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Abstract 

Sorption enhanced steam reforming represents an efficient strategy to produce concentrated 

hydrogen from superfluous carbonaceous feedstocks. However, commonly used CaO-based 

sorbents are prone to sintering, leading to a rapid loss in CO2 sorption capacity and activity under 

repeated reaction cycles. Herein, we report perovskite-based phase transition sorbents (PTSs) 

capable of avoiding sintering and retaining both catalytic activity and sorption capacity. 

Specifically, A- and B-site doped SrFeO3-δ, i.e., Sr1-xCaxFe1-yNiyO3-δ, were evaluated as PTSs for 

the sorption enhanced – steam reforming of glycerol (SESRG). Packed bed reactor experiments 

were performed in conjunction with redox, bulk, surface, and morphology characterizations to 

evaluate SCFNs’ performance and the underlying phase transition scheme. These characterizations 

revealed that reduced oxides from the A-site of the PTS (SrO, CaO) are carbonated during the 

reforming step before reversibly undergoing decarbonation at a higher temperature under an 

oxidizing environment. This study demonstrates that SCFN is a tri-functional material capable of 

(i) catalyzing the reforming of glycerol; (ii) absorbing CO2 in-situ; and (iii) reversibly releasing 

oxygen from lattice sites to enhance glycerol conversion. While all the screened compositions 

achieved >87 vol% pre-breakthrough H2 purities, SCFN-4691(Sr0.4Ca0.6Fe0.9Ni0.1O3-δ) and SCFN-

5591 (Sr0.5Ca0.5Fe0.9Ni0.1O3-δ) showed particularly high (95.6-97.3%) H2 purities with stable CO2 

sorption capacities. 

Keywords: Syngas, Perovskite oxides, Sorption-enhanced steam reforming, Phase transition 

sorbents  

Introduction  

Hydrogen (H2) is rapidly gaining attention as an eco-friendly energy carrier, especially when 

produced from sustainable feedstocks such as biomass [1]. Currently, hydrogen is primarily 

produced from methane reforming followed by water-gas shift (WGS), acid gas removal, and 

purification, which consume substantial amount of energy [2-5]. A green feedstock alternative may 

be found in crude glycerol – a low-value byproduct from biodiesel production [6]. Methods of 

producing hydrogen or syngas from glycerol include pyrolysis [7, 8], steam reforming [9, 10], aqueous-

phase reforming [11], and autothermal reforming [12, 13]. Akin to the reforming of hydrocarbons, 
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glycerol reforming is an endothermic process that produces syngas at 650-800 ˚C (Equation 1) [14]. 

When steam is co-fed in excess, the co-occurring WGS reaction can further oxidize CO to CO2 

(Equation 2) resulting in a less endothermic overall reaction represented by Equation 3. At lower 

temperatures, methanation can also occur via Reaction 4. The reforming of glycerol, however, is 

challenged by low conversion, high endothermicity, poor H2 selectivity, and an appreciable 

tendency for coke formation [15-17]. Oxidative steam reforming (Equation 5) can lower the energy 

requirement for reforming and inhibit some undesirable side reactions but does so at the expense 

of H2 yield [18]. 

                                        C3H8O3 ↔ 3CO + 4H2  (∆Hr
0 = +250 kJ ∙ mol−1)                              (1) 

                                       CO + H2O ↔ CO2 + H2  (∆Hr
0 = −41 kJ ∙ mol−1)                               (2) 

                             C3H8O3 + 3H2O ↔ 3CO2 + 7H2  (∆Hr
0 = +128 kJ ∙ mol−1)                        (3) 

                                  CO + 3H2 ↔ CH4 + H2O  (∆Hr
0 = −206 kJ ∙ mol−1)                               (4) 

                                   C3H8O3 + (3 − δ)H2O +  
δ

2
O2 ↔ 3CO2 + (7 − δ)H2                             (5) 

Carrying out both the reforming and WGS reaction simultaneously can improve conversion but 

lowers H2 concentration due to the substantial amount of CO2 produced. This steam reforming 

process can be intensified through a sorption enhancement effect whereby CO2 produced from the 

WGS reaction is removed in-situ – shifting the WGS reaction equilibrium toward H2 production 

[19-23]. This is achieved through the use of CO2 sorbents (e.g., CaO), which fix the gaseous CO2 

produced from the WGS reaction into carbonates (Reaction 6). The carbonates formed are 

subsequently decarbonated at a higher temperature. The effect of introducing sorbents can 

significantly increase the H2 concentration [24, 25] and suppress unwanted side-reactions such as 

methanation and coke formation [26]. Summing the pyrolysis, WGS, and carbonation reactions 

yields the overall sorption enhanced steam reforming of glycerol (SESRG) scheme (Reaction 7). 

