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Abstract 

The distance between catalytic sites (Ni) and sorbents (CaO) on the performance of integrated CO2 

capture and utilization (ICCU) process is crucial important because the sorbents demonstrate a 

dramatic volume increase during carbonation reaction (1st stage of ICCU) and sequentially cover the 

catalytic sites and retard the CO2 conversion (2nd stage of ICCU). Herein, we synthesized various 

Ni/CaO-based dual functional materials (DFMs) with different distances between active sites and 

sorbents to provide different volume spaces for the growth of CaCO3 during the carbonation reaction. 

It is found that both 1%NiCaO and 10%NiCaO synthesized by a one-pot method exhibited a low CO2 

conversion (38% and 45%, respectively) and CH4 selectivity (58% and 69%, respectively) as the 

distance between catalytic sites and sorbents was so close that the Ni active sites were covered by the 

formed CaCO3 during carbonation reaction. With the increase of the distance by physical mixing 

method, the CO2 conversion and CH4 selectivity of 1%Ni/CeO2-CaO-phy were largely increased to 

62% and 84%, respectively at 550 ̊ C and atmospheric pressure when captured CO2 from 15% CO2/N2. 

This is attributed to the fact that the Ni active sites were still well dispersed on the surface of CeO2 

nanorods instead of being covered by the newly formed CaCO3.  

KEYWORDS: Integrated carbon capture and utilization process, dual functional materials, volume 

increase, active sites, methane.  

 

  



1. Introduction 

Reducing the concentration of atmospheric carbon dioxide (CO2) has drawn significant attention due 

to the issues of global warming and serious climate change [1, 2]. CO2 capture using CaO-based 

sorbents (calcium looping, CaL) is regarded as one of the most effective strategies to meet the target 

of reducing CO2 emissions [3, 4]. This is because CaO-based sorbents demonstrate a high theoretical 

capture capacity of 17.8 mmol g-1 and a low cost of $ 16-44 per ton CO2 capture, which is more 

competitive than that of amine scrubbing at $ 32-80 per ton CO2 capture [5, 6]. The current state-of-

the-art of CaL includes CO2 capture and sorbent regeneration in a separated reactor system with high 

temperature. This is not only energy-intensive but also very challenging, for example, attrition of 

sorbent during the transportation between carbonator and calciner [7]. Therefore, a novel integrated 

carbon capture and utilization (ICCU) process has been proposed, which has two stages performed in 

a single reactor at the same temperature as shown in Fig. S1 [8-10]. The 1st stage captures CO2 from 

flue gas using sorbents and the 2nd stage converts the captured CO2 into value-added products such 

as carbon monoxide (CO) and methane (CH4) etc., by switching the feed gas to renewable H2. This 

novel ICCU process will reduce the energy required for the sorbent regeneration and the infrastructure 

utilized in CO2 transportation and storage [11-14].  

Recently, the ICCU process combining carbon capture using CaO-based materials with the reverse 

water gas shift reaction (RWGS, Eq. (1)) or dry reforming of methane/ethane (Eq. (2)/Eq. (3)) has 

been proposed because the CaO-based materials are high-temperature sorbents for CO2 capture [15-

17]. Our previous work has successfully converted the captured CO2 into CO at 650 ˚C by the ICCU 

process using Ni-doped CaO-based dual functional materials (DFMs) which were synthesized by a 

one-pot sol-gel method. The DFMs exhibited good stability for CO production after 20 cycles of the 

ICCU process [15]. Kim et al. proposed an ICCU process converting two major greenhouse gases 



(CO2 and CH4) via dry reforming into a mixture of CO and H2 by a physical mixture of CaO sorbent 

and Ni/MgO/Al2O3 catalyst [16]. The synthesized DFMs demonstrated almost full conversion of the 

captured CO2 at 720 ˚C.  

