO2 is consumed, making the CO:CO2 ratio and the CO2 conversion extent very close. Thus, 

decreasing the CO:CO2 ratio to favor the oxidation reaction is achieved at the expense of a lower CO2 

conversion extent. Therefore, increasing the total gas flow rate on the oxidation (inner) side of the 

membrane has beneficial impact on both CO and associated O2 production rates, in spite of a negative 

effect on the CO2 conversion extent. Similar trends were clearly observed for both PCC1 and PCC2 

membranes regarding the effect of gas flow rates (Table 1). For instance (case of PCC1 membrane), 
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the increase of CO2 flow-rate (from 0.4 L/min to 1.0 L/min) enhanced the CO production rate (from 

0.063 to 0.090 µmol/cm
2
/s at 1500°C and from 0.078 to 0.133 µmol/cm

2
/s at 1550°C). 

 

Figure 8: O2 and CO production rates with total flow rates of 0.4 L/min and 1.0 L/min on the oxidation side, at 1500°C and 
with a CO2 molar fraction of 1.00, for UC membrane (conditions #8 and 5, respectively) 

 

3.2.3. Oxidant molar fraction 

The CO2 oxidant molar fraction was highlighted as another key parameter impacting CO production 

rate in two-step thermochemical cycles [34–36]. The influence of CO2 molar fraction on both O2 and 

CO production rates at steady-state was investigated, as presented in Figure 9. The CO2 molar fraction 

was varied by adjusting the CO2 and Ar inlet gas flow rates, while the total gas flow rate was 

maintained constant (at 0.4 L/min). Increasing the CO2 molar fraction from 0.25 to 1.00 induced a rise 

of the O2 production rate (from 0.010 µmol/cm
2
/s to 0.019 µmol/cm

2
/s) as well as the CO production 

rate (from 0.020 µmol/cm
2
/s to 0.037 µmol/cm

2
/s). The low value of CO:CO2 ratio (0.32%) obtained 

with xCO2=1 in comparison with 0.73% with xCO2=0.25 could explain the higher membrane oxidation 

since the oxidation reaction is thermodynamically favored by a low CO:CO2 ratio. Thus, the O2 and 

CO production rates are enhanced by increasing the CO2 oxidant molar fraction because membrane 

oxidation on the inner side is favored.   

The evolution of O2 and CO production rates in transient conditions due to the variation of xCO2 is 

shown in Figure 10. When the CO2 molar fraction is modified, the oxygen flux through the membrane 

is no longer at equilibrium, and the O2 and CO production rates evolve toward new steady-state 

values. Figure 10 presents the O2 and CO production rates at 1500°C (T4) with Qox,tot=0.4 L/min and 

xCO2=1.00. The O2 and CO production rates were previously stabilized with xCO2=0.50 at similar 

temperature and Qox,tot values. When the CO2 molar fraction is increased from 0.50 to 1.00, the 

membrane surface is instantaneously re-oxidized, leading to a drastic increase of the CO production 
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rate. Then, the CO production rate decreases smoothly until a stable value, higher than the value 

previously achieved with xCO2=0.50. In the meantime, the O2 production rate increases slowly to a 

stable value (half the CO production rate, denoting equilibrium is achieved) due to enhanced oxygen 

diffusivity. 

 

Figure 9: O2 and CO production rates in steady state conditions obtained with different CO2 molar fractions (0.25, 0.50 and 

1.00, corresponding to conditions #3, 2 and 1, respectively) for UC membrane 

 

 

Figure 10: Evolution of O2 and CO flow rates at 1500°C with Qox tot=0.4 L/min after modification of the CO2 molar fraction 

from 0.50 to 1.00, for PCC1 membrane 

 

