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Introduction  1 

I. Introduction 

A. CO2 emissions and the need for carbon-neutral solutions 

Energy is a fundamental requirement in our modern society, and its consumption 

worldwide is anticipated to rise by 28 % between 2015 and 2040 due to population and 

economic growth 1. This ever-increasing demand poses a number of challenges for the 

prosperity of individual nations as well as the global population. Currently, global energy 

infrastructure relies heavily on fossil fuels. Fossil fuel feedstocks have varying compositions 

as well as an uneven geographical distribution across the world, which has resulted in both 

technological and political challenges. In order to accommodate the growing global energy 

demand, a pressing technological challenge lies in managing the environmental 

consequences imposed by CO2 emissions. 

According to the Intergovernmental Panel on Climate Change (IPCC), the rising 

concentration of anthropogenic CO2 in the atmosphere is primarily responsible for 

increasing global average temperature and climate change 2. To limit the global average 

temperature rise to between 2 - 2.4°C, the IPCC has set a goal to reduce by at least 50 % 

global CO2 emissions by the year 2050 compared to 2000 2. Mitigation of rising greenhouse 

gas emissions from combustion of fossil fuels is vital for the world while meeting energy 

demand. Figure 1 shows a continuous increase in atmospheric CO2 concentration measured 

at the Maua Loa observatory since the beginning of the measurements in spite of the 

agreement among member countries of the IPCC to cut CO2 emission. The emission level is 

very likely to increase in the coming decades under a business as usual scenario and 

Figure 1: Continuous increase in atmospheric CO2 concentration measured at Mauna Loa 
ground station. Red is monthly mean, and black seasonally corrected moving average. 
Source: National Oceanic and Atmospheric Administration (https://www.noaa.gov). 
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accelerate the increase in global temperature. In order to meet future energy demand with 

reduced CO2 emissions, the strong link between the energy supply and CO2 emissions 

should be broken. In connection with this International Energy Agency (IEA) set-up a BLUE 

Map scenario 3 to reduce CO2 emission to 14 Gt by the year 2050 compared to 57 Gt CO2 

emissions in the baseline scenario (Figure 2) by deploying existing and new low-carbon 

technologies with energy efficiency to achieve this target. This scenario also contributes to 

energy security by reducing dependence on fossil fuels and brings other benefits such as 

improved health due to lower air pollution 3. As can be seen from the BLUE-map, the key 

technologies that contribute to the reduction of CO2 emission are carbon capture and 

storage (CCS), renewable energy, increasing efficiencies of power generation, switching to 

synthetic fuels, and use of nuclear energy. CCS is expected to deliver up to 20 % emission 

reduction by 2050 to achieve stabilization of greenhouse gas concentrations. 

The IPCC special report indicates CCS could provide 15-55 % of the cumulative mitigation 

effort by the year 2100 4. Moreover, without carbon capture utilization and storage (CCUS), 

the costs of climate change mitigation could increase by 138 %, and the 2 °C scenario may 

not be possible without CCUS technologies 5. Currently, the main challenges facing 

deployment of CCS technology are cost associated and building a viable business case 6,7. 

Therefore, taking the opportunity to utilize CO2 as a feedstock is economical while playing 

a role in the fight against climate change. Details of utilization methods are discussed under 

CO2 utilization section I:D. 

Switching to renewable energy sources such as wind or solar energy for heat and power 

generation constitutes an important part of approaching carbon neutrality on a global scale. 

Carbon capture and utilization (CCU) is also vital for transitions towards low carbon-based 

Figure 2: Key technologies for reduction of CO2 emissions under the BLUE Map scenario. Taken 
from 3. (WEO 2009 is World Energy Outlook 2009, ETP 2010 is Energy Technology Perspectives 
2010) 
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energy. An immediate advantage of such technologies is minimization of CO2 emission in 

the atmosphere, while non-emitting energy sources are being developed and implemented 

on a large scale.  

The substantial challenges of renewable energy (solar, wind) sources are not only inherent 

intermittency but also non-uniformity of distribution across the globe (Figure 3). This 

contributes much toward mismatch between major energy demand and supply. Such 

disparity imposes requirements for transportation and storage of energy from the 

production site to consumers. As a result of challenges in scaling up energy storage systems 

(for example batteries and supercapacitors), electricity generated in windy and sunny 

seasons results in surplus power generation that cannot be sent to the electricity grid due 

to insufficient demand and/or power overload that could damage grid infrastructures. Here 

the use of surplus renewable electricity for producing chemicals (plastics and polymers) or 

fuels (gas or liquid) from H2O and CO2, or reduction of CO2 with the use of renewable H2 is 

not only a viable option that opens up a route to sustainability but also creates a buffer in 

the energy system that can accommodate the mismatch between renewable electricity 

supply and demand imposed by intermittency 8. Synthetic fuels produced can be easily 

distributed through existing inexpensive infrastructure for energy storage and 

transportation. In fact, transportation of energy as gas/liquid is cheaper than energy 

transportation as electricity 8. This process leads to the use of synthetic fuels made from 

CO2 as carriers for excess renewable electricity by storing energy in chemical bonds 9 while 

reducing CO2 concentration in the atmosphere. Therefore, carbon capture offers CO2 as a 

feedstock for industries, besides synthetic fuels produced from CO2 will substitute 

conventionally CO2 intensive fuels (fuel switching). Prior to CO2 conversion to different 

value-added products, CO2 should be captured from different point sources. In the next 

section, CO2 capture technologies will be outlined.

Figure 3: (a) Global solar resource map and (b) Global wind resource map. Source: Vaisala 
(www.vaisala.com) 

a) b) 
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B. CO2 capture technologies 

Carbon capture from carbon-intensive sources such as gas, coal, and biomass-fired power 

plants 10, iron, steel, and cement industries 11–13 is a straightforward and cost-effective 

carbon reduction approach to combat greenhouse gas emissions and help in limiting global 

warming below a threshold of 2°C. The three process routes for capturing CO2 are pre-

combustion, post-combustion, and oxy-combustion 14. In the pre-combustion process, CO2 

is captured before the combustion process is completed in a coal gasification process that 

is partially oxidized in steam and oxygen under high-temperature and pressure (15-40 bar) 

to form syngas (CO and H2). The syngas produced in this process consists of H2, CO, and 

CO2. To produce H2 in this process syngas undergoes the water-gas shift reaction that 

converts CO and H2O into H2 and CO2-rich gas mixture (15-40 %) 14. 

In the post-composition process, CO2 released from combustion of fossil fuels with 

concentration reaching 3-20 % is captured and CO2 lean flue gas is released into the 

atmosphere. In oxy-combustion, fuel (coal) combustion in oxygen produces very high 

concentration (75-80 %) 14 of CO2 that should be captured. CO2 can be captured by 

absorption using liquid chemical solvents (wet-scrubbing) or solid sorbents.  