                                      CaO + CO2 ↔  CaCO3  (∆Hr
0 = −178.3 kJ ∙ mol−1)                              (6) 

                           C3H8O3 + 3H2O + 3CaO ↔ 3CaCO3 + 7H2  (∆Hr
0 = −407 kJ ∙ mol−1)           (7) 

A persistent obstacle in the area of sorption-enhanced steam reforming is the observed loss of 

sorption capacity caused by the structural degradation, or sintering, of sorbents during the high 

temperature decarbonation step. Commonly used CaO-based sorbents suffer a 40-60% decrease in 

CO2 absorption capacity within the first 10 reaction cycles [27-29]. With a Tammann temperature of 

only ~533 ˚C [28], CaCO3 particles sinter even during the lower temperature reforming step (550-

600 ˚C), resulting in the formation of a CaCO3 shell around the CaO core – preventing diffusion 

of CO2 to the sorbent [30]. Previous attempts to resolve this problem have included decreasing 

sorbent particle size [31, 32], introducing inert refractory materials (e.g., calcium aluminates) as 

physical spacers [33-36], and the designing of “smart” catalysts capable of undergoing reversible 

phase changes at high temperatures to avert sintering [37]. While the first two strategies yielded 

some marginal improvement in prolonging CO2 sorption, the overall effectiveness of the processes 

was reduced due to the inert spacers and supports. The third approach to inhibit sorbent 

deactivation encompasses the design of phase reversible, multi-functional materials. This is 
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particularly promising given the materials’ ability to avoid sintering without compromising 

sorption capacity or catalytic activity. The first demonstration of a temperature-induced phase 

transition sorbent (PTS) came from a study by Zhao et al. investigating polymorphic Ca2SiO4 – a 

material capable of changing its volume during temperature swings and maintaining stable CO2 

sorption capacities for >15 Ca-looping cycles [38]. More recent are the results of Dang et al. whose 

support-free, calcium cobaltate (CaxCo1-xO) material displayed excellent stability over 120 

reaction-decarbonation cycles and achieved ~95% H2 purity via SESRG [25]. By introducing air in 

their decarbonation step, Dang and his co-workers rendered this reaction highly exothermic. This 

is in stark contrast with the previously observed endothermic regenerations. Other bifunctional 

PTS systems have been proposed without Ca, such as the Ce stabilized Ni-SrO catalytic PTS 

published by Gu et al. for sorption enhanced methane reforming [39]. While the results from these 

studies are promising, systematic investigations of the PTS materials, their multifunctional 

characteristics, and design strategy have not been performed. 

 
Figure 1. A simplified schematic of the perovskite-based phase transition cycle. In Step 1 to 2, perovskite is reduced in the presence 

of an oxygenated hydrocarbon (e.g., glycerol) to mixed A-and B-site oxides of varying reduction extent signified by δ. In Step 2 

to 3, the A-site oxides are subsequently carbonated from CO2 produced by the WGS reaction (not shown). Introducing oxygen and 

a temperature swing decarbonates the PTS (Steps 3 to 4) before finally regenerating the depleted oxygen lattice and returning to 

the perovskite phase.  

What is clear is that an ideal PTS for SESRG should (i) be catalytically active for C-C cleavage 

and the WGS reaction; (ii) have a high CO2 sorption capacity; (iii) maintain activity and sorption 
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capacity over repeated reaction cycles (i.e., good longevity); and (iv) undergo recyclable phase 

changes within each reaction cycle to avoid sintering, or a permanent transition to a less than ideal 

structure. This motivates the use of perovskite oxides, with the general formula ABO3-δ (where the 

A cation is typically an alkali or alkaline earth metal, the B cation is a transition metal, and the 

delta is the oxygen non-stoichiometry), represent a durable, redox active, and highly tunable class 

of materials due to the ease at which their A-and B-sites can be doped with foreign cations for 

fine-tuning of redox kinetic and thermodynamic behavior [40-42]. The value of the non-

stoichiometry term δ is a function of temperature and partial pressure of oxygen (𝑝𝑜2), and its 

change (∆𝛿) dictates how much oxygen is donated from the lattice sites as well as the B-site 

cation’s extent of reduction [40-43]. Doping the B-site with foreign cations of differing oxidation 

states or ionic radii can induce oxygen vacancies in the lattice sites and thus impact redox 

performance [40]. The A-site can be populated with different sized cations to vary structural quality, 

as has been shown in previous studies investigating doped strontium ferrite (SrFeO3-δ) for chemical 

looping air separation and oxidative uncoupling 
[40, 44-46]. The proven recyclability of perovskite 

oxides in previous chemical looping schemes suggests that these materials may serve as suitable 

PTSs for a wide range of applications including SESRG [47]. 