3.2.4. Type of oxidant gas 

Water and CO2 are used as oxidant gases to produce H2, CO, or syngas. These oxidant gases behave 

differently as a function of temperature due to the different thermodynamic equilibrium constants. 
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Actually, the dissociation temperature of H2O is higher than the CO2 one, as experimentally evidenced 

in this study with the isothermal membrane reactor. The influence of the oxidant gas on fuel 

production was investigated with four oxidant gas compositions, as depicted in Figure 11. It should be 

noted that the water molar concentration could not be fixed at a value of 1.00 due to the necessity of 

using a carrier gas. With an equimolar mixture of CO2 and H2O, the CO production rate (0.049 

µmol/cm
2
/s) was higher than the H2 production rate (0.017 µmol/cm

2
/s), due to a more favorable CO2 

dissociation reaction. This fits our previous results with ceria-based foams, showing that H2O is less 

favorable than CO2 as oxidant gas [36]. Such a test demonstrates the feasibility of co-feeding both CO2 

and H2O, while highlighting the relative favorability of CO2 thermolysis when the two co-thermolysis 

reactions occur simultaneously. Shortly after the water injection with 50% H2O in Ar, the reactive 

membrane was cracked. This event could potentially result from the occurrence of cold points created 

by water condensation and inducing sharp temperature gradients in the membrane material. For this 

reason, reaching steady-state H2 production was not possible in this case. Unexpectedly, the measured 

H2 production rate (0.054 µmol/cm
2
/s) with 50% H2O/Ar mixture was higher than the CO production 

rate (0.036 µmol/cm
2
/s) obtained with 50% CO2/Ar mixture. This result could however be attributed to 

the membrane rupture during water injection, impeding the establishment of a completed steady-state 

H2 production rate. Thus, CO2 splitting appears to be more propitious than H2O splitting as it does not 

induce any condensation issue and its dissociation is more favorable. However, CO production 

requires additional energy to separate CO from unreacted CO2 while H2 can be very easily purified by 

steam condensation.  

 

 

Figure 11: Comparison of O2 and CO production rates with different compositions of oxidant gas, for PPC1 membrane 

(conditions #5, 6, 7 and 1) 
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3.2.5. Impact of reactive perovskite coatings  

Dual phase perovskite-ceria composite materials (powders and foams) were previously highlighted for 

their enhanced thermochemical performance in comparison with pristine ceria [35,37]. In the present 

work, the thermochemical performances of perovskite-coated ceria membranes were compared with 

those of a pristine ceria membrane. The inner ceria membrane surface was coated with LSMMg layer 

whose fine microstructure was able to increase the available surface area for the oxidation reaction. 

The outer membrane surface was coated with CSM in order to favor the reduction extent of the ceria 

material and thus enhance the oxygen concentration gradient across the membrane thickness. Two 

coated membranes were tested, differing mainly by the length of the tube inserted in the cavity (shorter 

for PCC1). Figure 12 compares the O2 and CO production rates at steady state for uncoated and coated 

ceria membranes. Enhanced O2 and CO production rates were clearly obtained for both coated 

membranes, although limited improvement was measured for the longer PCC2 one. This result was 

attributed to a less uniform coating on the PCC2 membrane (Figure 2), highlighting the key-role of a 

continuous and uniform reactive perovskite coating on the ceria membrane. At 1550°C with 

Qox,tot=1.0 L/min and xCO2=1.00, higher O2 and CO production rates were obtained for both PCC1 

(0.066 µmol/cm
2
/s and 0.133 µmol/cm

2
/s, respectively) and PCC2 membranes (0.048 µmol/cm

2
/s and 

0.096 µmol/cm
2
/s, respectively), in comparison with the UC membrane (0.035 µmol/cm

2
/s and 

0.071 µmol/cm
2
/s, respectively). Moreover, whatever the operating conditions, the CO production 

rates were enhanced in the range 27-72% and 18-36% for PCC1 and PCC2 membranes respectively, in 

comparison with the UC membrane. This clearly demonstrates the beneficial role of the perovskite 

coatings. The improvement of the production capacity with the reactive thin coatings can be attributed to 

the higher reduction of the membrane material, enhancing the oxygen mobility. Addition of an easily 

reducible phase (CSM [38,39]) on the external membrane surface promotes oxygen extraction, while the 

redox active phase (LSMMg [28]) on its inner surface promotes CO2 dissociation. Therefore, appropriate 

perovskite coatings appear as an interesting lever to improve the continuous solar fuel production with 

ceria membranes.  