Wet-scrubbing CO2 capture by chemical solvents such as monoethanolamide (MEA), 

diethanolamine (DEA), and methyl-diethanolamine (MDEA) is an industrially mature and 

available technology 14 and very effective for low-pressure streams 15. The inherent 

drawback of the solvent scrubbing for CO2 capture technology includes degradation of 

sorbents at elevated temperature, reaction with oxygen, low CO2 carrying capacity, high 

corrosion rates, and amine degradation by trace contaminant 14,16. In addition, handling and 

disposal of large quantities of degraded solvent raise environmental, health, and safety 

concerns 17. These drawbacks led researchers to develop alternative materials such as 

zeolites and metal-organic framework (MOF) for low temperature and metal oxides for 

high-temperature CO2 capture technologies. Low-temperature sorbents have microporous 

crystalline networks that capture CO2 through chemisorption, size-exclusion, and molecular 

sieving, while metal oxides (CaO) capture and release CO2 through reversible carbonate 

looping at atmospheric pressure.   
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C. Calcium Looping  

A relatively cost effective and well-established technology for in-situ CO2 capture from 

emission-intensive industries is the Calcium Looping (CaL) process 18–21 first proposed by 

Shimizu et al. 22. This cycle uses low cost, abundant, and environmentally benign calcium 

carbonate (CaCO3) as the base material to capture CO2 in a solid-sorbent cycle 18,23,24. It is 

described by the reversible reaction: 

 ���(�) + ���(�) ⇔ ����� (�)             ∆����� = ±178 ��/���  (1) 

Mantripragada et al. 25 reported that a CaL system has better performance than amine-

based CO2 capture processes.  

A schematic of a CaL cycle is presented in Figure 4. In CaL a major portion of the CO2 in a 

flue gas that enters the carbonator vessel reacts with calcium oxide (CaO) at ~650 C, 

producing calcium carbonate (CaCO3) in the forward exothermic reaction referred to as 

carbonation while other, environmentally benign, gases are released into the atmosphere. 

The carbonated sorbent is regenerated in a calciner vessel releasing a concentrated (up to 

95 %) stream of CO2 17. Calcination (the reverse reaction) is an endothermic process that is 

typically performed at ~950 C and atmospheric pressure. The energy required to drive the 

process can be delivered to the system through oxy-combustion of coal 17,26,27 and carbon 

containing fuel 28,29 that simultaneously provides a pure CO2 stream under which to perform 

calcination. The combined streams of CO2 from calcination of CaCO3 and combustion of 

Figure 4: Schematic representation of a conventional Calcium Looping cycle route 1 and 
modified route 2 with the addition of Hydrator for sorbent reactivation.  
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fuels (coal or natural gas) is compressed and transported to a storage site or utilized as a 

carbon source. The main drawbacks of CaL are energy penalties associated with the 

elevated-temperature required for both capture and release components of the cycle, 

deterioration of CaO over multiple cycles due to thermally-induced sintering and pore 

closure of the material 18,30 which induce CO2 diffusion resistant layers because of the low 

surface area, and small pores (see Figure 5).  

As a consequence, degraded materials must be removed and fresh sorbent introduced to 

compensate for the deactivation. The spent sorbent can be used as a source of raw material 

in cement industry. Integration of CaL and cement plant is also vital in decarbonising 

cement industries since it is one of the largest industrial CO2 emitter 10,17,31–33. 

Improving the performance of the CaL cycle has become an important research goal over 

recent decades and this thesis deals with improving the performances of the material too. 

Several methods have been proposed by different researchers to enhance the capture 

capacity of CaO such as steam/water hydration 24, thermal pre-treatment 34,35, production 

of synthetic sorbents 36, and doping 37,38. 

Among the aforementioned proposed methods, good results were obtained by 

steam/water hydration of CaO before cycling 39–43 and steam reactivation of spent 

sorbent 40 (route 2 Figure 4). Addition of such a process (see Figure 4) to the cycle is 

illustrated in as a third reaction vessel (Hydrator), operating at a lower-temperature/higher-

pressure, which is used to regenerate sorbents. The cycle, in this case, consist of three 

steps: hydration of CaO, carbonation of Ca(OH)2, and calcination of CaCO3 as given by Eq. 

(2-4) respectively. 

 ���(�) + ���(�) ⇋ ��(��)�(�)                                   ∆������ = −109 ��/��� (2) 

Figure 5: schematics of transformation of CaO sorbent during multiple carbonation and decomposition 
processes. The amount of CaO unreacted (light grey) increased due to sintering and CaCO3 (dark grey). 
Taken from 104. 
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  ��(��)�(�) + ���(�) ⇋ �����(�) + ���(�)         ∆������ = −69.0 ��/���    (3) 

 �����(�) ⇋ ���(�) + ���(�)                               ∆������ = 178 ��/��� (4) 

The advantage of hydration of the sorbent CaO (molar volume of 17 cm3.mol-1) is that it 

leads to expansion upon formation of Ca(OH)2 (molar volume of 33 cm3. mol-1) followed by 

formation of a network of pores upon dehydration which improves regeneration 38.  

D. CO2 Utilization 

Utilization of CO2  through technological, chemical, or enhanced biological methods has 

been proposed as a possible alternative or complement to geologic storage of CO2 and 

could reduce the economic cost of captured CO2 44 by creating value-added products. CO2 

utilization not only decouples economic growth from greenhouse gas (GHG) emissions in 

order to limit the risks of climate change but also provides a route to become less 

dependent on fossil fuels. Carbon dioxide (CO2) becomes increasingly important as an 

alternative feedstock for chemical industry, offering opportunities to increase resource 

efficiency, sustainability, and competitiveness through innovation 45. Current CO2 

consumption/utilization is estimated to be 0.222 Gt CO2/year, which is small compared to 

the global anthropogenic CO2 supply of  >12.7 Gt CO2/year 46. CO2 can be used directly 

(enhanced oil recovery, drinks, and greenhouse) and via transformation to commercial 

products such as synthetic fuels, chemical building blocks, building materials, and 

etc.(Figure 6) through different technological routes such as catalysis 47, plasma 

conversion 48–51, electrochemistry 52, biological (using microbes) 53, photo-catalysis 54,55, and 

mineralisation 56,57.

Figure 6: Potential utilization streams for captured CO2. Taken from 45. 
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As mentioned, the major question posed in the energy transition from conventional fossil 

fuels towards renewable energy sources (wind and solar) lies in matching the power 

demand with daily and especially seasonal intermittency of these natural energy sources. 

Therefore, generating synthetic fuel from CO2 and converting CO2 to different products 

creates an opportunity to manage fluctuation in renewable electricity, and close the carbon 

loop effectively.  