CO2+H2↔CO+H2O, ∆Hr,298K= + 41.2 kJ mol-1 (1) 

CO2+CH4↔2CO+2H2, ∆Hr,298K= + 247 kJ mol-1 (2) 

2CO2+C2H6↔4CO+3H2, ∆Hr,298K= + 429 kJ mol-1 (3) 

CO2+4H2↔CH4+2H2O, ∆Hr,298K= -164 kJ mol-1 (4) 

In addition, the ICCU process combining carbon capture with the Sabatier reaction (Eq. (4)) has 

attracted great interests due to the existence of the established infrastructure for CH4 applications [18-

20]. For example, Duyar et al. developed Ru/CaO DFMs for the ICCU process and reported a 

relatively low CH4 yield of 0.5 mmol g-1, which was mainly attributed to the low loading of sorbent 

[17]. However, the desired temperature of Ru-based catalysts for CO2 methanation is from 200-300 

˚C, which is much lower than that of carbon capture using CaO-based sorbents [21]. In addition, high 

cost and low poisoning resistance limit the industrial application of Ru-based catalysts. Ni-based 

catalysts could be promising candidates in the proposed ICCU process not only because they are cost-

effective, but also because they provide a match in terms of catalytic temperature for CO2 methanation 

and CO2 capture using CaO-based DFMs [22, 23].  

However, using the cost-effective Ni/CaO DFMs has not been reported for the novel ICCU process 

to produce CH4. Furthermore, a dramatic increase of volume from CaO (16.9 cm3 mol-1) to CaCO3 

(34.1 cm3 mol-1) happens after the carbonation reaction [24]. This could cause the coverage of Ni 

active sties by CaCO3 and result in the insufficient conversion of the captured CO2. Therefore, 

understanding the interaction between Ni active sites and CaO-based sorbents, especially the distance 

is essential for the design of efficient DFMs for CH4 production during the ICCU process. In this 



report, we synthesized various Ni/CaO-based DFMs with different distances between active sites and 

sorbents and investigated the influence of sorbent volume change during the carbonation stage on the 

utilization of captured CO2. In the DFMs, Ni species are the active sites for CO2 conversion, CaO is 

the sorbent used for CO2 capture, and CeO2 is used as a physical barrier to increase the distance 

between active sites and sorbents. 

 

2. Experimental section 

2.1. Materials synthesis 

2.1.1. DFMs synthesized by one-pot method 

The one-pot method to synthesize DFMs, predetermined amounts of Ca(NO3)2·4H2O (Sigma-

Aldrich), Ni(NO3)2·6H2O (Sigma-Aldrich) and citric acid monohydrate (Sigma-Aldrich) acting as the 

chelation agent were added to deionized water at room temperature. The mixture was continuously 

stirred at 80 ˚C, dried at 120 ˚C overnight, and calcined at 850 ˚C for 2 h with a heating rate of 2 ˚C 

min-1. The molar ratios of water and citric acid to Ca2+ were 40:1 and 1:1, respectively. The molar 

ratios of Ni2+ to Ca2+ were 0.01:1 and 0.1:1 for 1%NiCaO and 10%NiCaO, respectively.  

2.1.2. DFMs synthesized by wet impregnation method 

The wet impregnation method was used to synthesize DFMs and two types of supports in the form of 

CeCaO and CeCaCO3 were used. For the synthesis of CeCaO, predetermined amounts of 

Ce(NO3)3·6H2O (Sigma-Aldrich), Ca(NO3)2·4H2O and citric acid monohydrate were added to 

deionized water at room temperature (The molar ratio of water, citric acid and Ce3+ to Ca2+ were 40:1, 

1:1 and 0.033:1, respectively). The mixture was continuously stirred at 80 ˚C, dried at 120 ˚C 

overnight. The obtained products were calcined at 850 ˚C for 2 h with a heating rate of 2 ˚C min-1. 



CeCaCO3 was prepared by the carbonation of CeCaO in 15% CO2/N2 (50 mL min-1) at 550 ˚C for 60 

min.  