While this study relates to direct thermolysis of CO2 or H2O, most of previous works [17-22] used 

methane on the reduction side to promote oxygen extraction from the membrane (via partial oxidation 

of methane), which in turn drastically increased the obtained fuel production rate. Thus, the 

performance of processes involving methane reforming cannot compare with the current study on 

direct thermolysis. In the study of Tou et al. [26] using a pure ceria membrane reactor for direct CO2 

thermolysis, a maximum CO production rate of 0.024 µmol/cm
2
/s was reached with the following 

operating conditions: pO2=10
-6

 bar, T=1600°C, Qox,tot= 0.2 L/min and xCO2= 1.00. In the present work, 

at 1500°C with a total flow rate of 0.4 L/min on the oxidation side and a CO2 molar fraction of 1.00, 

the achieved CO production rate at steady state was 0.038 µmol/cm
2
/s, 0.063 µmol/cm

2
/s and 

0.050 µmol/cm2/s with UC, PCC1 and PCC2 membranes, respectively. Despite a lower operating 

temperature, these values are much higher than those measured by Tou et al. [7,26]. These attractive 
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performances could be explained by more favorable operating conditions in the present work, in 

particular a higher total gas flow rate on the oxidation side, favoring the membrane material re-

oxidation, as previously highlighted in section 3.2.2 (another important reason is likely the presence of 

gas leakage in [7], as ascertained by gas-tightness tests showing the noticeable effect of Ar flow rate 

on CO2 dilution on the sweep side and Ar retrodiffusion on the CO2 feed side). Therefore, an 

optimization of the operating parameters is a key aspect to achieve high fuel production. For all the 

investigated membranes, the maximum CO production rates (0.071 µmol/cm
2
/s, 0.133 µmol/cm

2
/s, 

and 0.096 µmol/cm
2
/s for UC, PCC1, and PCC2, respectively) were achieved for the following 

optimized operating conditions: T=1550°C, Qox,tot=1 L/min and xCO2=1.00 (Figure 12). Other 

parameters are likely to impact the gas production rates, such as the Ar flow rate on the reduction side 

(influencing both mass transfer of gaseous oxygen and oxygen partial pressure). Decreasing the 

oxygen partial pressure on the reduction side via dilution or with either mechanical or thermochemical 

pumping [40] should further promote the oxygen transfer through the membrane.  

 

 

Figure 12: Comparison of O2 and CO production rates obtained in this work for pristine ceria (UC: condition #6) and for 

coated-ceria membranes (PCC1: condition #4 and PCC2: condition #5), and by Tou et al. [26] 

 

3.3. Microstructural analysis of the reactive membranes and thermal stability 

The membrane surface microstructure is an important characteristic as the oxidation reaction is 

surface-controlled. The microstructure of the ceria membrane surface and its perovskite layers were 

investigated by SEM (Figure 13 and 14). Figure 13 confirms that the CSM and LSMMg coatings are 

not perfectly uniform on the ceria surface, and the layer thickness varies typically in the range 10-25 

µm for CSM and 0.5-3 µm for LSMMg. The fresh UC membrane features grain sizes in the range 3-

12 µm, while the grain sizes of the fresh CSM and LSMMg coatings are in the range 10-25 µm and 1-

5 µm, respectively (Figure 14). The CSM coating (reduction side) thus offers large grain sizes, 

whereas the LSMMg coating (oxidation side) provides smaller grain sizes in comparison with the 
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uncoated UC membrane. Lowering the grain sizes on the oxidation side with the LSMMg coating 

should enhance the reactive membrane oxidation by favoring surface exchanges. However, as shown 

in Figure 14, strong sintering was evidenced after membrane utilization in the solar reactor. Ceria 

grain sizes increased in the range 8-30 µm, while those of LSMMg and CSM coatings grew in the 

range 5-40 µm. This sintering may be attributed to long term testing at a temperature similar to (or 

slightly above) the initial membrane sintering temperature in air. This sintering/grain growth could be 

mitigated by sintering the coated membranes at higher temperature, clearly above the reactor operating 

temperature. The coatings were sintered at 1500°C in this work, but it can be anticipated that a 

temperature of ~1600°C would be more suitable for efficient stabilization of the membrane 

microstructure.  

