
XAS/DRIFTS/MS spectroscopy for time-resolved operando study of
integrated carbon capture and utilisation process

Sun, H., Wang, C., Sun, S., Lopez, A. T., Wang, Y., Zeng, J., Liu, Z., Yan, Z., Parlett, C. M. A., & Wu, C. (2022).
XAS/DRIFTS/MS spectroscopy for time-resolved operando study of integrated carbon capture and utilisation
process. Separation and Purification Technology, 298, [121622]. https://doi.org/10.1016/j.seppur.2022.121622

Published in:
Separation and Purification Technology

Document Version:
Publisher's PDF, also known as Version of record

Queen's University Belfast - Research Portal:
Link to publication record in Queen's University Belfast Research Portal

Publisher rights
Copyright 2022  the authors.
This is an open access article published under a Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/),
which permits unrestricted use, distribution and reproduction in any medium, provided the author and source are cited.

General rights
Copyright for the publications made accessible via the Queen's University Belfast Research Portal is retained by the author(s) and / or other
copyright owners and it is a condition of accessing these publications that users recognise and abide by the legal requirements associated
with these rights.

Take down policy
The Research Portal is Queen's institutional repository that provides access to Queen's research output. Every effort has been made to
ensure that content in the Research Portal does not infringe any person's rights, or applicable UK laws. If you discover content in the
Research Portal that you believe breaches copyright or violates any law, please contact openaccess@qub.ac.uk.

Download date:23. May. 2023

https://doi.org/10.1016/j.seppur.2022.121622
https://pure.qub.ac.uk/en/publications/cb694694-473f-4f7d-bb8c-c7dc20ef73c9


Separation and Purification Technology 298 (2022) 121622

Available online 28 June 2022
1383-5866/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

XAS/DRIFTS/MS spectroscopy for time-resolved operando study of 
integrated carbon capture and utilisation process 

Hongman Sun a,b, Chunfen Wang a, Shuzhuang Sun b, Antonio T. Lopez c, Youhe Wang a, 
Jingbin Zeng a, Zhen Liu a, Zifeng Yan a, Christopher M.A. Parlett c,d,e,f,*, Chunfei Wu b,* 

a College of Chemistry and Chemical Engineering, State Key Laboratory of Heavy Oil Processing, China University of Petroleum, Qingdao 266580, China 
b School of Chemistry and Chemical Engineering, Queen’s University Belfast, Belfast BT7 1NN, UK 
c Department of Chemical Engineering and Analytical Science, University of Manchester, Manchester M13 9PL, UK 
d Diamond Light Source, Harwell Science and Innovation Campus, Didcot OX11 0DE, UK 
e The University of Manchester at Harwell, Diamond Light Source, Harwell Science and Innovation Campus, Didcot OX11 0DE, UK 
f UK Catalysis Hub, Research Complex at Harwell, Rutherford Appleton Laboratory, Harwell OX11 0FA, UK   

A R T I C L E  I N F O   

Keywords: 
Integrated carbon capture and utilisation 
CaO 
Dual-functional materials 
Operando XAS/DRIFTS/MS 
Mechanism 

A B S T R A C T   

An integrated carbon capture and utilization (ICCU) process present an ideal solution to address anthropogenic 
carbon dioxide (CO2) emissions from fossil fuel-driven electricity production, allowing for capturing and sub-
sequent utilization of CO2 instead of current release into the atmosphere. Effective dual-functional materials 
(DFMs), through the combination of CO2 sorbents and catalysts, can not only capture CO2 but also convert it into 
higher-value chemicals, such as CH4 or CO, under isothermal conditions within a single reactor are highly 
desirable for ICCU processes. In this study, we investigate the mechanism of ICCU over 10 %NiCaO by the time- 
resolved operando XAS/DRIFTS/MS and the influence of a reduction pretreatment on the process and the 
products formed. During the 1st stage of the ICCU process (carbon capture), CaO adsorbs CO2 resulting in bi-
carbonate, carbonate, and formate species formation. At the same time, the Ni catalytic active species are 
oxidized by CO2, leading to the formation of NiO and CO. However, pre-treating the same DFM under hydrogen, 
during heating to operating temperature, resulted in a switch to CH4 production, suggesting the presence of high 
levels of surface adsorbed H2. During the 2nd stage of ICCU (CO2 conversion), the NiO generated during capture 
is reduced by H2 to metallic Ni, which facilitates the reduction of bicarbonates, carbonates, and formats, via H2 
dissociation, to produce and liberate gaseous CO. Thus, both adsorption and catalytic sites are regenerated for 
the subsequent ICCU cycle.   