After the production of the two types of supports, a predetermined amount of Ni(NO3)2·6H2O was 

dissolved into 16 mL deionized water and then 0.8 g as-prepared supports were added. The mixture 

was stirred at room temperature for 8 h before the evaporation of water at 80 ˚C and then dried 

overnight. The obtained DFMs are designated as 1%Ni/CeCaO-imp and 1%Ni/CeCaCO3-imp when 

using CeCaO and CeCaCO3, respectively.  

2.1.3. Synthesis of CeO2 nanorods 

CeO2 nanorods were synthesized by a hydrothermal process as previously reported [21, 25]. Solution 

A (1.730 g Ce(NO3)3·6H2O dissolved in 10 mL of deionized water) was added to solution B (20.0 g 

NaOH (Sigma-Aldrich) dissolved in 70 mL of deionized water) and the mixture was stirred for 30 

min. Subsequently, the mixture was transferred into a stainless-steel auto-clave and kept at 100 ˚C 

for 24 h. After cooling down to room temperature, the products were filtered and washed by deionized 

water and ethanol until the pH reached 7. Finally, the products were dried at 80 ̊ C overnight to obtain 

CeO2 nanorods. 

2.1.4. DFMs synthesized by physical mixing method 

The physical mixing method for the synthesis of DFMs has three steps. The first step is the synthesis 

of CaO sorbent using a one-pot method (the detailed method is demonstrated in section 2.1.1 without 

the addition of Ni precursor). The second step is dispersing Ni active sites on the synthesized CeO2 

nanorods (detailed method for the synthesis of CeO2 nanorods is described in section 2.1.3). The third 

step is mixing the sorbent and catalyst physically with a mass ratio of 1:1. The DFM synthesized by 

the physical mixing method is designated as 1%Ni/CeO2-CaO-phy.  

The detailed sample information is summarized in Table 1. 



 

 

Table 1 Summary of sample information 

Sample name Method NiO 

loading  

Function  

CeO2 Hydrothermal / Support and reference 

CaO-CeO2 Physical mixing / Support and reference 

1%NiCaO One-pot 1% DFMs with 1wt.% Ni 

10%NiCaO One-pot 10% DFMs with 10wt.% Ni 

1%Ni/CeCaO-imp Wet impregnation for catalyst 

(Ni/CeCaO) and one-pot for 

support (CeCaO)  

1% DFMs promoted by Ce with 

1wt.% Ni 

1%Ni/CeCaCO3-imp Wet impregnation for catalyst 

(Ni/CeCaCO3) and one-pot for 

support (CeCaCO3) 

1% Carbonized DFMs promoted 

by Ce with 1 wt.% Ni 

1%Ni/CeO2-CaO-phy Wet impregnation for catalyst 

(1%Ni/CeO2) and physical 

mixing with sorbent 

1% DFMs with 1wt.% Ni and 

physical mixed catalytic sites 

and sorbents 

 

2.2. Material characterization 

Powder X-ray diffraction (XRD) patterns ranging from 10 to 80˚ were collected by a PANalytical 

empyrean series 2 diffractometer with Cu Ka X-ray source. X'pert Highscore plus software was 

utilized to analyse the data. The in-situ powder X-ray diffraction patterns were measured on a Rigaku 

smartlab X-ray diffractometer equipped with an in-situ gas cell (Anton-paar HTK-1200N high 

temperature oven chamber). The measurement used the Cu Kα1 radiation (wavelength=1.5405 Å) 

from 3˚ to 90˚ with a scan speed of 5.5˚ min-1. The sample was firstly reduced in 10% H2/N2 at 60 

mL min-1 for 8 h, and then transferred into the in-situ gas cell. The sample was then heated to 500 ˚C 

at a 5 ˚C min-1 rate under N2 (100 mL min-1) in the cell, following pure CO2 at a 60 mL min-1 for 1 h. 