E. Plasma conversion  

The idea of plasma dissociation of gases is not a new concept. Extensive research has been 

carried out in a wide variety of discharges in the 1980s 58. Plasma technology for dissociation 

of CO2 and H2O is very promising for various reasons. It can operate in a wide range of 

pressures (low to atmospheric), has a high energy density to activate stable molecules in an 

energy-efficient way, can be easily switched on/off, and uses electricity as an energy source 

which makes it suitable for direct utilization of intermittent renewable electricity. Plasma is 

the fourth state of matter and is simply defined as ionized gas that can be generated by a 

number of methods, including electric discharges (glow, microwave, plasma jet, 

radiofrequency, etc.). Despite the existence of charged particles, plasma as a whole is quasi-

neutral. Plasmas are usually classified as high-temperature plasmas (for nuclear 

applications) and low-temperature plasmas including thermal and cold (non-thermal/non-

equilibrium) plasmas. Non-equilibrium plasmas are used in different disciplines such as 

environmental, chemical (synthesis), material processing, energy, and biomedical 

applications. In such plasma different species (electrons, ions, neutrals, and radicals) are 

not in equilibrium with each other and have significantly different energies. The excitation 

or ionization of gases in plasma occurs when free electrons accelerated by an electric field 

gain enough kinetic energy and this energy is transferred to neutral species via inelastic 

collision. Through this mechanism, new reactive species are created and converted into 

new molecules, while the background temperature of the gas remains at (or near) room 

temperature 59,60. 

Plasma conversion of gases is gaining more attention from researchers for conversion of 

CO2 into value-added chemicals or renewable fuels, N2 fixation for the production of 

building blocks for fertilizers 48, and production of syngas from H2O and CO2 49,61. 

 Currently, different kinds of plasma are in use for these purposes: 

 Dielectric Barrier Discharges (DBD): this type of plasma has a simple design in 

which discharge is created by applying AC potential between two electrodes that 

can be parallel plates or concentric cylinders with either electrode covered with a 

dielectric barrier (Figure 7 (a)). It operates at atmospheric pressure and is used in 

industry for ozone (O3) production. Energy efficiency of 5-10 % 48,62 is reported; 
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with pulsed power up to 23 % energy efficiency can be achieved 50. It is a very 

convenient plasma reactor for plasma-catalysis application. 

 Inductively coupled plasma (ICP): is generated by feeding high-frequency 

(13.56 MHz) current into a cylindrical antenna coil through which a dielectric 

quartz tube is placed (Figure 7 (b)). The oscillating current creates an oscillating 

magnetic field (H) that generates an induced electric field (E) within the tube 

according to Faraday’s law. The electric field (-partially) breaks down low-pressure 

(p) gas molecules into ions and electrons when reduced electric field E/p is 

sufficient for ionization. ICP is non-equilibrium at low-pressure and thermal at 

high-pressure. Energy efficiency for CO2 dissociation of up to 60 % is reported 58. 

This is the plasma type used in this PhD thesis work and details are given in section 

C.I of overview of the research.  

 Microwave (MW) plasma: is a frequently used plasma for gas conversion. Electrical 

energy is supplied in the form of microwave at a typical frequency of 2.45 GHz. In 

Figure 7: The schematics of plasma reactors commonly used for gas conversion 
application. (a) Cylindrical dielectric barrier discharge (DBD), (b) Inductively coupled 
plasma (ICP), (c) Microwave (MW) plasma, and (d) Gliding arc discharge. 
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this plasma, discharge is created in a quartz tube situated perpendicular to the 

rectangular waveguide through which MW radiation propagates (Figure 7 (c)). The 

absorption of MW power by the gas molecules creates plasma. It can operate from low 

to atmospheric pressure. Energy efficiency of up to 90 %  been reported for CO2 under 

supersonic flow 58. Although this value has not been reproduced since then, 

experiments at DIFFER have demonstrated energy efficiency of up to 45 % 63,64. 

 Gliding Arc Discharge (GAD): in this plasma type, a periodic discharge is created 

between two diverging electrodes that move very fast in the direction of 

increasing inter-electrode distance (Figure 7 (d)). It operates at atmospheric 

pressure and can be either thermal or non-thermal depending on the power and 

flow rate. Energy efficiency of 30-40 % is reported for CO2 conversion 51,65. 

 In addition to above-mentioned plasma reactors, atmospheric pressure glow 

discharges, and corona discharges can be used for gas conversion.  

 

F. Mechanisms of CO2 and H2O dissociation in plasma 

The ground state of CO2 has a linear structure and can be characterized by three modes of 

vibration namely symmetric stretching designated by a quantum number ν1 (ℏω1=0.17 eV), 

bending ν2 (ℏω2=0.085 eV) and asymmetric stretching ν3 (ℏω3=0.30 eV) 58 as shown in Figure 

8 (a). The bending mode is doubly degenerate due to linear symmetry. Plasma dissociation 

of CO2 molecules occurs through electron impact by vibrational and electronic excitation. 

Vibrational excitation is in principle the most effective means for CO2 dissociation because 

the ideal process requires the least amount of energy 66. The asymmetric stretch mode is 

the most effective mechanism as the main portion of the discharge energy is transferred 

from plasma electrons to vibrational levels at a typical electron temperature of 1-3 eV 58. 

The electrons with this energy easily excite CO2 molecules by electron impact. The 

excitation process starts with CO2 molecules excited from the vibrational ground state CO2 

(0,0,0) to the first asymmetric stretch level CO2 (0,0,1) as in Eq. (5). 

 �� + ���(0,0,0) ⟶ �� + ���(0,0,1) (5) 

For this process electrons with energies between 0.3 eV to 2.0 eV are required. Excited 

molecules can be further excited by collision with another excited CO2 molecule and 

exchange energy so that one of the molecules gains energy and the other loses energy. 

 ���(0,0,1) + ���(0,0,1) ⟶ ���(0,0,2) + ���(0,0,0) (6) 

Through this process, vibrationally-excited CO2 molecules can gain energy higher than the 

dissociation threshold and dissociate into CO and atomic oxygen (O) in an electronically 

ground state Eq. (7). Vibrational-vibrational (V-V) relaxation of highly excited asymmetric 

mode levels is potentially important for dissociation through step-by-step vibrational 
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excitation (also known as ladder climbing) as shown in Figure 8 (b). The 5.5 eV/molecule is 

the energy of OC=O bond in CO2 molecule. In other words, it is the energy of asymmetric 

mode level (0,0,21) [CO2*(3B2)] at which CO2 dissociates. This is a multi-step process that 

takes place through V-V quantum exchange.  

 ���
∗(0,0,21) ⟶ ��(�Σ�) + � (��)                          (7) 

The oxygen radicals generated can react with another excited CO2 molecule to produce a 

second CO molecule O + CO2*→ CO + O2   ∆H= 0.3 e.V. 

A second and less efficient method of dissociation is a direct electronic excitation of CO2 

from the ground to CO and O as shown in a left arrow in Figure 8 (b). This process requires 

energetic electrons.  

 � + ��� ⟶ �� + � + � (8) 

Such dissociation is dominant at low-pressure plasma with a high value of a reduced electric 

field (E/p) in which vibrational excitation is suppressed. However, this mechanism requires 

electron energies greater than 14 eV/mol and its efficiency is poor. 

Dissociative attachment Eq. (9) is another electronically-induced CO2 dissociation 

mechanism that has an energy threshold lower than dissociation through electron 

excitation. This process requires electron energies of 4-8 eV.