We hypothesize that doped perovskite oxides can behave as PTSs as shown schematically in 

Figure 1. To test this, we have subjected various compositions of Sr1-xCaxFe1-yNiyO3-δ (SCFN) to 

cyclic SESRG reactions to assess its performance as a PTS. Relevant performance metrics include 

glycerol conversion, pre-breakthrough time (𝑡𝑝𝑏), CO2 storage capacity, oxygen donation (∆𝛿), 

stability over repeated cycles, and H2 purity witnessed during the pre-breakthrough and post-

breakthrough stages of the reduction step. Various characterization methods were employed to 

obtain morphological, redox, bulk, and surface chemical properties to elucidate the dynamic phase 

changes throughout the process.   

Experimental Section 

Synthesis of SCFN materials  

The perovskite-based PTS particles were synthesized via the modified Pechini method whereby 

the perovskite phase was formed after calcination of a polymeric resin containing the A-and-B-

site metal cations. Summarily, an aqueous solution containing stoichiometric ratios of the desired 

metal cations (Sr2+, Ca2+, Fe3+, Ni2+) was prepared by dissolving their corresponding nitrates at 

room temperature. The solution was heated to 40˚C and citric acid was then added to form a 

metallic citrate before undergoing further heating to 80 ˚C, where ethylene glycol was introduced 

(at a 3:2 molar ratio of ethylene glycol to citric acid) to esterify the metallic citrate into a polymeric 

resign (i.e., polyester). After ~3 hours of isothermal mixing, the newly formed gel was then placed 

in an oven at 120 ˚C for 16 hours before subsequent calcination in air for 10 hours at 1000 ˚C in a 

muffle furnace. The resulting solids were then ground with a mortar and pestle and sieved to 

particle diameters within the range of 180-250 μm. Herein, Sr1-xCaxFe1-yNiyO3-δ represents the Sr 

molar fraction of x in the A-site and Fe molar fraction of y in the B-site. 

SESRG experiments  
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The SESRG experiments were performed in a quartz U-tube fixed bed reactor with an 8 mm I.D. 

and length of 280 mm (Figure 2). The quartz U-tube was housed in a Carbolite tube furnace for 

temperature control with looped temperature cycling controlled and automated via PLATINUMTM 

Configurator software (Omega Engineering). A 50 mL stainless steel syringe filled with 30 wt.% 

glycerol in water was propped on a programmable injection platform automated via 

FlowControlTM software (Harvard Apparatus) to cyclically inject the feedstock at 0.02 mL∙min-1. 

A PTFE line with a 1/16’’ O.D. connected the terminal of the syringe to a two-way liquid injector 

valve automated with an electronic actuator (VICI Valco Instruments) and programmed with 

LABVIEW. A 1/16’’ O.D. PTFE line connected the outlet of the valve to a stainless-steel capillary 

tube which fed into the U-tube reactor. The reactor was packed with 1.0 g of PTS material, and 

with quartz wool and silicon carbide used as inert packing material to prevent blowout as well as 

preheat the inlet gas. A 1/8’’ O.D. stainless steel line connected the outlet of the reactor to a 

condenser U-tube submerged in a beaker of chilled water to separate any unreacted glycerol and 

water. The gaseous stream exiting the condenser was then fed to a MKS Cirrus II quadrupole mass 

spectrometer (QMS) for real-time stream composition analysis. The flowrates of purge and 

oxidizing gasses were regulated via Alicat MFCs, with valve-switching controlled by NI MAX 

(National InstrumentsTM). Throughout the reaction cycles, a constant stream of 30 SCCM Ar 

(Airgas UHP 5.0 grade) was flowed to facilitate the movement of gaseous products through the 

system as well as to act as a purge gas between the reforming and decarbonation steps. During the 

decarbonation step, 3.30 SCCM of O2 (Airgas extra dry grade) was injected to maintain a 10% O2 

atmosphere. The 65-minute reaction cycle comprised a 20-minute reforming step and a 20-minute 

decarbonation step and proceeds as follows: (1) 20-minute injection of glycerol/water mixture at 

570 ˚C; (2) 10-minute isothermal purge with Ar; (3) 10-minute ramp with O2/Ar from 570 to 850 

˚C; (3) 10-minute isothermal oxidation; (4) 15-minute ramp back down to 570 ˚C under Ar. 

 

Figure 2. The SESRG experimental setup.  
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SESRG gaseous products were sampled within the first minute of the pre-breakthrough period as 

well as the last two minutes of the post-breakthrough period. The gas samples were analyzed using 

an Agilent 7890 Series Fast RGA gas chromatograph (GC) with two thermal conductivity detector 

(TCD) channels (He/TCD channel for CO/CO2 analysis, Ar/TCD channel for H2 analysis), and a 

flame ionization detector (FID) channel for hydrocarbon analysis. 