Transmission electron microscopy (TEM, JEOL 2010) was utilized to characterize the structure of 

DFMs. The samples were ultrasonically dispersed in absolute acetone and dropped cast on carbon-



coated Cu grids. High angle annular dark field (HAADF) images were carried out using a scanning 

transmission electron microspore (STEM, FEI Titan3 Themis 300) operating at 300 kV with FEI 

Super-X 4-detector EDX system. The cross-section images were performed using high-resolution 

scanning electron microscopy (SEM) coupled with a focused ion beam (FIB). The element 

distribution was collected by energy-dispersive X-ray spectroscopy (EDX). CO chemisorption 

performed on Micromeritics Autochem II 2920 analyser was utilized for the calculation of Ni 

dispersion for fresh reduced DFMs and reduced DFMs after the carbonation reaction. The samples, 

around 100 mg, were placed into a U-shape quartz tube and reduced at 350 ˚C in 5% H2/N2 for 30 

min. After reduction, the temperature was further increased to 450 ˚C to remove the absorbed H2 

using pure helium for 90 min. 1% CO/He and He were used for the loop gas and carrier gas, 

respectively during the pulse chemisorption at 35 ˚C. The regulation for setting the reduction 

temperature for CO chemisorption is displayed in Fig. S2. A thermogravimetric analyzer (TGA, SDT 

Q600) was utilized to measure the weight percentage change during the ICCU process.  

 

2.3. Integrated CO2 capture and utilization 

The ICCU performance of various DFMs was performed in a vertical fixed-bed reactor under 

atmospheric pressure. Typically, a predetermined amount (~0.3 g) of powdered DFMs mixed with 

1.0 g of quartz sand was loaded into the reactor and quartz wool was used to fix the sample. A k-type 

thermocouple was utilized to detect the temperature of the sample. The detailed sample information 

used in the ICCU process is summarized in Table 1. The 1st stage (carbonation reaction) was 

conducted in 15% CO2/N2 (50 mL min-1) at 550 ˚C for 60 min. Subsequently, the feed gas was 

switched to pure H2 (50 mL min-1) to convert the captured CO2 into CH4 at the same temperature after 

the reactor was purged for 5 min using pure N2. The products of the carbon capture stage and the 

conversion stage were collected in gas sample bags separately and analysed by off-line gas 

chromatography (GC, Techcomp 7900, TCD detector, TDX-01 column) with N2 as the internal 



standard. The CO2 capture capacity per gram of sorbent is defined as the difference between the 

recorded CO2 concentrations in the outlet gas stream and a blank experiment without any CO2 sorbent. 

The product yield including CH4 yield, CO yield and CO2 yield is defined as per gram of catalyst. 

The calculation of carbon balance, CO2 conversion, and CH4 selectivity are described as follows: 

Carbon balance= CH4 yield+CO2 yield+CO yield
CO2 capture capacity

*100%                      (5) 

CO2 conversion= CH4 yield+CO yield
CO2 capture capacity

*100%                            (6) 

CH4 selectivity= CH4 yield
CH4 yield+CO yield

*100%                            (7) 

 

3. Results and discussion 

3.1. Characterization of fresh materials 

 



Fig. 1. (a) XRD patterns of sol-gel CaO, pristine CeO2 nanorods and various DFMs (×: CaO; ♦: 

Ca(OH)2; ●: CeO2; *: CaCO3; ♣: Ni); HAADF-STEM images and EDX elemental mappings of (b-

f) 1%NiCaO and (g-k) 1%Ni/CeO2-CaO-phy. 

The XRD patterns of sol-gel CaO, pristine CeO2 nanorods and various DFMs with different porous 

structures are displayed in Fig. 1. The diffraction peaks centred at 32.1˚, 37.3˚, 53.8˚, and 67.4˚ are 

attributed to the cubic structure of CaO with space group Fm-3m [26]. The diffraction peaks centred 

at 18.8˚, 28.7˚, 34.1˚, 47.1˚, 50.8˚, 54.4˚, 59.4˚, 62.6˚, 64.2˚, and 71.8˚ are assigned to the hexagonal 

structure of Ca(OH)2 with space group P-3ml [27]. Thus, the CaO-based sorbent used in the ICCU 

process is a mixture of CaO and Ca(OH)2. Both phases exhibit an increase of volume during the 

carbonation reaction due to the fact that the volume of CaCO3 is larger than that of both CaO and 

Ca(OH)2. As for 1%NiCaO, no distinct diffraction peaks attributed to Ni or NiO are observed in Fig. 