1. Introduction 

The combustion of fossil fuels for energy generation has led to a rise 
in greenhouse gases, especially carbon dioxide, which represents a 
major cause of global warming [1–3]. Therefore, the utilisation of CO2 
as a feedstock in chemical processes has drawn intensive attention 
because it not only mitigates the risks associated with extensive CO2 
emissions but also offers various alternatives to produce sustainable 
fuels and chemicals [4–6]. Current state-of-the-art carbon capture and 
utilisation (CCU) is a multistep process, combining capture, sorbent 
regeneration, and CO2 conversion, necessitating an elevation in process 
temperature and second reactor [7,8], as capture and utilisation do not 

occur within the same reactor. Recently an integrated carbon capture 
and utilisation (ICCU) process has been proposed to combine the sorbent 
regeneration and catalytic conversion of the captured CO2 under 
isotherm conditions within a single reactor [9,10]. Therefore, the initial 
capital costs are largely reduced by eliminating a second reactor and 
overcoming the handling and transportation of the sorbents [11]. 

Hydrogenation of the captured CO2 is one of the most important 
pathways for ICCU processes, resulting in a wide range of products, 
including CO, CH4, CH3OH, formate, and other hydrocarbons, depend-
ing on the reaction conditions and catalysts [12,13]. From an industry 
standpoint, CO2 methanation using sustainable H2 is highly desirable 
because CH4 has multiple uses in the existing gas distribution system and 
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commercial infrastructure [14]. In addition, the reverse water gas shift 
(RWGS) reaction is also an indispensable reaction because the produced 
CO serves as a feedstock for producing chemicals and fuels via Fischer- 
Tropsch synthesis [15,16]. While thermodynamics favour CH4 produc-
tion under normal conditions, the equilibrium shifts to CO at elevated 
temperatures (>500 ◦C) and pressures [17,18]. 

Effective dual-functional materials (DFMs), which not only capture 
CO2 but also convert it into higher-value chemicals such as CH4 or CO, 
are vital to realizing isothermal ICCU [19]. Among the various catalysts 
explored for ICCU, the high cost and low poisoning resistance limit in-
dustrial applications of Ru-based systems [20]. In contrast, Ni-based 
catalysts represent promising candidates due to catalytic performance, 
economics, and abundance [21]. However, the presence of CO in the 
product stream will lead to undesirable carbonyl species formation and 
carbon deposition on the Ni surface, with both resulting in instability 
and deactivation [22,23]. Over the past decades, considerable effort has 
been exerted in producing Ni-based catalysts with high selectivity to 
either CH4 or CO and resistance to coking [24,25]. To enable an 
educated design approach to selective and stable DFMs, a comprehen-
sive understanding of the site requirements, elementary steps, and in-
termediates is crucial, with these ultimately leading to the construction 
of viable mechanisms for both CO2 methanation and RWGS [26]. 

Diffuse Reflectance Infrared Fourier Transform Spectroscopy 
(DRIFTS) has been widely exploited in the elucidation of catalytic re-
action mechanisms at the gas-solid interface by probing adsorption, 
desorption, and intermediate species [27,28]. In the case of CO2 
methanation, DRIFTS investigations have resulted in two proposed 
mechanisms. The first proposes that CO2 absorbed on the support reacts 
with dissociated H* species to form formate (COOH) at the metal- 
support interface. Formate then gives rise to CO* species that are sub-
sequently hydrogenated to CH4 [1,29]. The second mechanism is a 
direct dissociation pathway, with CO2 converted to CO* (and O*), which 
likewise are hydrogenated to methane. The dissociation of CO* has 
generally been considered the rate-determining step of the reaction 
during the second mechanism [30]. DRIFTS has similarly been applied 
to understand the ICCU mechanism, with Proaño et al. studying CO2 
capture and in-situ methanation over a 5 %Ru-6.1% “Na2O”/Al2O3 DFM 
at 320 ◦C [31]. They revealed large volumes of CO2 were absorbed on Al- 
O− -Na+ forming bidentate carbonates. Sequentially, the adsorbed 
bidentate carbonates spilled over to the Ru-support interface forming 
formate as an intermediate, which was finally converted to CH4. It is 
recognized that product selectivity and catalytic stability are determined 
by the complex interactions between the various surface species and the 
different catalyst components. However, a detailed mechanism and the 
precise roles of surface species in the catalytic process are still under 
debate, especially during the ICCU process. 