Values of 𝑡𝑝𝑏 , CO2 sorption capacities (Equation 8), and time averages of H2 vol% over the 

reduction steps were obtained from MS data, while the pre-and post-breakthrough H2 

concentrations (Equation 9) were measured via GC. The CO2 sorption capacity was determined by 

dividing the measured moles of CO2 released in the decarbonation step by the known moles of 

SCFN (Equation 8). To put it in perspective, a 30% CO2 sorption capacity in SCFN 5591 

corresponds to 8.2 wt.% weight based sorption capacity when normalized with the initial weight 

of the sorbent. Since the volume of injected glycerol was carefully controlled (0.4 mL), glycerol 

conversion XG (Equation ES1) could be calculated via a carbon balance using the MS signals of 

COx and CH4 species.  

                                     𝐶𝑂2 𝑆𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 =  (
𝑛𝐶𝑂2𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑

𝑛𝑆𝐶𝐹𝑁
) × 100                                      (8) 

                                     𝐻2 𝑃𝑢𝑟𝑖𝑡𝑦 =  (
[𝐻2]

[𝐻2]+[𝐶𝑂2]+[𝐶𝐻4]+[𝐶𝑂]
) × 100                                                (9) 

Determination of sorption capacity and oxygen non-stoichiometry  

Two sets of experiments were carried out using thermogravimetric analyzers equipped with 

differential scanning calorimeters (TGA, TA Instruments SDT Q600): (1) cyclic reactions using 

CO2 and H2 as the feeds for the reduction step with concentrations approximating SESRG reactor 

conditions; and (2) stepwise temperature changes from 500-900 ˚C under varying concentrations 

of oxygen. For the first experiment, ~50 mg of SCFN particles (180-250 μm) were loaded into an 

alumina crucible cell within the TA instrument and then heated to 570 ˚C with a ramping rate of 

20 ̊ C/min under Ar. The flowrates of gasses fed to the TA instrument were controlled using Alicat 

MFCs, akin to our reactor setup. To simulate the simultaneous reducing and carbonating 

environment of the reduction step in the packed bed experiments, the inlet volumetric 

concentrations of H2 and CO2 and the balance Ar for the TGA reduction steps were obtained from 

MS data with the same SCFN composition (Table S1). The reduction/carbonation step was 

performed at 570 ˚C for 20 min, with a 11min Ar purge following. The temperature of the cell was 

maintained for another 3 min with the gas switching from pure Ar to 40% O2 flow. The system 

was then heated to 850 ˚C for the decarbonation/regeneration step with continual, O2/Ar flow for 

25 min. After a final 16 min Ar purge, the redox cycle was repeated. Figure S1 in the SI file 

illustrates a typical TA profile of a reduction/decarbonation reaction cycle.  

In the second TGA experiment, ~50 mg of SCFN was heated to 700 ˚C under 50% O2/Ar and held 

isothermal for 20 min before being cooled down to 500 ˚C. The sample was then heated stepwise 

at 20 ˚C/min from 500-900 ˚C with 10 min isotherms every 50 ˚C. These temperature steps were 

repeated for 20%, 10%, 5%, 3%, 1% O2/Ar concentrations and pure Ar. Upon completion of the 

last temperature cycle under Ar, the sample was ramped to 1100 ˚C under 20% H2/Ar to fully 
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reduce the sample in order to establish a baseline. The combined results of both experiments were 

used to determine the non-stoichiometry (δ) and the CO2 sorption capacity of various SCFN 

compositions under cyclic redox cycles. The TGA reaction cycle profiles (Figure S1) reveal a clear 

mass gain due to carbonation during the reduction step, with a second distinct mass increase after 

the purge due to oxygen replenishing the depleted lattice sites. Therefore, ∆𝛿 was obtained directly 

from TGA data by taking the mass difference (∆𝑚𝑠) of the pre-and post-oxygen regenerated 

samples after the purge step (Equation 10).  

                                                     ∆𝛿 =
∆𝑚𝑠∙𝑀𝑆𝐶𝐹𝑁

𝑀𝑂2∙𝑚𝑆𝐶𝐹𝑁
                                                        (10) 

SCFN phase, morphology, and surface characterization  

Bulk phase identification was conducted using both ex-situ and in-situ X-ray diffraction 

characterization. Fresh, reduced, and regenerated SCFN samples taken from both TGA and 

SESRG reactor experiments were analyzed with ex-situ XRD. A Rigaku SmartLab X-ray 

diffractometer with Cu Kα (λ = 0.1542 nm) radiation operating at 40 kV and 44 mA was used. A 

scanning range of 10-60˚ (2θ) with a step size of 0.1˚ holding for 3.5 s at each step was used to 

generate XRD patterns. In order to assess dynamic phase change of the SCFN material under a 

regenerating/decarbonating gas atmosphere, in-situ XRD was carried out using an Empyrean 

PANalytical XRD using Cu Kα radiation operating at 45 kW and 40 mA. A scanning range of 10-

60˚ (2θ) was at a ramp rate of 0.1˚ holding for 0.1 s at each step. Temperature-programmed 

experiments were conducted on two samples of SCFN-5591 pre-treated either with only 17.75% 

H2 balance Ar or 17.75% H2 and 4.75% CO2 balance Ar.   In both in-situ XRD experiments, the 

samples were heated in N2 at 5 ˚C∙min-1 to 570 ˚C, after which 10% O2/N2 was introduced while 

ramping the temperature up to 850 ˚C at the same rate. After holding isothermal at 850 ˚C for 30 

min, the sample was then cooled down to ambient temperature under pure N2.  