1. However, we confirm that Ni had been successfully introduced in porous CaO as shown in the 

HAADF-STEM results (Fig. 1b and c), which is in agreement with the uniform distribution of Ni in 

EDX elemental mapping as shown in Fig 2e. In addition, it is obvious that the 1%NiCaO displays a 

short distance between active sites and sorbents sites. With the increase of Ni loading, a diffraction 

peak centred at 44.3˚ attributed to Ni is detected in the 10%NiCaO due to a bigger particle size as 

shown in Fig. S3. For the samples with the introduction of Ce, the diffraction peaks at 28.5˚, 33.2˚, 

47.6˚, 56.5˚, 59.2˚, 69.4˚, 76.7˚ and 79.1˚ are assigned to CeO2 [28]. It is found that Ce acts as a 

physical barrier to provide a longer distance than one-pot method synthesised DFMs (Fig. S4). For 

1%Ni/CeCaCO3-imp, sharp peaks centred at 23.1˚, 29.4˚, 36.1˚, 39.5˚, 43.2˚ and 48.7˚ are assigned 

to CaCO3. Even though no peaks belonging to Ni or NiO can be observed in 1%Ni/CeO2, the 

HAADF-STEM images and EDX elemental mappings as shown in Fig 2g-k indicates that Ni species 

are well dispersed on the surface of the CeO2 nanorods [29]. Compared to 1%NiCaO and 



1%Ni/CeCaO-imp, a longer distance of 1%Ni/CeO2-CaO-phy can be observed in Fig. 1g. Therefore, 

it is confirmed that 1%NiCaO, 10%NiCaO, 1%Ni/CeCaO-imp, 1%Ni/CeCaCO3-imp and 

1%Ni/CeO2-CaO-phy consist of CaO and Ni acting as the sorbent and active sites, respectively.  

3.2. ICCU performance of DFMs synthesized by one-pot method 

The ICCU performance including product distribution, carbon balance, CO2 conversion and CH4 

selectivity of various DFMs with different distances between active sites and sorbents is presented in 

Fig. 2 and Table 2. The pristine CeO2 nanorods demonstrate a carbon capture capacity due to their 

basic property as reported in the previous literature [28, 30]. However, both CH4 and CO cannot be 

detected indicating the ICCU process cannot occur in a single reactor at the same temperature (550 

˚C) using CeO2 as both the sorbent and catalyst. When the DFMs are a physical mixture of CeO2 

nanorod and CaO, the capacity of carbon capture is greatly increased to 14.94 mmol g-1. However, 

no CH4 is observed after switching the feed gas to H2 as shown in Fig. 2a due to the absence of Ni 

active sites. CO is the main product using the above DFMs; this might be because oxygen vacancies 

in the CeO2 could directly reduce CO2 to form CO [15, 31]. In addition, CaO-CeO2 exhibits a 

relatively low carbon balance (48%) and CO2 conversion (39%) as shown in Fig. 2b indicating more 

captured CO2 is in the form of CaCO3 (not converted during the utilization stage). This is further 

confirmed by the CaCO3 diffraction peaks centred at 29.4˚, 39.4˚ and 48.4˚ in the XRD results as 

shown in Fig. 2c.  

 



 

Fig. 2. (a) Product distribution; (b) carbon balance, CO2 conversion and CH4 selectivity for ICCU 

performance; (c) XRD patterns of spent CaO-CeO2 after 1 cycle of ICCU process; (d) the 2nd cycle 

ICCU performance of 1%Ni/CeCaCO3-imp; (e) Product distribution; (f) carbon balance, CO2 

conversion and CH4 selectivity for 3 cycles ICCU performance of 1%Ni/CeO2-CaO-phy.  

