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Ce stabilized Ni-SrO as a catalytic phase transition sorbent for 

integrated CO2 capture and CH4 reforming

Haiming Gu a,b , Yunfei Gao a,c,*, Sherafghan Iftikhar a and Fanxing Li a, *

Integration of carbon dioxide capture from flue gas with dry reforming of CH4 represents an attractive approach for CO2 

utilization. The selection of a suitable bifunctional material serving as a catalyst/sorbent is the key. This paper reports Ni 

decorated and CeOx-stabilized SrO (SrCe0.5Ni0.5) as a multi-functional, phase transition catalytic sorbent material. The effect 

of CeOx on the morphology, structure, decarbonation reactivity, and cyclic stability of the catalytic sorbent was determined 

with TEM-EDX, XRD, in-situ XRD, CH4-TPR and TGA. Cyclic process tests were conducted in a packed bed reactor. The results 

indicate that large Ni clusters were present on the surface of the SrNi sorbent, and the addition of CeO2 promoted even 

distribution of the Ni on the surface. Moreover, the Ce-Sr interaction promoted a complex carbonation/decarbonation 

phase-transition, i.e. SrCO3 + CeO2 �� Sr2CeO4 + CO2 as opposed to the conventional, simple carbonation/decarbonation 

cycles (e.g. SrCO3 �� SrO + CO2). This double replacement crystalline phase transition mechanism not only adjusted the 

carbonation/calcination thermodynamics to facilitate SrCO3 decomposition at relatively low temperatures but also inhibits 

sorbent sintering. As a result, excellent activity and stability were observed with up to 91% CH4 conversion, >72% CO2 capture 

efficiency and ~100% residue O2 capture efficiency from flue gas by utilizing the CeO2B��2O3 redox transitions, rendering 

an intensified process with zero coke deposition. Moreover, the SLDRM with SrCe0.5Ni0.5 has the flexibility to produce 

concentrated CO via CO2-splitting while co-producing a syngas with tunable H2/CO ratios.

1. Introduction

The increase in atmospheric CO2 level is triggering adverse 

effect on climate, environment and ecosystem [1]. Although 

anthropogenic CO2 emissions can be primarily ascribed to the 

utilization of fossil fuels, they are expected to remain as important 

energy sources within the foreseeable future [2]. Hence, CO2 capture 

and utilization is of significant importance in the coming decades. 

International Energy Agency considers carbon capture and storage 

(CCS) as one of the key strategies to mitigate CO2 emission in the 

short to intermediate term since it is applicable to large CO2 sources 

like power plant, cement plant, etc. To date, extensive efforts have 

been committed to developing high performance sorbents for CO2 

removal, including grafted amine on porous materials [3-5], alkaline 

earth metal oxides [6-9], alkali metal-based salts [10-12], etc. 

However, the commercial application of CCS still faces challenges 

such as high capital cost, substantial energy penalty, and unreliable 

CO2 storage technology. 

An alternative strategy to CO2 storage is to utilize the captured 

CO2 to produce value-added chemicals or fuels. To convert CO2, 

significant energy input and/or high temperature are required to 

activate the C=O bond. As a result, the energy efficiency for CO2 

utilization is limited [13-16]. Introducing a reducing agent such as 

methane can help to activate and rearrange the chemical bonds into 

target products. One such example is catalytic dry reforming of 

methane (DRM), which uses CH4 to convert CO2 into syngas, a 

mixture of H2 and CO applicable for the synthesis of chemicals and 

fuels. Previous research has focused on the development of 

effective, coke-resistant DRM catalysts [17-22]. It is noted that DRM 

produces syngas with H2/CO = 1/1, which still needs to be 

conditioned before further utilization in methanol or Fischer-Tropsch 

synthesis. In comparison, hybrid redox process, also known as 

chemical looping dry reforming of methane (CLDRM), produces 

syngas of H2/CO = 2/1 and pure CO streams separately [23-25]. 