XPS was used to analyze surface compositions and valence states of fresh and reduced SCFN-

5591 samples. The sample powders were pressed onto carbon tape and outgassed at 10-5 Torr 

overnight before being introduced into the ultrahigh-vacuum chamber for scanning. The XPS 

patterns were collected on a PHOIBOS 150 hemispherical energy analyzer (SPECS GmbH) 

equipped with a non-monochromatic Mg Kα excitation source (1254 eV). The resulting data were 

analyzed in the CasaXPS program (Casa Software Ltd). The binding energy was calibrated to a C 

1s line at 285 eV. The surface compositions of Sr, Ca, Fe, Ni, O, and C were calculated according 

to characteristic peak areas and their respective atomic sensitivity factors. After calibration, the 

background from each spectrum was subtracted using a Shirley-type background. XPS peak 

locations, FWHM values, and area percentages can be found in Table S3 in the SI file. 

Surface morphology and elemental distribution were assessed via field emission scanning electron 

microscopy (FSEM) and energy-dispersive spectroscopy (EDS) using an Oxford X-Max system 

at an accelerating voltage of 15 kV and working distance of 8.5 mm. Additionally, the BET surface 

area and BJH pore volume distribution of both fresh and cycled SCFN-5591 samples were 

measured at 77 K with a physisorption apparatus (Micrometrics ASAP 2020) via a multipoint 

physical measurement.  
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Results and Discussion 

SESRG performance of SCFN 

Overall SESRG performance results for each SCFN composition are presented in Figure 3(b), with 

individual performances by cycle number displayed in Figure S2 and Table S2 in the supporting 

information (SI) file. For all the compositions screened, the pre-breakthrough H2 purity, sorption 

capacity, and 𝑡𝑝𝑏  remain stable over 15 cycles, which is beyond the point where a significant 

decrease in sorption capacity occurs for CaO-based sorbents (~10 cycles). All the screened 

compounds also achieved an H2 selectivity higher than equilibrium selectivity (Figure S3). 

From the 15 cycle runs shown in Figure 3(b), it is apparent that, from a pure H2 production 

standpoint, the best performing material was SCFN-5591 with an average pre-breakthrough H2 

purity of ~97% and an average 𝑡𝑝𝑏 of 2.50 min. However, SCFN-4691 outperformed SCFN-5591 

in sorption capacity and H2:CO ratio. This result implies a nonlinear relationship between 𝑡𝑝𝑏 and 

sorption capacity, and more rigorous mechanistic studies will be needed to uncover what transport 

and kinetic effects link these two quantities. Interestingly, doping the A-site with less than 50% 

Ca leads to a decrease in glycerol conversion, likely due to the relatively higher stability of SrFeO3-

δ in comparison to CaFeO3-δ. Such a trend can be understood by considering the Goldschmidt 

tolerance factor 𝜏 = 𝑟𝐴−𝑂/√2𝑟𝐵−𝑂 for the generic perovskite ABO3, which predicts the stability 

of the perovskite species based on its proximity to an ideal cubic structure (𝜏 = 1) [48]. The smaller 

ionic radius of Ca2+ compared to Sr2+ distorts the BO6 octahedra, resulting in a lower tolerance 

factor and hence diminished stability [49]. Considering its excellent performance, SCFN-5591 was 

subjected to twice as many reaction cycles. As can be seen in Figure 3(c), the sorption capacity 

plateaus at ~35% after the first 10 cycles and remains stable after 35 cycles. This initial increase 

and subsequent stabilization of sorption capacity could be linked to changes in pore size 

distribution.  
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Figure 3. (a) A characteristic reaction cycle taken from SCFN-5591 MS data (H2O and Ar not shown). The reduction step, which 

occurs at 570˚C, encompasses both the pre-and-post-breakthrough periods. The decarbonation/regeneration step releases nearly 

pure CO2 when using O2 as the oxidizing gas; (b) Summary of SESRG performance across SCFN composition with glycerol 

conversion (green), pre-break H2 concentration (purple), and sorption capacity (blue); (c) Stable SESRG reactor performance of 

SCFN-5591 with reduction step H2 volumetric concentrations (yellow diamonds), CO2 sorption capacity (blue squares), and pre-

breakthrough times (red triangles); (d) Average CO2 sorption capacity and oxygen release (∆𝛿) comparisons samples for all five 

SCFN compositions subjected to 15 TGA reaction cycles. 