Figure 8: Schematics of (a) CO2 molecule vibrational modes in which 1 and 3 vibrate along x-

axis, and the 2 two degenerates vibrating in the xz plane (top) and the xy plane (bottom), and 
(b) Potential energy diagrams (as a function of one O–CO bond length showing CO2 dissociation via 
stepwise vibrational excitation (so-called ladder climbing), and direct dissociation through 
electronic excitation. The CO2 (v) and CO2 (w) stands for different vibrationally excited levels, 
with CO2 (w) being a higher level than CO2 (v). Taken from 105. 
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 ��� + � ⟶  �� + �� (9) 

Electron impact excitation CO2 + e→ CO2* + e and electron impact ionization CO2 + e→ CO2
+ 

+ 2e require about 6.2 eV and 13 eV respectively. The detailed background of these 

processes are broadly discussed in 58.  

Unlike CO2, in H2O molecules, there is no preferential vibrational pumping. There are three 

major kinetic steps for dissociation of H2O molecules in plasma: excitation of lower 

vibrational levels of H2O molecules which is provided by electron impact, excitation of the 

higher vibrational level due to vibrational-vibrational relaxation, and dissociation of highly 

vibrationally excited H2O molecules through a chain reaction Eq. (10) and chain propagation 

Eq. (11-12). The chain reaction mainly produces H2 and H2O2 which decays to H2O and O2 in 

plasma 58. 

 ��� + � → ���∗ + �   ;   ���∗ + ��� ⟶  � + �� + ��� (10) 

 � + ���∗ ⟶ �� + ��      ∆� = 0.6 ��/��� ,   (11) 

 �� + ���∗ ⟶ ���� + �      ∆� = 2.6 ��/��� ,   (12) 

Indeed, the chain propagation reaction stimulated by vibrational excitation could be 

terminated through the three-body recombination process as shown in Eq. (13). 

 � + �� + ��� → ��� + ���                (13) 

Furthermore, a water molecule in plasma leads to dissociation reaction through electron 

impact excitation in which the OH and hydrogen radicals are formed. 

 ��� + �� → ��(�) + �(1�) + ��               5.10 ��/��� (14) 

 ��� + �� → ��∗(�) + �(1�) + ��         9.15 ��/��� (15) 

A dissociative attachment process is another mechanism through which H2O plasma 

dissociation occurs at slightly higher electron temperatures (Te ≥ 1.5 eV) according to ��� +

�� → �� + �� and this mechanism is initiated by ionization of H2O molecules 58. 

II. The aim of this PhD thesis 

The central theme of this PhD thesis is to enhance release of CO2 from calcium carbonate 

(CaCO3) and explore the potential for chemical conversion of released CO2. As outlined in 

section I:c the reversible, high-temperature calcination of CaCO3 to calcium oxide (CaO) is 

one-half reaction of CO2 capturing technology referred to as Calcium Looping (CaL). 

Sorbents deterioration is the main challenge of this technology. Specifically, the energy 

penalty associated with high-temperature calcination, sintering and pores closing due to 
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this high temperature, and partial decomposition of CaCO3 are drawbacks that should be 

addressed and improved. This thesis mainly explores sorbent properties through different 

methodologies.  

A potential alternative to released CO2 is the direct conversion to fuels during the 

regeneration step. This represents a concept of “carbon capture and utilization” (CCU) that 

aims to integrate the captured CO2 through CaL with a catalytic process during the release 

phase in order to convert it to CO/CH4 in combination with renewable hydrogen. We 

employ transition metals doping as a potential route to modify sorbents and introduce 

catalytic properties for the conversion of CO2 to fuels under water vapour and H2O plasma. 

III. Research approach and outline of the thesis 

In this thesis the approaches adopted to undertake the aforementioned research are 

summarized as follows:  

i. Synthesis and characterization of Pure, Fe-, Co-, Zn-, Cu-, and Ni-doped CaCO3 

samples. 

ii. Thermal decomposition of these samples in different calcination gases (Ar, H2O 

vapour, and H2). 

iii. Post-decomposition evaluation of the samples in-situ (recapture characteristics) 

primarily done on a cross-comparison basis, where decompositions under different 

conditions (in water vapour and plasma) are used to identify improved or 

deteriorated performance in a given calcination environment. 

iv. (Plasma-assisted) thermal calcination of samples under H2O plasma with 

simultaneous monitoring of the time/temperature dependence of gas (CO2, CO) 

evolution during sample decomposition. 

This thesis comprises 5 chapters that have been published or will be submitted as separate 

peer-reviewed journal article. Each article is presented as a chapter in Part B of this thesis. 

Consequently, there is a degree of repetition in the introduction and experimental section 

of the chapters, where similar background and procedures are described. Each chapter can 

be read independently. Chapter 1 presents sample synthesis methods, characterization of 

as-prepared, and calcined samples. In addition, the effect of transition metals (TM) on 

calcination of CaCO3 under Ar, H2O vapour, and H2 is presented in detail. Chapter 2 focuses 

on the study of cyclic CO2 capture-release processes in low-pressure H2O vapour and H2O 

plasma. The release-recapture properties of the sorbents were examined over 5 cycles of 

calcination at 1200 K and carbonation at 825 K. The results of the two categories of samples 

is discussed in terms of CO2 capture and release performance among the samples as well 

as calcination atmospheres (in water vapour and H2O plasma). 
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In Chapter 3 calcination of the series of Pure and TM-doped CaCO3 in low-pressure 

(~0.1 mbar) H2O plasma of different input powers (0-200 W) is explored. This chapter gives 

detailed insight about the extent to which the selective application of inductively coupled 

plasma (ICP) can provide benefits for CO2 conversion during the calcination step. Optical 

emission spectroscopic characterization of H2O and H2O-CO2 plasma for determination of 

plasma parameters during calcination of samples in low-pressure plasma is discussed in 

Chapter 4. Finally, Chapter 5 presents the calcination of samples during thermogravimetric 

analysis (TGA) under He, N2-CO2, and H2-Ar. In addition, reverse water-gas-shift (r-WGS) 

reaction process on double TMs-doped samples catalytic properties are discussed. The 

experimental work presented in this thesis was carried out at Dutch Institute for 

Fundamental Energy Research (DIFFER), Eindhoven, Netherlands. 

The chapters in Part B of this thesis are outlined as follows: 

Chapter 1 Effects of transition metal dopants on the calcination of CaCO3 under Ar, 

H2O and H2, Journal of CO₂ Utilization 31 (2019) 152–166 

T.T. Belete, M.C.M van de Sanden, and M.A. Gleeson, 

Chapter 2 Performance of transition metal-doped CaCO3 during cyclic CO2 capture-

and-release under low-pressure H2O vapour and H2O plasma, Submitted 

to Journal of Sustainable Materials and Technologies 

T.T. Belete, M.C.M van de Sanden, and M.A. Gleeson. 