 



When using the one-pot method synthesized 1%NiCaO as the DFMs, the carbon capture capacity is 

9.16 mmol g-1. However, the CH4 yield and CO2 conversion are only 2.0 mmol g-1 and 38%, 

respectively. The CH4 selectivity reaches 58% indicating that the introduction of Ni species is 

efficient for hydrogen dissociation [32, 33]. With the further increase of Ni loading to 10 wt.% 

(10%NiCaO), the CH4 yield is slightly increased from 2.0 mmol g-1 to 2.5 mmol g-1. The CO2 

conversion and CH4 selectivity are also slightly increased to 45% and 69%, respectively. A large 

amount of captured CO2 remains in the DFMs in the form of CaCO3, which is proved by the XRD 

results in Fig. S5. This is surprising, as the increase of Ni loading is known to significantly enhance 

CH4 production from CO2 hydrogenation [33]. This might be because the volume of CaCO3 is 34.1 

cm3 mol-1, which is much larger than that of CaO (16.9 cm3 mol-1) [6, 34]. For the DFMs synthesized 

by a one-pot method, the expansion of the sorbent after carbonation reaction results in two main 

structural changes. On one hand, the pores of DFMs will be filled. On the other hand, the Ni active 

sites could be covered by the formed CaCO3 layer. This is further confirmed by the Ni dispersion 

decreasing from 1.66% and 0.23% to 0.23% and 0.07% in 1%NiCaO and 10%NiCaO, respectively 

(Table 2).  

 

3.3. ICCU performance of DFMs synthesized by wet impregnation 

It is suggested that a short distance between sorbents and active sites in the one-pot synthesized 

Ni/CaO will cover the catalytic Ni sites after the carbonation stage. We prepared Ni-based catalyst 

by impregnating Ni sites on the support, resulting in longer distance than the one-pot reduced catalysts. 

As a result, the CH4 yield of 1%Ni/CeCaO-imp synthesized by the wet impregnation method is 

increased to 3.3 mmol g-1. This could also be attributed to the introduction of CeO2 acting as a physical 



barrier between active sites and sorbents mitigating the influence of molar volume increase of CaO 

during the carbonation stage [35, 36].  

To further prove the negative influence of molar volume growth of CaO on CH4 production in the 

ICCU process, we directly compared two DFMs consisting of Ni, Ce and Ca using 1%Ni/CeCaO-

imp and 1%Ni/CeCaCO3-imp. The sorbent of DFM, CeCaO, was carbonized prior to the 

impregnation of Ni active sites. In this case, the prepared catalyst, 1%Ni/CeCaCO3-imp, has most of 

the Ni active sites outside of the sorbents. While for the 1%Ni/CeCaO-imp DFM, after carbonation, 

active Ni sites could be largely covered by CaCO3. The Ni dispersion of 1%Ni/CeCaO-imp decreases 

from 0.82% to 0.21% after carbonation reaction (Table 2). As expected, CH4 yield and CH4 selectivity 

were largely increased to 6.0 mmol g-1 and 81%, respectively, for the 1%Ni/CeCaCO3-imp DFM, 

because the Ni active sites are not covered by CaCO3. It is consistent with that only a slight change 

of Ni dispersion before (0.61%) and after carbonation reaction (0.51%). However, after 2nd cycle of 

ICCU using this DFM (1%Ni/CeCaCO3-imp), CH4 yield and CH4 selectivity are decreased to 4.11 

mmol g-1 and 74%, respectively as shown in Fig. 2d. This is because during the utilization stage of 

the 1st cycle, CaCO3 was decomposed to CaO, which was carbonized at the 2nd CO2 capture stage, 

and covered Ni active sites at the 2nd cycle due to the molar volume change.  

 

 

 

 

 

 

Table 2 ICCU performance of various DFMs. 