Lattice oxygen release and CO2 uptake are both a function of B-site reduction, thus the measured 

oxygen release values (∆𝛿 ) and CO2 sorption capacities of the SCFN materials were highly 

sensitive to both the reducing environment. As the B-site gets increasingly reduced, more A-site 

oxides are exposed to CO2 for carbonation into ACO3. Therefore, it is expected that the sorption 

capacity is positively correlated to ∆𝛿. To investigate this relationship, both packed bed and TGA 

experiments were conducted. From Figure 3(d), we can see that sorption capacity across the SCFN 
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compositions trends positively with ∆𝛿. Interestingly, a volcano-like relationship can be seen. An 

increase from 30% to 40% Sr doping in the A-site substantially improves sorption capacity and 

oxygen donation, followed by a steady decrease and stabilization past 50% doping. The trends in 

sorption capacity from the TGA experiments are mirrored by those measured from the SESRG 

reactor experiments (see Table S2).  

To assess whether sintering phenomena is taking place between cycles, fresh, reduced, and 

regenerated SCFN-5591 samples were imaged and mapped using SEM-EDS. From the SEM 

images (Figure 4) we see that no significant particle agglomeration occurs between the fresh, 

reduced, and regenerated samples. Between the fresh (Figure 4 (a/b)) and reduced (Figure 4 (c/d)) 

samples, there is a noticeable increase in surface texture – likely attributable to the formation of 

carbonates. Surface elemental mapping with EDS depicts a mostly homogenous distribution of A-

and-B-site elements, with the exception of Ni, which appears to aggregate in clusters for both fresh 

and regenerated SCFN-5591 samples (Figure 5). XRD patterns of fresh SCFN samples reveal 

small amounts of NiO, suggesting that exsolution of Ni cations from the B-site of perovskite 

occurred during the 1,000 ˚C calcination (Figure 6).  

 

Figure 4. SEM images at varying magnifications for (a & b) fresh; (c & d) reduced; and (e & f) regenerated samples of SCFN-

5591 obtained from the SESRG reactor experiments.  

Additionally, the regenerated sample appears to have larger pore widths than its fresh counterpart 

from the SEM images. To confirm this observation, pore size distributions for fresh and reactor 

cycled (35 times) SCFN-5591 were obtained via BJH. The BET surface areas between the fresh 

sample (3.4 m2∙g-1) and the spent sample (3.1 m2∙g-1) are similar, but the average pore volume 

significantly increases from 10.4 nm for the fresh sample to 18.8 nm for the spent sample. Too 

small pores will be easily blocked by the carbonates, thus, the increase in average pore width could 

partially explain the increase in sorption capacity witnessed in the first ten cycles of SESRG 

reactions for this material (Figure 4(a)). 
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Figure 5. EDS mapping of (a & c) reactor-reduced and (b & d) regenerated SCFN-5591.  

Phase reversibility and proposed reaction scheme   

Evidence of SCFN’s phase reversibility is also witnessed in phase characterization via powder 

XRD analysis. Figure 6 (a & b) displays the XRD patterns of fresh and spent samples of SCFN-

4691 and 5591. The nearly perfect peak alignment of the samples pre-and post-15 cycles exhibits 

the superb durability and recyclability of SCFN. Small amounts of FeO and SrCO3 can be observed 

in the post-15 cycled SCFN-4691 (Figure 6(a)), but this is likely due to an insufficiently long 

regeneration/decarbonation time in our reactor experiments. TGA experiments were used to 

provide a more idealized picture of the phase transitions occurring since the gaseous atmospheres 

could be more easily tuned, and the smaller sample mass (~50 mg) more uniformly reduced or 

reoxidized.  These experiments, coupled with ex-situ XRD analysis, indicated that SCFN’s extent 

of reduction, and therefore carbonate formation, is highly sensitive to the gas compositions in the 

reduction step, i.e., the reducing environment. Despite the differences in reduction environment 

between the TGA, which contains no steam, and the reactor, evidence of phase change within the 

TGA remains constructive for devising a pathway. Consider the XRD patterns in Figure 6 (c & d) 

comparing the extent of reduction of SCFN-3791 in a TGA vs. reactor environment. The greater 

extent of reduction seen in the TGA, shown in Figure 6(d), reveals the presence of FeO - indicating 

a greater B-site reduction to Fe2+ with correspondingly more pronounced carbonate, CaO and SrO 

peaks. The relatively lower extent of B-site cation reduction from the reactor samples could be the 

result of steam inhibition.  
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Figure 6. Ex-situ XRD patterns for fresh and post-15 reaction cycles of (a) SCFN-4691 and (b) SCFN-5591. After 15 reaction 

cycles, the characteristic perovskite peaks remained intact, signifying that the samples succeeded in reverting to their starting phase 

after decarbonation. SCFN-3791 XRD patterns showing (c) extent of reduction in TGA environment; and (d) comparison between 

extent of reduction between TGA environment and reactor environment. Note that 15.5 cycles indicates that the cycle was cut off 

after the reduction step. ICDD ref codes: Sr0.5Ca0.5FeO2.5 (04-023-9930), NiO (00-001-1239), SrO (00-006-0520), SrCO3 (04-013-

9713), CaO (01-077-2010), CaCO3 (04-016-9713), Fe2O3 (00-039-1346), FeO (04-008-2748).  