Here we exploit the powerful combination of energy-dispersive X-ray 
absorption spectroscopy (XAS), DRIFTS, and online mass spectrometry 
(MS) in a dynamic in-situ study of ICCU process over Ni-based DFMs. 
This approach enables real-time quantification of the Ni oxidation state 
under dynamic conditions, identifying the intrinsic active site and cor-
responding reaction mechanism of Ni-based catalyst during the ICCU 
process. 

2. Experimental 

2.1. Materials 

Chemical reagents including calcium nitrate tetrahydrate (Ca 
(NO3)2⋅4H2O, 99.99%), nickel nitrate hexahydrate (Ni(NO3)2⋅6H2O, 
99.99%), and citric acid monohydrate (99.99%) were purchased from 
Sigma-Aldrich. Mesoporous SiO2 support (SBA-15) was synthesized by a 
non-ionic surfactant templating approach according to the procedure 
reported by Kleitz et al. [32]. Deionized water was used in all the 
experimental processes. 

2.2. Catalyst preparation 

A sol-gel methodology was utilized to synthesize the DFMs [33,34]. 
Predetermined amounts of Ca(NO3)2⋅4H2O, Ni(NO3)2⋅6H2O, and citric 
acid, which acted as a chelation agent, were added to deionized water at 
room temperature, with molar ratios of 1:0.1:1:40 respectively. The 
mixture was continuously stirred at 80 ◦C to form a well-dispersed 
translucent pale green sol. Drying overnight at 130 ◦C yielded a low- 
density foam, which was ground to a fine powder with a porcelain 
mortar and pestle before calcination in a muffle furnace in air at 850 ◦C 
for 5 h with a heating rate of 2 ◦C min− 1. The resulting solid DFM was 
designated 10 %NiCaO. A pure single functional CaO sorbent material 
was prepared according to the same method, with the omission of the Ni 
salt. A Ni-doped mesoporous SiO2 catalyst was prepared by wet 
impregnation. A predetermined amount of Ni(NO3)2⋅6H2O, corre-
sponding to 10 wt% of Ni, was dissolved into 16 ml deionized water, 
which was added to 0.8 g SBA-15 support. The mixture solution was 
stirred at room temperature for 24 h before evaporation of the water at 
80 ◦C and drying overnight. The resulting catalyst is calcined in air at 
550 ◦C for 5 h at a heating rate of 2 ◦C min− 1 and designated to 10 %Ni/ 
SBA-15. 

2.3. Catalyst 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. XRD data were analyzed by X’pert Highscore plus soft-
ware. Nitrogen adsorption-desorption isotherms were measured using 
ASAP 2020 analyzer at − 196 ◦C. Brunauer-Emmett-Teller (BET) surface 
area was measured using the adsorption branch data in the relative 
pressure (P/P0) range from 0.06 to 0.2. The pore size distribution was 
calculated by the Barrett-Joyner-Halenda (BJH) method using nitrogen 
desorption branch of the isotherm. Scanning electron microscopy (SEM), 
was conducted on a Quanta FEG 250 coupled with energy-dispersive X- 
ray spectroscopy (EDX), used to examine the morphology and element 
distribution of samples at 8 × 10-5 mbar. SEM was performed at an ac-
celeration voltage of is 20 keV. Transmission electron microscopy (TEM) 
was conducted on a JEOL 2010. For TEM analysis, powder samples were 
dissolved in methanol and deposited to dry holey carbon grids. 

2.4. Synchronous XAS/DRIFTS/MS 

To provide insight into the ICCU process, with a specific focus on the 
bulk nature of the catalytic species and surface adsorbates on the DFM, 
simultaneous operando X-ray absorption spectroscopy (XAS) and 
DRIFTS were carried out. Switching gas feeds, between CO2, H2, and He, 
enable the role of each reactant to be elucidated, including their role of 
Ni oxidation state, adsorbed chemical species, and product formation, 
the latter via monitoring of the effluent gas stream by mass spectrometry 
(MS). A schematic diagram of the synchronous XAS/DRIFTS/MS set-up 
is shown in Fig. 1. The DFM and 10 %Ni/SBA-15 catalyst were pre- 
reduced ex-situ in a fixed-bed reactor under 5 %H2 balanced with He 
at 550 ◦C for 3 h prior to operando XAS/DRIFTS/MS studies, with the 
two-step ICCU process cycled three times. 