Chapter 3 Conversion of CO2 released from transition metal doped CaCO3 during 

thermal decomposition under H2O plasma, (to be submitted to Journal of 

Plasma Research Express) 

T.T. Belete, M.C.M van de Sanden, and M.A. Gleeson 

Chapter 4 Optical emission spectroscopic study of inductively coupled H2O plasma 

during thermal release of CO2 from CaCO3, (In preparation) 

T.T. Belete, M.C.M van de Sanden, and M.A. Gleeson 

Chapter 5 Reactivity of transition metal doped CaCO3 for CO2 conversion, 

                                (In preparation) 

T.T. Belete, M.C.M van de Sanden, and M.A. Gleeson 
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IV. Overview of the research 

A. Research Approaches  

i. Calcination of CaCO3 in water vapour 

Researchers have evaluated the effect of calcination in water vapour in addition to 

hydration effects. Calcination in water vapour enhances decomposition rates 67 through 

adsorption of water molecules on the active sites and weakens the bonding between CO2 

and CaO. Manovic et al. 68 reported calcination in 20 % steam improved the cyclability of 

CaO. Lin et al. 69 also reported an increase of 30 % in adsorption capacity in 60 % steam at 

920 C relative to adsorption in pure CO2 at 1020C. Accordingly, calcination in water 

vapour and H2O plasma that produces excited H2O* molecules is one of the research 

approaches employed in this thesis to evaluate the calcination process. 

ii. Doping of calcium-based sorbent 
The second approach followed in this thesis is doping of calcium-based sorbents with a 

transition metal to enhance material properties that contributed to challenges for CaL 

technology. A number of researchers have synthesized calcium-based sorbent by doping 

with Si, Ti, Cr, Co, Zr, and Ce 70, La, Y, Hf, W, and Al 71, salts of KCl and K2CO3 38, and salts of 

NaCl and Na2CO3 72 to develop sorbents with good mechanical strength, resistance to 

sintering, and improved CO2 capture performance. Thus, TM-doped CaCO3 samples are 

synthesized and calcined to evaluate the performance of the samples under different gases 

(Ar, H2, H2O vapour, and H2O plasma). 

iii. Conversion of released CO2 in H2O plasma  
As mentioned before, the direct conversion of released CO2 during the calcination step is 

an interesting prospect from the perspective of CO2 utilization. Reported by 73,74 of thermal 

decomposition of TM-doped CaCO3 in 1.0 bar of H2 showed a reduction of decomposition 

temperature and direct production of CO and CH4. The simultaneous reduction of 

decomposition temperature is highly desirable since it reduces the associated energy 

penalty and potentially reduces the rate of sintering. The fact that H2 is consumed in this 

process is obviously an issue from an application perspective since it is a valuable energy 

carrier in its own right.  

We evaluate the possibility to decompose Pure and TM-doped CaCO3 samples in H2O 

plasma that generates H2 by cracking of H2O molecules while exposing the material to 

excited H2O molecules and plasma. The rationale is that the reported positive effects of 

steam addition to the CaL cycle may be further enhanced by excitation of the H2O 

molecules. In addition, plasma can provide “on-demand” in-situ production of H2 

introducing the prospect of inducing direct conversion similar to that observed in 73,74



16                               Framework and overview of the research 

H2 would, in this case, can be derived from H2O using renewable electricity as an input. 

iv. Evaluation of catalytic nature of transition metal (TM) - doped in 

CaCO3 
For conversion of released CO2 in H2O plasma, catalytic properties of TMs are crucial. Each 

transition metal has different catalytic nature, cross-comparison of these transition metals 

is important from an application perspective. For instance, their dependency on the 

calcination in low- and high-pressure of H2 for CO2 conversion and reduction in calcination 

temperature. In addition, the effect of dopants toward CO2 capture is vital. Thus, 

measurements performed under higher-pressure of H2 in thermogravimetric analysis and 

low-pressure of hydrogen (H2O plasma) showed different concentration of products and 

variations among onset of the calcination temperature in Ar, H2, and H2O. Furthermore, 

TM-dependency toward CO2 capture is observed and evaluated. Therefore, active catalysts 

with renewable H2 (H2O via plasma dissociation) can reduce CO2 to value-added chemical 

precursors for further processing to primary products such as methanol, alkane, alcohol, 

carboxylic acid, aldehyde, and alkene through Fischer-Tropsch catalysis (Fe, Co, and Ni) 75. 

B. Experimental Methods 

i. Sample Synthesis 

All CaCO3 samples were synthesized by precipitation method at room temperature from 

analytical grade commercial precursors CaCl2•2H2O, Na2CO3, CoCl2•6H2O, FeCl3•6H2O, 

NiCl2•6H2O, CuCl2•2H2O, and ZnCl2 (Sigma-Aldrich, Germany). Pure CaCO3 was prepared by 

mixing CaCl2•2H2O solution and Na2CO3 solution. Samples doped with Co, Ni, and Fe were 

synthesized by mixing solutions of relevant TM chloride with CaCl2•2H2O, and Na2CO3. 

Precipitation was initiated by pouring the chloride-containing solution into a beaker 

containing the continuously stirred carbonate solution. Table 1.1 of Chapter 1 gives an 

overview of synthesis solution compositions. 

Attempts to precipitate samples containing Cu- and Zn-dopants through direct mixing of 

solutions were unsuccessful since the Cu2+ and Zn2+ inhibited calcite crystallites growth in 

the solution. Consequently, Cu- and Zn-doped CaCO3 samples were prepared by mixing of 

separately prepared TM (Cu and Zn) carbonate and CaCO3 precipitation solutions. Once 

mixed, the individual carbonate solutions were quickly combined to minimize precipitation 

of the pure carbonate forms. The molar concentration of precursors and the volume of 

deionized water used to prepare these samples are listed in Table 1.2 of Chapter 1. 

The formation of TM-doped CaCO3 can be described by the following generalized reaction 

Eq. (16), which assumes direct substitution of Ca by the relevant TM atom: 
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(1 − �)�����(��) + ������ (��) + �����(��) ⟹  ����������(�)

↓ + 2���(��) + 2���(��) 

(16) 

Where M represents the relevant transition metal. 

Following precipitation, all solutions were filtered by filter paper and the solids were 

washed repeatedly with deionized water (Figure 9 (a-d)). The samples were then dried in 

an oven for several hours at 65-150 C.  

ii. Calcium carbonate (CaCO3) polymorphs 
Calcium carbonate is the most common of all carbonate minerals. It is known to exist 

abundantly in natural systems. CaCO3 has wide technological applications in paper, 

painting, plastics, adhesives, rubbers, pharmaceuticals, dental care, and food industries 76. 

In recent decades research on CaCO3 is driven by Ca-looping (CaL) technology for CO2 

capture application. Calcium carbonate exists as a variety polymorphs: amorphous calcium 

carbonate (ACC), calcium carbonate hexahydrate (CaCO3.6H2O), monohydrate 

(CaCO3⋅H2O), and three crystalline phases calcite, aragonite, and vaterite 77. Recently a 

hydrated crystalline phase known as hemihydrate (CaCO3·½H2O) with monoclinic structure

Figure 9: Pictures of solutions in which Co-doped (a) and Fe-doped (b) CaCO3 crystallites precipitated. 
These solutions were filtered and washed. (c) Co-doped and (d) Fe-doped wet samples. 
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was reported 78. During the precipitation process, the formation of these crystals in 

inorganic solutions is influenced by different parameters such as pH, temperature, and 

impurities 79. According to Ogino 80, during precipitation first unstable amorphous phase is 

built which transforms to the metastable phase vaterite or aragonite. Finally, the most 

stable phase calcite is formed. Calcite, aragonite, and vaterite (Figure 10 (a-c)) have the 

same chemical composition but different orientation of CO3
2- ions, symmetry, and 

coordination environment of Ca2+ ions 81–84. For calcite and aragonite, the CO3
-2 ions are 

arranged perpendicular to the c-axis, and the calcium atoms have six-fold coordination in 

calcite and nine-fold in aragonite. In contrast, CO3
-2 ions are parallel to the c axis; and, there 

is considerable disordering of CO3
-2 ions in the vaterite crystal 85. The crystal structure, space 

group, and lattice parameters of each phase are summarized in Table 1. 