CLDRM uses oxygen carrier to divide DRM into two reaction steps, 

i.e., CH4 partial oxidation to form CO and H2 (MeO reduced to Me) 

and CO2 splitting to form CO (Me oxidation to MeO). In CLDRM, the 

oxygen partial pressure (PO2) of the oxygen carrier plays an important 

role towards the syngas selectivity [25]. In this aspect, CeO2, a non-

stoichiometric oxide [26, 27], exhibits desirable thermodynamic and 

kinetic properties for methane partial oxidation under a chemical 

looping scheme [28-30]. Overall, the key lies in the design of 

bifunctional materials for lattice oxygen storage/release and 
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glycol (99.8%) were successively introduced at the molar ration of 

citric acid: ethylene glycol: cations (Sr2+, Ce3+ and Ni2+) = 3.75 : 2.5 : 

1. The solution was kept stirring at 80 oC to form viscous gel, which 

was then dried at 180 oC to form a precursor. Finally, the precursor 

was calcined in a muffle furnace at 900 oC for 3 h. The calcined 

materials were crushed and double sieved to the size range of 0.1 - 

0.3 mm. To be specific, the materials were named as SrCe1-xNix. 

2.2. Sample Characterization

The chemical components of carbonated and reduced samples 

were determined by using a Rigaku SmartLab X-ray diffractometer 

(XRD) with Cu Ka (k = 0.15418 nm) radiation at 40 kV and 44 mA at 

room temperature. The XRD patterns were collected in the �T range 

of 10 - 90 o with a step of 0.02 o for 0.3 s. In-situ XRD analysis was also 

conducted to identify the phase transition of material during redox 

reactions. It was conducted in a Panalytical Empyrean X-ray 

diffractometer with a XRK900 (Anton Paar) reactor chamber, and 

phase patterns were collected in the �T range of 15-55 o. The sample 

was N�
� heated from room temperature to 850 oC at a heating rate 

of 10 oC /min in N2 atmosphere and then, isothermal redox reactions 

were carried out at 850 oC. Since coke deposition during CH4 

reforming may damage the instrument and therefore, the redox was 

carried out alternately using CO2/N2 and H2/N2 instead.

Surface morphology characterization of fresh samples (initially 

underwent H2-reuduction and CO2 carbonation) was conducted 

using scanning transmission electron microscope (TEM, FEI Talos 

F200, 300 kV). TEM was also used visualize the deposited carbon. The 

elemental distributions were simultaneously determined using 

energy dispersive spectrometry (EDS). 

Raman spectra was determined using XploRA Plus 

Spectrometer with 532 nm wavelength. Each sample was scanned 

between 500 and 3500 cmU% for 10 s to identify the type of deposited 

carbon on the sample. 

2.3 Reactivity and Stability

H2-TPR was carried out in a SDT 650 thermogravimetric 

analyzer (TGA) to evaluate the effect of Ce on SrCO3 decarbonation 

process. To maintain the catalyst as metallic Ni, the sample initially 

successively underwent H2 reduction and CO2 carbonation. In each 

test, 20 mg of powder sample was loaded in an alumina crucible and 

exposed to 10% H2 in Ar (200 mL/min). The temperature was 

increased to 950 oC at a heating rate of 10 oC/min. 

Isothermal cycle carbonation/decarbonation at 875 oC was also 

conducted in the TGA to evaluate the reactivity stability of sorbent. 

20% CO2 in Ar (200 mL/min) and 20% H2 in Ar (200 mL/min) were 

used in carbonation and decarbonation process, respectively.

CH4-TPR was conducted in a U-tube reactor with 100 mg of 

carbonated sample in each test. The sample was exposed to 2.67% 

CH4 in Ar (30 ml/min) and heated to 1000 oC at a rate of 10 oC /min. 

The outlet gas composition was online analyzed with a mass 

spectrum cirrus 2.