The DFM was loaded into the crucible within a Harrick high- 
temperature in-situ cell [36], which comprised two ZnSe IR windows 
and two glassy carbon X-ray windows. The sample was heated to 500, 
550, or 600 ◦C under flowing He or 10 %H2 in He at 30 ml min− 1, 
designated 10 %NiCaO and 10 %NiCaO-red respectively. Once the 
sample reached the desired process temperature, the inlet gas stream 
was cycled between CO2, He, and 10 %H2 in He at 30 ml min− 1 to 
replicate capture and utilisation conditions, with He purges in-between. 
The inlet gas stream was controlled by two 4-port fast-switching valves, 
controlled and logged by PC, with a switch resolution of ~0.006 Hz. 
Transmission energy-dispersive X-ray absorption spectroscopy (XAS) 
measurements were collected at the I20-EDE beamline at Diamond Light 
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Source (UK) [37]. The beamline employs a polychromator in Bragg 
configuration, which was set to the Ni K-edge (8.3 keV) with a FReLoN 
CCD camera detector. Vertical defocusing of the X-ray beam and a sec-
ond “reference sample” were also employed for dispersive EXAFS data 
collection to achieve a normalization of deleterious scattering due to the 
support material in the transmission EXAFS experiment. The X-ray path 
length was 5 mm, determined by the dimension of the crucible in the 
Harrick cell. X-ray spectra were collected continuously with a temporal 
resolution of 1 s. XAS data were processed using the ATHENA package of 
the IFEFFIT Open Source software suite. Desorption products were 
detected downstream by a Pfeiffer Omnistar quadrupole mass spec-
trometer with a heated capillary held at 80 ◦C, while adsorbates were 
characterized by DRIFTS using an Agilent Cary 680 FTIR spectrometer 
with an MCT detector and Harrick DaVinci Arm accessory to bring the IR 
beam to the x-ray beam path. Spectra collected temporal resolution in 
the seconds, and wavenumber resolution was 4 cm− 1. 

3. Results and discussion 

3.1. Characterization of catalysts 

The XRD patterns of CaO, 10 %NiCaO, and 10 %Ni/SBA-15 are 
presented in Fig. 2a. The diffraction peaks centered at 32.1◦, 37.3◦, 
53.8◦, and 67.4◦ are attributed to the cubic structure of CaO with space 
group Fm-3 m [38]. The diffraction peaks centered at 18.0◦, 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-3 ml [39]. The 
formation of Ca(OH)2 is attributed to the reaction between CaO powder 
and moisture in the air, present during the calcination processing 
(including cooling) and storage. In addition, two small peaks centered at 
29.4◦ and 43.1◦ can also be observed in both CaO and 10 %NiCaO, due 
to the existence of the crystal phase of CaCO3, which results from the 
interaction between CaO or Ca(OH)2 and atmospheric CO2, also present 
during the calcination. 10 %Ni/SBA-15 displays a broad diffraction peak 
centered at 22.5◦ due to the amorphous nature of the SBA-15 support 
[40]. Both 10 %NiCaO and 10 %Ni/SBA-15 exhibit a diffraction peak at 
2θ = 43.2◦, indicating the existence of NiO (200) (note these samples 
were not reduced prior to this measurement) [41]. N2 adsorp-
tion–desorption isotherms and pore size distributions calculated from 
the BJH desorption branch of the DFM and sorbate are shown in Fig. 2b. 
The shape of the hysteresis loops for the DFM is type H3 resulting from 
the slit-shaped pores generated by the addition of citric acid. The surface 
area (12.8 m2 g− 1) and pore volume (0.11 cm3 g− 1) of 10 %NiCaO are 
significantly lower than those of the reference sol–gel CaO (38.5 m2 g− 1 

and 0.15 cm3 g− 1) due to the introduction of NiO particles. The BJH pore 
size distribution indicates the formation of pores ranging from 4 nm to 
100 nm. 