Table 1: Crystallographic, space group, and lattice parameters of crystalline calcium carbonate. 

 Calcite a* Aragonite b* Vaterite c* 

Crystal system Trigonal (Hexagonal axis) Orthorhombic Hexagonal 

Space group R-3c Pmcn P63/mmc 

Lattice parameter a=b= 4.9880 Å 

c= 17.0610 Å 

a= 4.9616 Å 

b= 7.9705 Å, c= 5.7394 Å 

a=b= 4.1304 Å 

c= 8.4749 Å 
a* Markgraf et al. 86     *bDal Negro et al.87      c*Le bail et al. 82 

iii. Material characterization 

Characterization of as-prepared and calcined samples was performed with different 

techniques: 

 X-ray diffraction (XRD): is a versatile, non-destructive technique that reveals detailed 

information about the chemical composition and crystallographic structure of 

crystalline materials. Diffraction occurs when a monochromatic X-ray beam is  

Figure 10: The three crystal models of CaCO3. (a) Calcite, (b) Aragonite, and (c) Vaterite. Large yellow 

balls are Ca atoms, and carbonate groups are illustrated with grey (carbon) and red (oxygen) balls. 
Vaterite is depicted with a hexagonal P63/mmc structure. Taken from 106. 
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projected onto a crystalline material (see Figure 11 (a)) at an angle θ and scattered by 

a periodic array with long-range order producing constructive interference at specific 

angles. The scattering of X-rays from atoms contain information about the atomic 

arrangement within the crystal described by Bragg’s Law (nλ=d sinθ). Where  is X-ray 

wavelength, n is an integer, d is the interplanar spacing between rows of atom, and ϴ 

is the incident angle of the X-ray photons.  

In this thesis a D8 advance Eco, Bruker (Karlsruhe, Germany) instrument was used for 

identification of crystalline phase and composition analysis. Diffraction patterns were 

recorded in Bragg-Brentano θ/2θ geometry with a range of 20 ≤ 2θ ≤ 60. The phase 

identification of precipitated as-prepared sample reviled the presence of both calcite 

and vaterite (Figure 11 (b)). 

 Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS): is a surface 

localized spectroscopic technique that offers a non-destructive, simultaneous, and 

real-time measurements of solids and adsorbates based on light absorption. The 

mid-infrared portion of the electromagnetic spectrum (4000-400 cm-1) is used to 

study vibrational modes of the matter. 

In infrared (IR) spectroscopy, during interaction with infrared radiation molecules 

absorb specific frequencies that are characteristic of their structure. The absorbed 

radiation matches the frequency of the bond or group that vibrates. A molecule 

can vibrate in different ways, and referred to as vibrational modes. For a 

vibrational mode in a molecule to be "IR active," it must have a dipole. Symmetrical 

diatomic molecule such as N2, O2, and H2 are “IR inactive”. The main advantage of 

the DRIFTS technique is the ability to obtain infrared spectra of solid materials 

without complicated sample preparation. The optical components of a DRIFTS cell 

shown in Figure 12 (a), focus the IR beam from an IR source on sample surface.

Figure 11: X-Ray diffraction. (a) Schematic diagram of the diffractometer configuration. Taken from 107. 
(b) diffraction pattern of Co-doped CaCO3 precipitated with two phases calcite and vaterite. 

b) a) 
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 As a consequence, the beam reflects from the surface at miltiple angles relative to that of 

the incident beam. A portion of the diffused beam is collected and guided to the detector 

for analysis. Figure 12 (b) shows spectra of vibrational modes of CaCO3 in the low 

wavenumber region (details and full range in Chapter 1). A VERTEX 70 FTIR Spectrometer 

Bruker (Karlsruhe, Germany) equipped with DRIFTS was used for chemical and structural 

analysis.  

 

 X-Ray Photoelectron Spectroscopy (XPS): is a surface-sensitive characterization 

technique used for determination of chemical composition and oxidation states from 

the top ~10 nm of a material. A spectrum is generated by irradiating the material with 

mono-energetic X-ray photons (h) that eject photoelectrons from core level for 

analysis. The kinetic energy of emitted photoelectrons is measured with electron 
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Figure 13: (a) Schematics of X-ray photoelectron spectrometer (XPS) showing X-ray photons 
from the source ejecting photoelectrons that are analysed in electron analyser. Taken from 109. 
(b) High resolution spectra of Fe 2p measured from Fe-doped CaCO3 sample. 

a) b) 

730 725 720 715 710 705

Fe
2
(CO

3
)
3 Fe

2
(CO

3
)
3

 

 

 

Fe 2p3/2

Binding Energy (eV)

 Measured spectra Fe-doped CaCO
3

 background
 Fitted

Fe 2p1/2

Figure 12: (a) Schematics of DRIFTS configuration with optical components and sample. Taken 
from 108. (b) DRIFTS spectra of as-prepared Zn-, Cu-, and Ni-doped CaCO3 sample in which the 
normal modes are indicated. Where C is calcite band, V is vaterite band, and V/C is band of both 
vaterite and calcite phases. 
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energy analyser (see Figure 13 (a)). The kinetic energy (Ek) of electrons is given by 

Ek=h-BE-, where h-is the photon energy, BE is binding energy of atomic orbital from 

which the electrons originate, and  is spectrometer work function. The binding energy 

is the difference between the initial and final states after the photoelectron has left 

the atom. The spectra are obtained by plotting counts (intensity) versus the measured 

kinetic energy of the electrons. They can be converted to the binding energy of 

electron with respect to Fermi level which is used as a reference (BE=0). From the 

binding energy and intensity of a photoelectron peak, the elemental identity, chemical 

state, and quantity of a detected element can be determined. Figure 13 (b) shows core 

level Fe 2p peaks from Fe-doped CaCO3 with Fe3+ oxidation state. We used a K-Alpha 

(Thermo Fisher Scientific Inc.) with Al Kα monochromatic 1486.6 eV X-ray source to 

generate the photoelectrons. 
 

 Scanning electron microscopy (SEM): uses a focused electron beam rastered over 

a surface to create an image. A high energy electron beam interacts with the 

surface of the sample. Depending on the accelerating voltage (kV) and the density 

of the sample, electrons can penetrate a few microns of the sample and produce 

secondary electrons, backscattered electrons, Auger electrons, and characteristic 

X-rays. Signals cab be collected by a backscattered electron detector (BSD) that 

produce images with contrast that carries information based on the differences in 

atomic number and a secondary electron detector (SED) that give topological 

information. The X-ray generated can be used for elemental analysis of the sample 

by energy-dispersive X-ray spectroscopy (EDX) of SEM. Electrons are produced at 

the top of the column from electron sources such as a solid-state crystal 

(Lanthanum hexaboride (LaB6) and Field emission gun (FEG). The electrons are 

accelerated and passed through a combination of magnetic lenses and apertures 

(Figure 14  (a)) to produce a focused beam of electrons on the surface of the 

sample. 