 

 

Figure 13: SEM images of the perovskite coatings on external and internal surfaces of the CeO2 support after thermal 

treatment in air (1500°C, 8h): (a,b) surface and (c,d) cross section of CSM and LSMMg coatings 
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Figure 14: SEM images of the surface of: a) pristine UC ceria membrane, b) CSM coating and c) LSMMg coating before 

(top) and after (below) their utilization in the solar reactor 

 

In view of future large-scale implementation, the reactive membranes should be able to undergo long 

term on-sun operation as well as heating/cooling steps inherent with daily-sun cycling. The thermo-

mechanical stability of the reactive membrane was evaluated. During this first lab-scale study, the UC, 

PCC1 and PCC2 membranes were tested during 7.5 h, 5 h and 8.5 h of on-sun operation respectively. 

The membranes were brittle after solar tests and the weakened areas corresponded to zones submitted 

to high thermal gradients: located either between the cavity and the insulation, or close to the water-

cooling parts of the reactor. The appearance of cracks is the result of the low resistance of ceria to 

thermal gradients and stresses, due to its low thermal conductivity and high thermal dilatation. In 

addition, the different oxidizing/reducing gas atmospheres applied on both sides and the difference in 

oxygen vacancies concentration creates crystallographic constraints (e.g. lattice expansion) that may 

also weaken the membranes. It should be underlined that the PCC2 membrane underwent a cooling 

and re-heating test (over two consecutive days) without any failure, thus highlighting the possibility to 

preserve its mechanical integrity with “slow” cooling ramp (~13°C/min) and using only CO2 as 

oxidant gas. An alteration of the reactive coating on the PCC2 membrane was observed, in comparison 

with the original one, although no significant decline of the thermochemical performance was 

evidenced. The stable O2 and CO production rates obtained under similar conditions at different 

processing durations (as illustrated in Figure 6) confirm that the thermochemical performance of 

membranes is not greatly affected by thermal stresses and sintering. Since isothermal membrane 

operation does not induce any thermal cycling (with associated thermal shocks), the main issue is the 

resistance to thermal gradients along membrane length. Further improvement of the membrane 

thermo-mechanical resistance to thermal stress should be pursued to strengthen membrane durability 

and process sustainability. 
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3.4. Discussion about possible membrane process improvements 

Different membrane configurations in the SUNFUEL reactor were investigated with a detailed 

parametric study for several membrane structures (pure ceria or sandwich-like perovskite-coated ceria) 

in the form of dead-end tubes inserted inside the reactor cavity and directly irradiated. The pristine 

ceria tubular supports, specially developed for the SUNFUEL reactor, were tested as a reference. 

Continuous and isothermal redox splitting of CO2 (and H2O) using an oxygen conducting membrane 

was demonstrated in a solar reactor using real concentrated solar flux. The reactive membranes 

underwent full day lasting few hours of on-sun operation, highlighting their resistance to high 

temperatures (over 1500°C) maintained in dwell. However, temperature gradients existing along the 

membrane length (from the fixing side on the support to the zone located in the irradiated cavity) 

caused strong thermal stresses and weaknesses. After their utilization, the membranes turned out to be 

fragile and required specific attention during heating and cooling steps. For solar process 

implementation, the membrane should withstand both long on-sun operation duration and 

heating/cooling cycles due to daily sun-cycling. In this respect, future research should focus on the 

improvement of the thermomechanical resistance of membranes, especially by minimizing the impact 

of thermal gradients and maintaining low heating/cooling rates (typically below 5°C/min). In addition, 

for future reactor design, cold point should be avoided to limit steam condensation which may be 

responsible for membrane failure.  