The morphologies and active components of CaO and 10 %NiCaO are 
determined by SEM analysis, as shown in Fig. 2c and d. During the 
calcination processing of both CaO and 10 %NiCaO, a sizable amount of 
gases (including CO2 NOx, and H2O) are released, driving the formation 
of the highly porous and open sponge-like morphologies observed [42]. 
The Ni in the 10 %NiCaO system presents as Ni nanoparticles, which are 
uniformly distributed across the sorbate (Fig. 2e and f), with sizes 
spanning 10 to 30 nm (Fig. 2g and h). 

Fig. 1. Synchronous XAS/DRIFTS/MS measurements were recorded in a 
stainless-steel reactor with vitreous carbon windows that permit high X-ray 
transmission with minimum interference to the XAS signal [35]. 

Fig. 2. (a) XRD patterns (×: CaO; ◆: Ca(OH)2; *: CaCO3 and ♣: Ni), (b) N2 adsorption-desorption isotherms and pore size distribution calculated from the BJH 
desorption branch, SEM images (c: CaO; d: 10 %NiCaO), EDX mappings of 10 %NiCaO (e: Ca element; f: Ni element), (g) TEM images of 10 %NiCaO and(h) cor-
responding particle size distributions. 
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3.2. Operando XAS/DRIFTS/MS study of ICCU process 

3.2.1. The influence of reaction temperature 
Before spectra acquisition, the temperature of the in-situ cell was 

increased to the target temperature under pure He. The effluent gas 
composition was monitored by MS spectra and the data was collected for 
the ICCU process at 600 ◦C presented as a function of time-on-stream in 
Fig. 3a. Once introducing CO2 to the cell, the 1st stage of ICCU, i.e. 
capture, the rapid initial production of CO is witnessed. This is attrib-
uted to the reaction between CO2 and the metallic Ni surface (CO2 +

Ni ↔ CO + NiO) (note sample was pre-reduced ex-situ beforehand). 
Further reaction of CO2 to oxidise the bulk of Ni nanoparticles (NP) is 
prohibited by the formation of a passivating NiO surface (confirmed by 
XAS and discussed later). 

During the conversion stage, after switching to the H2 gas stream, we 
likewise observed the formation of CO, albeit at reduced quantities, and 
H2O. The formation of CO was also substantiated by its C − O stretching 
vibrational fingerprint at 2180 and 2117 cm− 1 as shown in Fig. 3b [31]. 
This suggests that the reverse water gas shift (RWGS) reaction pathway 
is an endothermic reaction favoured at high temperatures such as 
600 ◦C. Decreasing the ICCU process temperature results in a drop in CO 
production as shown in Fig. 4a and 4b, with a decrease of 100 ◦C 
resulting in no CO being produced. This is in agreement with our pre-
vious study, which revealed poor ICCU performance at 500 ◦C over the 
10 %NiCaO DFM due to Ni active site encapsulation during CaCO3 
formation. CaCO3 results in an increase in volume from 16.9 cm3 g− 1 for 
CaO to 34.1 cm3 g− 1 for the carbonate [34]. However, when ICCU 
process temperature increases to 600 ◦C, the rate of carbonate decom-
position is vastly escalated, and thus the covered Ni active sites are re- 
exposed, thereby allowing CO2 conversion. 

Continuous IR spectra collection during both the CO2 capture stage 
and the subsequent 10 %H2/He utilisation atmosphere, with He purges 
in between, for 10 %NiCaO is shown in Fig. 3c. Table 1 summarises the 
dominant observed bands during the operando studies. Introducing CO2 
gives rise to an immediate band at 2345 cm− 1 as shown in Fig. 3c, 
indicating the presence of gas-phase CO2. Increasing time results in an 
increase in the intensity of two bands between 3740 and 3600 cm− 1, 
which have been assigned to a range of species as reported in the 
literature. Eckle et al. [30] and Abdel-Mageed et al. [43] assigned the 
bands at 3740 and 3640 cm− 1 to OH vibration modes from bicarbonates, 
while Mageed et al. [43] and Garbarino et al. [44] assigned peaks at 
3700 and 3600 cm− 1 to CO2 overtones. In contrast, Baltrusaitis et al. 
[45] and Dreyer et al. [46] assigned the bands at 3700 and 3600 cm− 1 