Samples 

CO2 capture 

capacity 

(mmol g-1) 

CH4 yield 

(mmol g-1) 

CO2 

conversion 

(%) 

CH4 

selectivity 

(%) 

Ni 

dispersiona 

(%) 

Ni 

dispersionb 

(%) 

TOFc 

(s-1) 

CaO-CeO2 14.9 0 39 0.00 / / / 

1%NiCaO 9.2 2.0 38 58 1.66 0.23 2.4  

10%NiCaO 8.1 2.5 45 69 0.23 0.07 0.9  

1%Ni/CeCaO-imp 10.6 3.3 42 74 0.82 0.21 3.0  

1%Ni/CeCaCO3-imp 14.1 6.0 52 81 0.61 0.51 2.0  

1%Ni/CeO2-CaO-phy 15.3 8.0 62 84 0.82 0.86 3.6  

         a Ni dispersion before 1st stage (carbonation reaction) of ICCU process.  

         b Ni dispersion after 1st stage (carbonation reaction) of ICCU process. 

         c TOF= Number of moles of reactant consumed/(number of active centres*reaction time).  

               Number of active centres=the weight of catalysts*metal loading*Ni dispersion/Ni relative atomic mass  

Reaction time=60 mins 

 

We further evaluate the interactions between catalytic sites and sorbents at the molecular level using 

FIB-SEM/EDX methods. The cross-section images and Ni concentrations across the particles are 

conducted to study the porous structure and element distribution of both the fresh and spent DFMs 

synthesized by wet impregnation method as displayed in Fig. 3. Through the comparison of Fig. 3a 

and Fig. 3d, no large changes can be observed in the porous structure between the fresh and spent 

1%Ni/CeCaO-imp. The Ni concentration of fresh 1%Ni/CeCaO-imp as shown in Fig. 3b and c is 

gradually decreased from the surface to the internal area indicating that the wet impregnation method 

is a process of infiltration from the outside to the inside. However, the surface Ni concentration of 

spent 1%Ni/CeCaO-imp is much lower than that of fresh 1%Ni/CeCaO-imp due to the surface Ni 

species which were covered by the CaCO3 formed during the carbonation reaction. An obvious 



change of porous structure is displayed in Fig. 3g and j. 1%Ni/CeCaCO3-imp as shown in Fig. 3c 

demonstrates a bulk structure because the porous structure of Ce doped sol-gel CaO has been filled 

by CaCO3 after the carbonation reaction at 550 ˚C for 60 min during the sample preparation. After 

impregnating Ni on CeCaCO3, the surface of 1%Ni/CeCaCO3-imp exhibited a high Ni concentration 

as shown in Fig. 3h and i. The surface Ni concentration of spent 1%Ni/CeCaCO3-imp after the 1st 

cycle of the ICCU process is further increased compared to fresh 1%Ni/CeCaCO3-imp. This is 

attributed to the suggestion that CaCO3 species on the surface of spent 1%Ni/CeCaCO3-imp are 

consumed through the ICCU process.  



 

Fig. 3. FIB-SEM/EDX images of various DFMs: (a-c) fresh 1%Ni/CeCaO-imp; (d-f) spent 

1%Ni/CeCaO-imp; (g-i) fresh 1%Ni/CeCaCO3-imp, (j-l) spent 1Ni/CeCaCO3-imp.  

 

3.4. ICCU performance of DFMs synthesized by physical mixing 

As the previous developed 1%Ni/CeCaCO3-imp cannot mitigate the negative influence of molar 

volume increase on the coverage of Ni sites, we developed DFMs using a physical mixing method. 

By physically mixing 1%Ni/CeO2 catalyst with CaO, the yield of CH4 is significantly increased to 



8.0 mmol g-1 due to the longer distance between active sites and sorbents compared to 1%NiCaO, 

10%NiCaO and 1%Ni/CeCaO-imp as shown in Fig. 1. Thus, the Ni active sites are still exposed on 

CeO2 nanorods after carbonation reaction instead of being covered by the newly formed CaCO3, 

which is consistent with the comparable Ni dispersion of fresh (0.82%) and carbonated DFMs (0.86%) 

(Table 2). Therefore, 1%Ni/CeO2-CaO-phy exhibits the highest carbon balance (70%), CO2 

conversion (62%) as well as the highest CH4 selectivity (84%). The highest TOF number (3.6 s-1) 

further indicates the better catalytic performance of 1%Ni/CeO2-CaO-phy. In addition, the 

1%Ni/CeO2-CaO-phy DFM shows a good stability after 3 cycles of ICCU as shown in Fig. 2d and f. 