Figure 14: (a) Layout of a Scanning electron microscope. Taken from 110. (b) SEM micrograph 
of as-prepared CaCO3 powder doped with dual transition metals. 

a) b) 
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Typical SEM picture (Figure 14 (b)) of CaCO3 doped with dual transition metals (Ni and Co) 

showing surface morphology. 

C. Experimental setup and calcination of CaCO3 

Calcination of carbonate samples for this thesis work was performed in a vacuum vessel 

depicted in Figure 15. It consists of three sections with different operating pressures. 

Section 1 is the sample compartment (base pressure ~10-3 mbar; working pressures up to 

~10 mbar) containing commercial silicon carbide (SiC) resistive heating stage (UHV-design). 

The sample is held above the heating element in a circular tray made of Titanium-

Zirconium-Molybdenum (TZM) alloy. The working gases could be introduced to this section 

by means of a flow controller. Water vapour was introduced via a needle valve from a 

stainless-steel reservoir to achieve the desired target pressure (typically ~0.1 -to- 0.4 mbar). 

The deionized water in this reservoir was degassed via several freeze-pump-thaw cycles 

before use. To maintain a constant pressure of water vapour from the reservoir, it was 

stabilized at 26 C using a water bath (PolyScience). Section 2 has a base pressure of 

~10- 8 mbar. It is separated from the sample section by a 200 μm aperture and could be fully 

isolated by means of a pneumatic valve. This section acts as a gas buffer chamber between 

Sections 1 and 3. Section 3 (base pressure ~10-9 mbar) is separated from Section 2 by a 

2 mm aperture. It contains a Quadrupole Mass Spectrometer (QMS- Hiden Analytical 

HALO). When the pneumatic valve is open, the ionizer of the QMS is in direct line-of-sight 

Figure 15: (a) Schematics of experimental setup consist of SiC heater for calcination of CaCO3 samples, 
plasma generation components, and QMS to measure stable molecules, (b) illustrates CO2 released 
from the samples, (c) stable molecules measured during calcination of CaCO3 in H2O plasma in 
response to an applied heating and plasma cracking of CO2 and H2O molecules, and (d) illustrates 
intensity profile of introduced CO2 that drops as a result of capture by the sorbent. 
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of Section 1 via the two apertures. The QMS is used to monitor the time evolution of 

selected gases (both introduced and evolved from the sample) during decomposition. The 

most relevant masses tracked correspond to those of H2, H2O, CO, CO2, CH4, and Ar. The 

experimental setup has three modes of operation thermal decomposition of samples to 

release CO2 (Figure 15 (b)), Plasma-thermal process to release CO2 from the sample in H2O 

plasma to crack both molecules (Figure 15 (c)), and CO2 capture process (Figure 15 (d)). 

i. Inductively coupled plasma (ICP) generation 

As mentioned in section E of theintroduction, radiofrequency inductively coupled plasma 

(RF-ICP) is the plasma used and its schematics are given in Figure 16. High-frequency 

13.56 MHz current is supplied by a Huttinger PFG 300RF generator. When this frequency is 

fed into a cylindrical induction coil, it creates an oscillating magnetic field (H) that generates 

an induced electric field (E) within the tube according to Faraday’s law. Gas molecules break 

down by the electric field into ions and electrons. Highly mobile free electrons in the gas 

are repeatedly accelerated by electric field and decelerates via collision with gas molecules. 

Through collision, electrons lose some of their energy to ions or neutrals. This process 

creates plasma discharge in the quartz tube. The coupling between inductive coil and 

plasma can be represented by a simple voltage decreasing transformer in which the coil 

represents the primary multi-turn windings, and the plasma represents the secondary 

single-turn winding. A cylindrical antenna coil is connected to a matchbox (PFM 1500 A) 

network as shown in Figure 16, while the RF power supply and the resonant matching 

network are connected via the coaxial cable of typically 50 Ω internal impedance. For 

effective coupling of RF power supply, a low plasma resistance is required. During 

Figure 16: Schematics of inductively coupled plasma (ICP) generation in quartz tube. A 13.56 MHz RF 
generator is connected to matchbox with 50 ῼ coaxial cable. The matchbox is connected to water 
cooled copper induction coil. H2O vapour from reservoir is leaked in to the tube via needle valve. 
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operation, plasma was sustained totally by low-pressure H2O vapour introduced into the 

quartz tube via a needle valve without the addition of any other gases. The RF input power 

is the net power coming out of power supply. The net power is given by the difference 

between the forward and reflected power (P��� = P��� − P���). During operation, the 

capacitive and inductive tuner was used for impedance matching of the RF power with 

plasma for maximum absorption of input power.  

ii. Calcination of Pure and transition metal (TM) - doped CaCO3 
The picture of an experimental setup consisting of a heating stage, plasma generated in a 

quartz tube, mass spectrometer, and pumping system is depicted in Figure 17 (a). Freshly 

introduced samples were heated at high-temperature under different gaseous 

environments. During calcination heat transfer from the heater to the CaCO3 surface 

through the sample holder initiates CO2 release leaving a porous layer of CaO behind. The 

reaction interface of CaO/CaCO3 moves toward the centre of the particles while CO2 leaves 

the reaction zone 88 (Figure 17 (b)). Heat flow to and CO2 diffusion from the reaction zone 

respectively determine the calcination progress 89,90. These successive processes result in 

decomposition of carbonates and formation of CaO particles. 

iii. Calcination in argon, H2O vapour, and hydrogen 
Calcination of samples was performed under low-pressure of Ar, H2O, and H2 gases in order 

to evaluate the effects of doping on CO2 release, conversion, and change in the onset 

temperature. Calcination in Ar is a representative case for an unreactive gas. In this case, 

differences between the decomposition profiles of various samples can be attributed 

Figure 17: (a) Picture of experimental setup used for calcination of CaCO3. The glowing heater during 
calcination is indicated with magnified portion and (b) schematics of CaCO3 decomposition in which 
heat flows from the heater to the powder and the CaO/CaCO3 interface move toward the centre 
leaving behind porous CaO through which CO2 produced at the interface escape. 

a) b) 
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exclusively to the effects of TM-additives and temperature. Under this condition, all TM-

doped samples performed better than the Pure sample in terms of early release of CO2.  

Water is known to have a beneficial influence on the calcination of CaCO3 and on the CaL 

cycle overall. Mclntosh et al. 91 reported the presence of water vapour during calcination 

competes with CO2 for active sites and improve the reaction rate. Similarly, Wang et al. 92 

studied the effects of H2O vapour and CO2 on the rates of calcite decomposition by using 

dynamic X-ray diffraction (DXRD) and claimed absorption of water on the active sites 

(CaCO3*=CaO.CO2) increase decomposition rate by weakening the bond between CaO and 

CO2. Accordingly, the calcination of TM-doped samples under H2O vapour induced CO2 

release at ~50 K lower temperature as compared with the release in Ar.  