only to OH in adsorbed bicarbonates species. Given that these peaks 
disappear during subsequent He purging, we attribute these to overtones 
of CO2 in the gas phase. The presence of surface bicarbonates is 
confirmed by peaks at 1450 and 1540 cm− 1 [31], with the peak centered 
at 1780 cm− 1 due to the C = O vibration mode of calcite carbonate [47]. 
While these features are observed during the CO2 capture stage when 10 
%NiCaO is employed, they do not present when evaluating 10 %Ni/SBA- 
15 for the ICCU process (Fig. 5). Therefore, CaO is critical to CO2 cap-
ture. In addition, the peaks centered at 2500, 2850, 2950 cm− 1 confirm 
the presence of formate species. It was previously reported that the 
formates are derived from the hydrogenation of bicarbonate assisted by 
the hydrogen on nickel particles [48]. Upon purging the system with He 
(prior to introducing H2) gas-phase CO2 is rapidly removed, confirmed 
by both MS and IR. However, the intensities of the above-mentioned 
bicarbonates, carbonates, and formate species remain almost un-
changed. Introducing 10 %H2/He results in a decrease in all IR signa-
tures, indicating the desorption or decomposition of these species 

Fig. 3. MS Signals (a), DRIFT spectra in 10 %H2/He (b), and DRIFT spectra during the ICCU process (c) of 10 %NiCaO collected at 600 ◦C.  
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releasing CO2. Decreasing the ICCU process temperature, to 550 ◦C and 
500 ◦C, still yields bicarbonates, carbonates, and formats species as 
shown in Fig. 4c and d, respectively. However, these species are stable 
under these operating conditions and do not decompose over the same 
period, and therefore the captured CO2 cannot be fully utilised [34]. 
This is in good agreement with our previous study when the temperature 
was 550 ◦C, CaCO3 diffraction peaks centered at 29.4◦, 39.4◦, and 48.4◦

can be detected in the XRD results. 
Incorporating simultaneous XAS into the experimental set-up en-

ables direct monitoring of the Ni active phase during ICCU operating 
conditions (Fig. 6). Time-resolved X-ray Absorption Near-Edge Structure 
(XANES) spectra of 10 %NiCaO over an entire ICCU process as shown in 
Fig. 6a reveal a highly stable Ni metallic phase, which is not significantly 
influenced by the changes in gas composition during an ICCU cycle. It 
does not undergo complete oxidation under CO2, confirming that bulk 
oxidation does not occur as discussed above regarding the mechanism of 
CO formation from CO2 over the metal Ni surface. Given the stability of 
the Ni phase of the DFM over the ICCU process, it permitted the merging 

of induvial spectra collected under the different environments (He 
(before CO2), CO2, He (after CO2), and H2). This increases the overall 
signal to noise of the spectra over the adsorption edge as shown in 
Fig. 6b and provides greater insight into subtle changes that might occur 
at the Ni surface. It is worth noting that given the relatively large Ni 
particle size (circa 25 nm), the vast majority of the Ni will reside within 
the bulk of the NP, with only around 2% of Ni present at the surface. 
Therefore, any surface change will impact the resulting XAS spectra 
minorly, hence the necessity to merge the single spectra collected over 
each induvial gas environment. From the merge data, it is clear that 
upon switching to a CO2 environment there is a slight degree of Ni 
oxidation, eluded from the increase in the white line intensity, with 
XANES linear combination fitting suggesting an increase of ~1.5% in 
NiO after CO2 exposure. This surface oxidation step occurs rapidly, as 
evidenced by the sharpness of the evolved CO in the MS data (Fig. 3a). In 
contrast, the reverse reduction appears to be slower. This delayed 
exposure of the metallic Ni active phase leads to lower initial perfor-
mance for CO2 conversion during the utilisation step, which is consistent 
with previous studies [49]. However, the presence of H2 prevents sur-
face oxidation (by CO2 released from the capture step) facilitating sus-
tained CO production. 

3.2.2. The influence of heating environment during ICCU 
Switching the environment during DFM heating to ICCU process to 

10 %H2/He results in a drastic switch in the process performance. MS 
reveals during the capture step, significant levels of methane are formed 
at the expense of CO production (Fig. 7a), with DRIFTS showing a small 
degree of sp3 hybridise carbon from methane bound to the surface 
(Fig. 7b) [50]. In contrast, the capture of CO2 by CaO matches the 
previous results (heating under He) closely with bicarbonates, carbon-
ates, and formate species observed. However, unlike previously 
(Fig. 3c), switching to a 10 %H2/He environment does not entirely 
remove the bicarbonates and carbonates species, as shown in Fig. 7c. 
Therefore, heating 10 %NiCaO in a hydrogen-rich environment hinders 
the overall process performance may be due to part of captured CO2 

Fig. 4. MS Signals (a: 550 ◦C, b: 500 ◦C, : carbon capture stage, : conversion stage) and DRIFT spectra (c: 550 ◦C, d: 500 ◦C) of 10 %NiCaO collected in 10 %H2/He.  