It is proposed that the distance between Ni sites and sorbents in the physical mixed DFMs is sufficient 

to mitigate the problem of Ni coverage after the CO2 capture stage. In addition, CeO2 nanorods 

improve the dispersion of Ni species, and act as a support to prevent the sintering of Ni species [37, 

38].  

In addition, in-situ XRD patterns of 10%NiCaO and 10%Ni/CeO2-CaO-phy were conducted to reveal 

the phase changes during the carbonation reaction. As shown in Fig. 4, the peaks assigned to CaCO3 

and NiO were largely increased, while the peak attributed to Ni was gradually disappeared during the 

carbonation reaction. We use 10%Ni/CeO2-CaO-phy for the in-situ XRD due to a high loading of Ni 

is easier to be detected. However, only NiO peak can be observed in the XRD patterns. During the 

2nd stage of ICCU process, NiO will be reduced by H2 firstly for both 10%NiCaO and 10%Ni/CeO2-

CaO-phy, which can be confirmed by Ni peak centered at 44.3˚ in XRD results (Fig. S5 and Fig. S6). 

As for 10%NiCaO, most of the NiO was covered by the formed CaCO3. Only small amount of NiO 

was reduced to Ni. Therefore, limited CaCO3 reacted with the dissociated Ni and produced slight CH4. 

However, the reduced Ni species are well dispersed on CeO2 nanorods in 1%Ni/CeO2-CaO. The 

ICCU performance was largely enhanced.  



 

Fig. 4. In-situ XRD patterns of (a) 10%NiCaO and (b) 10%Ni/CeO2-CaO-phy during the 

carbonation reaction.  

 

Based on the experimental results discussed in this work, a mechanism for the enhancement of ICCU 

process by 1%Ni/CeO2-CaO-phy DFMs is proposed as shown in Fig. 5. For the one-pot synthesized 

1%NiCaO, the Ni active sites will be covered by formed CaCO3 layer after carbonation reaction as 

shown in Fig. 5a because the volume increase from CaO to CaCO3. Therefore, 1%NiCaO exhibited 

a low CO2 conversion and CH4 selectivity. However, the ICCU performance of 1%Ni/CeO2-CaO-

phy was largely enhanced due to a longer distance between active sites and sorbents. The Ni active 

sites were still well dispersed on the surface of CeO2 nanorods after carbonation reaction as shown in 

Fig. 5b.  



 

Fig. 5. Proposed mechanism for the enhancement of ICCU process by 1%Ni/CeO2-CaO-phy DFMs. 

 

4. Conclusions  

The ICCU process which is a combination of carbon capture and CO2 methanation at 550 ˚C using 

Ni/CaO-based DFMs is proposed in this study. We further investigate the interaction between the 

volume increase of sorbents after the carbonation reaction and the accessibility of Ni active sites in 

the CO2 conversion using various DFMs with different distances between active sites and sorbents. 

Compared to 1%NiCaO (CO2 conversion and CH4 selectivity are 38% and 58%, respectively), 

10%NiCaO still exhibited a low CO2 conversion of 45% and CH4 selectivity of 69% due to the 

dramatic volume increase from CaO to CaCO3 after the carbonation reaction. Thus, the Ni active sites 

in DFMs synthesized by the one-pot method were covered by the formed CaCO3 due to the short 

distance between acitve sites and sorbents. When the DFMs were prepared by the physical mixing of 

CaO sorbent and Ni/CeO2 catalyst, 1%Ni/CeO2-CaO-phy exhibited a much better ICCU performance 

including a much higher CO2 conversion (62%) and CH4 selectivity (84%) as well as a higher CH4 



yield (8.0 mmol g-1). It is suggested that the Ni active sites are still exposed on the surface of CeO2 

nanorods instead of being covered by the newly formed CaCO3 after the carbonation reaction. 

Therefore, understanding the interaction between active sties and sorbents is essential to synthesize 

effective DFMs for ICCU process.  
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