2.4. Integrated CO2 Capture and CH4 Reforming

Integrated CO2 capture and CH4 reforming was conducted with 

both residue O2-containing flue gas and O2-free CO2 gas. The 

experiments were conducted in a U-tube with 0.5 g material in each 

test. In conducting the SLDRM with residue O2-contained flue gas, 

the sample periodically exposed to 25 Vol. % flue gas (3 Vol.% O2, 15 

Vol. % CO2 and 82 Vol. % Ar) in Ar during carbonation stage and 10 

Vol. % CH4 in Ar during reforming stage. The flow rate in the 

carbonation stage is flue gas/Ar = 10/30 sccm. And the flow rate in 

the reforming stage is CH4/Ar = 3.3/30 sccm. A 2 min Ar of 30 sccm 

was used for purging between each stage. In conducting SLDRM with 

O2-free CO2 gas, the sample was first reduced by 25% H2 in Ar at 850 
oC for 2 h before the experiment. The sample was periodically 

exposed to 25 Vol. % CO2 in Ar (10 sccm CO2 and 30 sccm Ar) during 

carbonation stage and 10 Vol. % CH4 in Ar (3.33 sccm CH4 and 30 sccm 

Ar) during reforming stage. A 2 min Ar of 30 sccm was used for 

purging between each stage. The composition of product gas was 

online analyzed with Cirrus 2 mass spectrometer. The used materials 

at different reaction stages were also sampled for characterization. 

Some indexes are defined to evaluate the SLDRM process, including 

CH4 conversion efficiency , overall H2 yield  and overall CO �CH4
�H2

yield , CO ratio in the reforming step and sorbent capacity �CO 
CO 

.�Sr

= 1-�CH4

�CH4,out

�CH4,in

(E1)

= 1-�H2

�H2

���CH4,in � �CH4,out)

(E2)

= 1-�CO

�CO

���CH4,in � �CH4,out)

(E3)

= 
CO

�CO,reform

�CO,reform + �CO2,reform

(E4)

= 1-�Sr

�CO2,actual

�CO2,thoery

(E5)

Where  and  are flow rate of outlet CH4 and input �CH4,out �CH4,in

CH4, respectively.  and FCO are flow rate of H2 and CO formation �H2

during the cycle, respectively.  and  are the flow �CO,reform �CO2,reform

of CO and CO2 during the reforming step.  and  are  �CO2,cap �CO2,thoery

the amount of CO2 actually captured and CO2 that sorbent could 

captured.

3. Results and Discussion

3.1. Stability of the Ce Incorporated Sorbent

Sorbent stability is arguably the most important property for 

sorbent design. Figure 2 shows the cyclic carbonation/decarbonation 

process using the sorbents with and without CeO2 incorporation. 

Similar to other alkali earth based sorbents, significant activity 
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occurred at the later stage of the reforming step. The formation of 

deposited carbon was further confirmed with TEM and Raman, 

showing mainly graphitic carbon formations on top of Ni-containing 

sorbents (Figures S1 and S2). Despite of the relative stability of the 

graphitic carbon, the coke was completely removed during the 

subsequent carbonation process. The facile coke removal was likely 

to be due to the catalytic effect of Ni-Ce [54]. A large CO peak was 

obtained during the initial carbonation stage from 12 min to 14 min. 

Simultaneously, CO2 absorption process occurred from 12 min to 16 

min. As a result, CO2 was barely observed during this stage. The 

sorbent exhibited an excellent cyclic performance at 875 oC within 30 

cycles, as shown in Figure 9c and Figure 9d. The sorbent capacity Csr 

and CH4 conversion maintained above 63% and above 98%, 

respectively. The overall yield of H2 and CO was ~89% and 111% 

during the 30 cycles. The difference between them and the CO yield 

exceeded 100% can be ascribed to the reverse water gas shift 

reaction. The overall syngas yield (H2+CO) maintained at about 100%. 