Table 1 
Summary of experimentally detected bands during the ICCU process.  

Stages Species V(OCO) V(CO) V(C-H)   
cm− 1 cm− 1 cm− 1 

Carbon capture CO2 3700–3600     
2345    

Bicarbonates 1540     
1450    

Calcite Carbonate 1780    
Formates 2950     

2850     
2500    

CO2 conversion CO  2180     
2117   

CH4   3010  
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being consumed to react with the absorbed hydrogen species during the 
carbon capture stage. 

3.3. Proposed mechanism of ICCU process at 600 ◦C 

Based on this time-resolved operando XAS/DRIFTS/MS study, we 
propose a mechanism for the ICCU process over 10 %NiCaO, summa-
rized in Fig. 8. When the DFM is heated to the desired process temper-
ature under He, CaO adsorbs CO2 during the 1st stage (carbon capture), 
resulting in the formation of bicarbonates, carbonates, and formats as 
shown in Fig. 8a [15]. At the same time, the catalytic Ni active sites are 
oxidized by CO2 reduction to CO at the nickel surface [49]. During the 
utilisation stage, the 2nd step under H2, surface NiO species are reduced 
back to catalytically active metallic Ni. Thus enabling hydrogen disso-
ciation, which drives gaseous CO production from reactions with 

bicarbonates, carbonates, and formates. Resulting in the regeneration of 
both the catalytic Ni sites and the sorbate for the next ICCU cycle. 
However, when the DFM is heated to the process temperature in 10 % 
H2/He (Fig. 8b), it results in the coverage of hydrogen species on the 
surface of the DFM. [31]. As a result, three dominant reactions occur 
during carbon capture; (1) CO2 reacts with the absorbed H species to 
generate CH4, (2) CO2 oxidises the Ni species leading to the formation of 
NiO and CO, and (3) CO2 reacts with CaO sorbent resulting bi-
carbonates, carbonates, and formates. One point of interest is that sig-
nificant methane formation is not observed during a capture step post a 
H2 rich utilisation step when the DFM is heated under He. Thus the 
conditions during heating appear to be critical to overall ICCU product 
formation. 

Fig. 5. DRIFT spectra of 10 %Ni/SBA-15 were collected at 600 ◦C during the ICCU process.  

Fig. 6. Time-resolved XAS spectra (a) and merged XANES under differing gas environments (b).  
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4. Conclusions 

The mechanism of a novel ICCU process was studied over a DFM of 
10 %NiCaO, comprising the combination of catalytic sites (Ni) and an 
adsorbent (CaO), by the time-resolved operando XAS/DRIFTS/MS. 
During the capture step of ICCU, CaO adsorbs CO2 generating bi-
carbonates, carbonates, and formates, confirmed by DRIFTS with bands 

observed at 1450, 1540, 1780, 2500, 2850, and 2950 cm− 1. Simulta-
neously the metallic Ni NP surface is an active species for CO2 reduction, 
which yields gaseous CO (confirmed by MS and IR band at 2180 and 
2125 cm− 1) while oxidising the Ni NP surface to NiO (from XAS). 
However, CH4 (confirmed by MS and IR band at 3010 cm− 1) can be 
generated if the Ni surface is pre-exposed to hydrogen over the course of 
bringing the reactor up to process temperature. During the utilisation 

Fig. 7. MS Signals (a, : carbon capture stage, : conversion stage), a comparison between 10 %NiCaO and 10 %NiCaO-red collected at 600 ◦C in CO2 at-
mosphere (b), and DRIFT spectra of 10 %NiCaO-red collected at 600 ◦C in different gases (c). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 

Fig. 8. Schematic illustration of the structural changes of 10 %NiCaO (a) and 10 %NiCaO-red (b) during the ICCU process. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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step of ICCU (CO2 conversion), the pretreatment of the DFM is less 
critical, with both systems undergoing NiO reduction by H2 to form Ni 
active sites. These sites allow conversion of the previously formed bi-
carbonates, carbonates, and formates to CO. During this second step, 
both the catalytic sites and sorbent are regenerated to permit a subse-
quent ICCU cycle. 
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