Regarding membrane composition, perovskite-coated ceria membranes were found to outperform pure 

ceria membrane, pointing out the interest to boost the oxygen transfer rate by developing dual-phase 

membranes consisting of thin films coated on ceria support. Membranes made entirely of perovskites 

could also be investigated to offer higher oxygen conductivity at lower temperatures (below 1400°C). 

In addition, perfectly dense thin layers coated on a porous support could provide an ideal 

microstructure with high available specific surface area on the oxidation side, able to further enhance 

the thermochemical performance. In this work, densified perovskite layers were deposited on both 

sides of ceria tubular supports and investigated in the solar reactor. Single coatings on each side of the 

support (not tested due to the lack of available supports) would need to be studied to distinguish their 

individual effects. Moreover, the isothermal continuous solar fuel production could be further 

enhanced by lowering the oxygen partial pressure on the membrane reduction side. A first option 

would be to increase the inert gas flow, sweeping the released oxygen from the membrane surface, 

which induces energy penalty for inert gas recycling. The oxygen partial pressure could also be 

decreased by mechanical pumping. In this case, the reactive membrane should be perfectly sealed and 

completely dense to avoid any transfer of molecular gas species from the oxidation to the reduction 

side due to the pressure gradient. An alternative to mechanical pumping is thermochemical pumping 

for consuming only the released oxygen [40]. For this option, a different reactor design including 

thermochemical pumping should be used. 
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The characteristics of a two-step process and a continuous membrane process can be compared. In 

two-step thermochemical cycles, temperature and pressure swings impose severe thermo-mechanical 

stress to the material as well as energy losses. Moreover, the generated fuel and O2 are temporally 

separated in different alternating steps and thus are not produced continuously. In contrast, the 

membrane process occurs at high temperature but in isothermal conditions (no thermal shocks in 

steady state), while the fuel and O2 are spatially separated during the reactions, enabling continuous 

production. In both isothermal thermolysis and two-step processes, the products are produced 

separately, thus avoiding unwanted recombination.  

A direct comparison of the amount of fuel produced by the isothermal membrane and the two-step 

redox process is not straightforward. Indeed, the amount of fuel produced with two-step cycles 

depends on the mass of reactive material loaded in the reactor, whereas it is linked to the membrane 

active surface for the single-step membrane process. A simple attempt to compare the performance of 

both processes can be based on the solar-to-fuel conversion efficiency. Due to the discontinuous fuel 

production in a two-step thermochemical cycle, the global solar-to-fuel efficiency should be calculated 

for the whole cycle, defined as the ratio of the calorific value of the fuel to the total solar energy input 

during the cycle [34–36]. Thus, increasing the amount of fuel produced (linked to the amount of 

reacting redox material in the reactor) and reducing the cycling duration (linked to the reaction 

kinetics) is of prime importance to increase the global efficiency. For the single-step membrane 

process, the solar-to-fuel conversion efficiency can be determined according to equation (3): 

𝜂𝑠𝑖𝑛𝑔𝑙𝑒 𝑠𝑡𝑒𝑝 =
𝑛̇𝑓𝑢𝑒𝑙𝐻𝐻𝑉𝑓𝑢𝑒𝑙

𝑃𝑠𝑜𝑙𝑎𝑟
 (3) 

where 𝑛̇𝑓𝑢𝑒𝑙 represents the fuel production rate at steady state, 𝐻𝐻𝑉𝑓𝑢𝑒𝑙 the high heating value of the 

fuel and 𝑃𝑠𝑜𝑙𝑎𝑟 the solar power input at steady state. The PCC1 membrane produced 0.133 µmol/cm
2
/s 

of CO (at 1550°C with xCO2=1 and Qox, tot=1 L/min) and the associated solar-to-fuel conversion 

efficiency was below 1%, similar to the global efficiencies of two-step cycles at lab-scale. At this 

reactor scale (1.5 kW), the amounts of reactive material and available membrane surface strongly 

impact the solar-to-fuel conversion efficiency. However, no attempt was done to optimize the solar-to-