The microstructure and phase integrity after 30 cycles were 

examined with SEM and XRD, showing good stability of the sorbent 

(Figures S3 and S4). Moreover, the H2/CO ratio could be tuned by 

changing the methane injection time during the reforming step. As 

can be seen in Figure 8e, the H2/CO ratio monotonously decreased 

from 1.91 to 0.63 with methane duration decreased from 10 to 0.5 

min. The ratio of H2/CO <1 could be ascribed to the reverse water gas 

shift reaction. To produce a pure CO stream in the CO2 

utilization/carbonation step, the carbonation step time was 

adjusted. Figure 9f shows the gas evolution during typical SLDRM 

process with 20 mins reforming step and 6.66 mins carbonation step. 

It was observed that an almost 100% pure CO stream was obtained 

at the CO2 utilization/carbonation step. This allows effective CO2 

utilization with tunable H2/CO ratio and a separate highly pure CO 

stream during the SLDRM without further syngas conditioning units. 

Overall, the SrCe0.5Ni0.5 presents excellent flexibility in SLDRM with 

tunable H2/CO ratios. O2-intensified SLDRM using residue O2 from 

flue gas was also feasible, as elaborated in Section 3.4. It is 

interesting to note that the presence of residue O2 in fossil fuel 

combustion flue gas inhibited coke formation on the catalytic 

sorbent whereas the same sorbent acts as a dual function 

carbon/oxygen carrier in absence of the residue O2. This unique 

property, which can be attributed to the size and oxidation state of 

the surface Ni sites under the different oxidizing environments, 

offers excellent potential for a wide range of application scenarios.
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Figure 9. Isothermal SLDRM performance using SrCe1-xNix: (a) effect 

of sorbent on CH4 conversion at typical temperature, and cycle 

performance of SrCe0.5Ni0.5 at 875 oC of (b) gas evolution in a typical 

cycle, (c) overall view of gas products in 30 cycles, (d) main indexes 

in the reforming step during 30 SLDRM cycles, (e)effect of methane 

duration on H2/CO ratio, (f) gas evolution during SLDRM cycle with 

almost 100% CO formation during the carbonation step and (g) A 

schematic drawing showing the versatility of SLDRM using SrCe1-xNix.

Conclusions

To summarize, catalytic phase transition sorbents composed of Ni 

promoted and Ce stabilized SrO was synthesized and characterized 

for SLDRM. The addition of CeO2 functioned as a dispersant, 

rendering an even distribution of Ni catalyst in the material. 

Moreover, the Ce-Sr interaction promoted a complex 

carbonation/decarbonation phase-transition, i.e. SrCO3 + CeO2 �� 

Sr2CeO4 + CO2 as opposed to the conventional, simple 

carbonation/decarbonation cycles (e.g. SrCO3 �� SrO + CO2). This 

double replacement crystallite phase transition mechanism not only 

adjusted the carbonation/calcination thermodynamics to facilitate 

SrCO3 decomposition at relatively low temperatures but also inhibits 

sorbent sintering. As a result, excellent activity and stability were 

observed with up to 91% CH4 conversion, >72% CO2 capture 

efficiency and ~100% residue O2 capture efficiency from flue gas by 

utilizing the CeO2B��2O3 redox transitions, rendering an intensified 

process with zero coke deposition and improved endothermicity. 

Moreover, the SrCe0.5Ni0.5 catalytic sorbent can also convert an O2-

free CO2 stream to CO and produce syngas with tunable H2/CO ratio 

by adjusting the methane reforming step time. Overall, this study 

reports a new approach to design effective phase-transition 

materials for stable SLDRM with tunable product compositions. The 

utilization of redox pairs in the O2-intensified SLDRM approach with 

real combustion flue gas also shed light on future opportunities for 

process intensification in the context of CO2 capture and conversion.
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