In addition to revealing the dynamic phase transitions occurring under different gas atmospheres, 

in-situ XRD results further illustrate the difference in the extent of reduction between samples 

treated with solely H2 vs. H2/CO2. Both samples of SCFN-5591 were exposed to the same 

volumetric concentration of H2 (17.75%), with the exception that one also had an additional 4.75% 

CO2 flowed in during the 570 ˚C reduction step (the balance Ar). Interestingly, the diffraction 
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pattern of the sample treated with both H2/CO2 showed a visible increase in peak intensity around 

2θ = 32.4˚ as the temperature increased under 10% O2 (Figure 7(b)). Figure 7(c) more clearly 

shows that there is a shift from 32.44˚ to 32.35˚ of the major peak, likely due to slight temperature-

induced lattice expansion. The gradual disappearance of the Fe2O3 peak located at ~35.7 ˚provides 

evidence that phase transition is indeed occurring as the B-site metal is oxidized to a higher valency 

than Fe3+. In stark contrast, the contour plot for the H2-pretreated sample in Figure 7(a) showed 

virtually no change in peak intensity, revealing that the sample was only marginally reduced. These 

results suggest that CO2 and the carbonation reaction provide a driving force for the reduction of 

SCFN. The H2/CO2-reduced sample also shed light on the stability of the formed carbonates from 

the perovskite A-site. The CaCO3 diffraction signal is very weak and disappears as soon as the 

temperature surpasses ~610 ˚C, whereas the SrCO3 patterns remain apparent until ~750 ˚C.  

 

Figure 7. In-Situ XRD diffraction pattern contour plots of SCFN-5591 under a temperature ramp and 10% O2/N2 environment for 

samples (a) reduced with H2 only and (b & c) reduced with both H2 and CO2.  

From these XRD results, we propose the simplified SESRG reaction scheme involving the 

perovskite (Sr/Ca)FeO3-δ illustrated by Reactions 11 and 12. The operating principle is that syngas 

produced from the reforming of glycerol reduces (Sr/Ca)FeO3-δ to strontium oxide (SrO), calcium 

oxide (CaO) and reduced iron oxides. The coinciding WGS reaction converts some of the CO to 

CO2, which is then taken up by SrO and CaO to form carbonates. This simultaneous carbonate 
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formation removes CO2 to form conditioned syngas with a high H2:CO ratio (see Reaction 11), 

and the subsequent decarbonation step in air releases the trapped CO2 and regenerates the redox 

catalyst (see Reaction 12). The extent of perovskite reduction is represented by ∆𝛿 = 𝛿2 − 𝛿1 

where 𝛿1 = [0, 0.5] for the perovskite/Brownmillerite phase, and 𝛿2 = [0, 2] ranging from total to 

zero extent of B-site reduction. While for conventional oxidative steam reforming the presence of 

oxygen penalizes the H2 yield, here the simultaneous carbonate formation compensates for that 

penalty by driving the WGS to produce more H2. Assuming an ideal conversion of glycerol 

represented by Reaction 1, the amount of water consumed and the amount of H2 produced can be 

related to the 𝛿1 and 𝛿2 via the stoichiometry of Reaction 11. 

C3H8O3 + [3(𝛿1 + 𝛿2 − 1)]H2O + 3(Sr/Ca)FeO3−𝛿1
→ 

                                          3(Sr/Ca)CO3 + 3FeO𝛿2
+ [4 + 3(𝛿1 + 𝛿2 − 1)]H2                (11) 

                          3(Sr/Ca)CO3 + 3FeO𝛿2
 +  Air → 3(Sr/Ca)FeO3−𝛿1

+ 3CO2 + N2         (12) 

The formation of reduced A-site oxides (SrO, CaO) appears to be surface-sensitive and may not 

be easily identified by a bulk characterization technique like XRD for insufficiently reduced 

samples. Therefore, XPS was used to confirm the coexistence of these reduced oxides and their 

carbonates (results presented in the following section).  