fuel conversion efficiency in the reactor. The membrane reactive surface could be directly increased 

by using an array of tubular membranes placed inside the reactor cavity. Decreasing heat losses and 

using a heat recuperation system to recover the sensible heat of outlet gas streams for preheating inlet 

gas streams might also be suitable options. Therefore, further optimizations are still required to 

extrapolate the process at larger scale. The two-step process (with temperature swing) globally favors 

fuel production due to high  (red-ox, with  the oxygen under-stoichiometry in CeO2-), but heat 

recovery systems are required and reaction kinetics need to be optimized to reduce cycling times. In 

contrast, the direct isothermal thermolysis via redox membrane (with oxygen partial pressure gradient) 
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spatially separates the gas products while alleviating heat losses and thermal shocks, and achieves 

continuous and simultaneous production of O2 and H2/CO, but high  and membrane stability need to 

be searched. 

 

 

4. Conclusion 

In this study, solar fuels were produced isothermally (at 1450-1550°C) with a solar-driven single step 

thermolysis process using reactive tubular membranes. In total, 1.91 L of CO and 0.02 L of H2 were 

produced, highlighting the ability of the SUNFUEL reactor to provide solar fuels in a continuous 

redox membrane process with in-situ separation of reaction products. All the tested reactive 

membranes were able to produce continuously solar fuels, during up to 8.5 h. The reuse of membrane 

during different operating days also revealed possible, provided that the cooling step down to room 

temperature was slow enough and controlled. The influence of the main operating parameters was 

investigated. A temperature increase improved the CO production rate as it enhanced the oxygen 

mobility through the membrane due to the creation of oxygen vacancies. Increasing the total gas flow 

rate or the oxidant molar fraction on the membrane oxidation side, favored CO production as the 

membrane re-oxidation was boosted. Consequently, the oxygen permeation flux and the fuel 

production rate were favored at high temperature, with high gas flow rate and high oxidant molar 

fraction on the oxidation side. The fuel production rate could be further enhanced by lowering the 

oxygen partial pressure on the reduction side using either mechanical pumping or thermochemical 

oxygen pumping. Unprecedented fuel production rate (up to 0.071 µmol/cm
2
/s at 1550°C) was 

achieved with the uncoated ceria membrane integrated in the solar reactor heated by real concentrated 

solar radiation, thus outperforming (by a factor of about x10) the maximum values previously reported 

for the direct thermolysis process (i.e., without any reducer). Such attractive performance could 

possibly result from more favorable oxidation conditions (higher inlet gas flow rates). 

Regarding the oxidant gas influence, CO2 dissociation was more favorable than H2O dissociation. 

Furthermore, H2O may cause thermal stress due to undesired steam condensation in the cold part of 

the membrane, which could potentially lead to membrane breakage. Without any doubt, H2 production 

in the solar membrane reactor will deserve further investigation as it offers capital interest for industry. 

Moreover, an innovative composite ceria-based membrane, coated with perovskite materials, was 

implemented in the reactor. The perovskite coatings were found to improve both O2 and CO 

production rates as they boosted the creation of oxygen vacancies in the membrane materials. Dual 

CSM and LSMMg thin coatings on both sides of the ceria membrane appeared as promising to 

enhance the thermochemical performance of the pristine ceria membrane. A maximum CO production 

rate over 0.13 µmol/cm
2
/s was reached with the coated membrane (at 1550°C with a CO2 molar 

fraction of 100% and a total flow rate on the oxidation side of 1 L/min). These results outperformed 
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the maximum rates reported for a pure ceria membrane reactor. Under the used conditions, all the 

tested membranes turned to be embrittled after few hours of utilization, mainly because of thermal 

stress and predominantly upon steam injection. This underlines the necessity to further enhance the 

thermo-mechanical resistance of the reactive membranes, in order to allow for longer time utilization 

with both CO2 and H2O, with day/night cycling. In future study, the ability of the reactive membranes 

to produce solar fuels over long duration during successive days should be demonstrated. 
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