Surface chemical environment  

XPS analysis was performed to determine the PTS surface chemical environment before and after 

the reduction/carbonation step. The Ca 2p, Fe 2p, and Sr 3d binding energy (BE) curves for fresh 

and reduced SCFN-5591 samples taken from the SESRG reactor are presented in Figure 8. In-situ 

XRD results for reduced SCFN-5591 samples revealed the presence of SrCO3 and CaCO3 (Figure 

6), which were also detected by XPS. Due to its surface sensitivity, XPS also detected SrO and 

CaO species on the surface, which were not identified by XRD. Elemental analysis of the pre-

reduction sample survey peak revealed that, despite the equimolar A-site composition, Ca was 

over twice as abundant as Sr on the surface at 17.86 atomic percentage (At%) versus 6.43%, The 

fresh sample also showed negligible surface Ni at only 0.04 At%. In contrast, the reduced sample 

showed a higher percentage of Ni at 0.14 At%, but this value was dwarfed by the 42.99 At% of C 

from surface carbonates. For the reduced sample, Ca remained the preferential surface species at 

9.92 At% compared to 4.24% for Sr. This could be due to the smaller ionic radius of Ca2+ compared 

to Sr2+ - enabling faster diffusion to the surface.  

The reduced SCFN-5591 Sr 3d spectrum was deconvoluted with three spin-orbital doublet pairs 

for Sr 3d3/2 and 3d5/2 BEs corresponding to three species: SrO, SrCO3, and what is likely distorted 

lattice Sr within the Brownmillerite crystal (Srlatt). In Figure 7(b), the doublets at 133.1 and 134.8 

eV and 132.4 and 133.4 eV likely correspond to SrCO3 and SrO, respectively [50, 51]. The main 

doublet feature of SrFeO3 characteristic of the perovskite crystal, which is normally centered at 

~133.8 eV [52], is now shifted to ~132 eV for the fresh sample in Figure 8(a) – likely due to the 

effects of Ca doping.   
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Figure 8. The core level XPS spectra for fresh and reduced SCFN-5591 for (a & b) Sr 3d, (c & d) Ca 2p, and (e & f) Fe 2p.  

A similar deconvolution procedure was conducted for the Ca 2p peaks. For the reduced sample 

(Figure 8(d)), the doublets identified at 346.6/349.8 eV and 347.9/351.1 eV likely correspond to 



16 

 

CaO and CaCO3, respectively [53,54]. The lack of lattice Ca peaks in the reduced sample 

deconvolution suggests that it was quickly carbonated or stabilized as CaO due to the B-site 

reduction. This may also relate to the lower kinetics of SrO carbonation at lower temperatures [55]. 

CaO has a very fast carbonation rate at lower temperatures. The proclivity for surface lattice Ca to 

carbonate explains the higher average CO2 sorption capacities seen in SCFN-4691 and 5591 (see 

Table S2), however the lower sorption capacity of SCFN-3791 counters this trend – hinting at 

more complicated phenomena at play here than merely Ca molar percentage in the A-site.  

The Fe 2p3/2 peaks were deconvoluted with three doublets. It is difficult for XPS to distinguish 

between the Fe3+ and Fe4+ valence states because both states exhibit a single peak for the 2p1/2 and 

2p3/2 core levels [56]. However, features of the satellite peaks can be used to distinguish between 

the two. The Fe3+ spectrum should exhibit a more pronounced satellite peak at ~718 eV [56], which 

can be seen in Figure 8(f). For the reduced sample, peaks at 709.9 and 711.5 eV likely correspond 

to FeO and γ-Fe2O3 
[57]. The higher BE peak at ~713 eV may be attributable to α-FeOOH, possibly 

formed after exposure to the ambient environment.  

Conclusions 

The current study demonstrated that perovskite-based phase transition sorbents (PTSs) can 

function as tri-functional materials capable of simultaneous catalysis, CO2 sorption, and oxygen 

release under a cyclic scheme. Results from reactor testing revealed that all five compositions of 

SCFN achieved pre-breakthrough H2 concentrations > 87 vol%, with SCFN-4691 and 5591 

displaying relatively high hydrogen purities (95.6-97.3%) in the pre-breakthrough periods. TGA 

experiments revealed a direct proportionality between oxygen release (∆𝛿) and CO2 sorption 

capacity, confirming the synergistic relationship between B-site reduction and A-site carbonation. 

A combination of performance results and ex-situ XRD analysis showcased the longevity and 

phase recyclability of the SCFN materials.  

A simplified reaction scheme has been proposed on the basis of in-situ XRD and XPS 

characterizations in which B-site reduction promotes the formation of A-site oxides on the surface 

(e.g., SrO and CaO) that are subsequently carbonated (and vice versa). In-situ XRD patterns 

confirmed that the formation of carbonates is fully reversible. SEM-EDS imaging coupled with 

BET analysis brought to light a favorable increase in average pore width on the surface of the PTS 

after cycling – showing that not only had sintering not occurred, but that in-fact the porosity of the 

material slightly improved. The confluence of these performance results and characterizations 

supports the continued investigation of perovskite oxides as viable PTS materials for a slew of 

possible sorption enhancement applications.  
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