Calcination in H2 was performed as a comparative benchmark of the reactivity of our 

samples, and reproduce results reported by 73,74 at a low-pressure of 0.1 mbar. 

Consequently, H2O and CO were the only products obtained from the reaction of H2 with 

released CO2. CH4 was not produced under this condition. Various studies 73,74,93 illustrate 

the potential of transition metals to act as reduction/hydrogenation catalyst. Transition 

metals mixed in the samples clearly showed their role as internal catalysts during 

calcination in H2 atmosphere. As illustrated by Reller et al. 81, the solid products formed can 

be metal oxides, mixtures of metal oxides with different oxidation states or elemental 

transition metal in which the overall reaction could be written as:

Figure 18: Comparison of the influence of TM-doping on the calcination temperature 
required to produce a given oxide fraction relative to the Pure sample for the three 
calcination environments (Ar, H2O, and H2). 
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����(�) + (� + �)��(�) ⟶ �����(�) + (1 − �)���(�) + ���(�) + (� + �)���(�) (17) 

A cross-comparison of calcination of the TM-doped samples relative to Pure sample under 

Ar, H2O vapour, and H2 were performed on the basis of the temperature required to achieve 

a comparable fractional amount of oxide formation as illustrated in Figure 18. A negative 

T indicates that a given oxide fraction is achieved at a lower temperature relative to the 

Pure sample under the same calcination gas. TM-doping improved the performance in all 

case, with Cu having the greatest effect and Fe the least. In general, when calcined under 

Ar the performance improves with increasing degree of oxide formation for all dopants. In 

the case of H2O, the T variation as a function of oxide fraction is more varied, while for H2 

it is comparatively constant. The Ni-doped sample performs better under H2 than H2O, 

while the Zn-doped sample performs worse. Detail of calcination and results are given in 

Chapter 1.  

iv. Cyclic calcination-carbonation  

Calcination-carbonation cycling was performed to evaluate the performance of samples 

towards CO2 capture. Calcination was performed under water vapour and H2O plasma by 

ramping the sample temperature to high temperature. The plasma (where relevant) was 

started after the working pressure and temperature ramping started. Once the thermal 

cycle was completed and the sample was allowed to cool, the plasma was extinguished 

Figure 19: Carbonation - calcination cycle profile of CO2 and temperature. Capture in static CO2 of 
5 mbar in which intensity of CO2 dropped due capture and followed by pumping of uncaptured CO2 and 
cooling. Then calcination at higher temperature under H2O vapour or plasma to release captured CO2. 
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(where applicable) and the H2O flow was stopped. The subsequent carbonation procedure 

was identical for both calcination in water vapour and plasma. 

Carbonation of calcined sorbents was performed by filling the first section of the vacuum 

vessel with ~5 mbar of CO2 without active pumping (“static” pressure). The temperature 

was then ramped to capture temperature and held at this temperature. As the carbonation 

process is accelerated at elevated temperature, the sample begins to act as a “pump”, and 

the CO2 pressure is observed to decrease at a faster rate.  

Once the thermal cycle was completed, residual CO2 was pumped away and the sample was 

allowed to cool in preparation for the subsequent calcination cycle (Figure 19). The sample 

temperature was allowed to drop to lower temperature following both calcination and 

carbonation before the next step of the cycle was initiated.  

 

A faster drop in the CO2 intensity reflects more rapid uptake by the sample which is evident 

from changes in the CO2 capture rate. Each sorbent has significantly different recapture 

characteristics. 2.5 wt.% Zn-doped samples exhibited the most consistent rapid recapture 

of CO2 and the behaviour persists over all cycles. In order to compare the profile of CO2 

captured by each sample and illustrate the capture rate, the CO2 captured profile was 

normalized as shown in Figure 20 (a), and the capture rate was obtained through first 

derivative of capture profile (Figure 20 (b)). Such representation gives the behaviour of the 

capture process in terms of time and temperature (details in section 2.3 of Chapter 2).  

Figure 21 shows CO2 release profiles in which “Release 0” corresponding to calcination of 

the as-prepared (thus, fully-loaded) CaCO3 samples and Release 1 indicates subsequent 

release from the same sample after re-capture of CO2 in the manner outlined above. The 

Figure 20: CO2 profiles during capture. (a) Normalized CO2 showing fast drop in intensity due to 
capture by sorbent and (b) capture rate obtained by first derivative of normalized capture profile. 
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recapture step does not fully reload the samples. This can be regarded as a limitation of the 

capture procedure employed and does not necessarily reflect the maximum loading that 

might be achieved under optimum (ambient pressure) carbonation conditions. The amount 

of released CO2 after each capture drops for all sorbents. Thus, the reduction in carrying 

capacity over repeated cycles is equally apparent in the released data (see Figure 2.6 in 

Chapter 2).  

v. Calcination of Pure and TM-doped CaCO3 in H2O plasma  
As stated earlier, a number of researchers demonstrated direct conversion of CO2 released 

from Fe-, Cu-, and Ag-doped CaCO3 to CO 73,74, Ni-, Ru-, and Rh-doped to CH4 73,94 Fe-doped 

to C1-C3 95 through thermal decomposition in a hydrogen atmosphere with high selectivity 

according to Eq. (18-19). 

 �����(�) + ��(�) → ���(�) + ��(�) + ���(�)      ∆����� =  +220 ��/��� (18) 

  �����(�) + 4��(�) → ���(�) + ���(�) + 2���(�)   ∆����� =  +15 ��/��� (19) 

However, this method is economically not viable since it consumes fuel (H2) which has 

higher energy content (in MJ/kg). Thus, we propose generation of hydrogen from water 

vapour using electricity (plasma) for converting CO2 released to CO. From the perspective 

of the energy content of the various reactants and products, utilization of water fulfils the 

requirement in terms of storing energy in the form of fuel. The chemical reactions that store 

(excess-) renewable energy in a chemical bond through plasma-assisted thermal 

decomposition of CaCO3 and yield fuels can be written as: 

Figure 21: The profile of CO2 released from fresh CaCO3 “Release 0”, and released 
after recapture "Release 1". 
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 �����(�) + ���(�) ⟶ ���(�) + ��(�) + ��(�) + �� (�)   Δ����� = +704 � �/��� (20) 

 �����(�) + 2���(�) ⟶ ���(�) + ���(�) + 2��(�)    ������  = +982 ��/��� (21) 

Dissociation of H2O using plasma can be economically and environmentally viable. Rahman 

et al. 96 reported 79 % energy efficiency for H2 production from steam along with argon in 

a hybrid dielectric barrier discharge (DBD)-corona discharge reactor. Stamatiou 97 and his 

co-workers also produced H2 from H2O using pulsed gliding-arc plasma with 45 % energy 

yield. Thus, plasma generated H2, H species, and excited H2O molecules that enhance 

decomposition of CaCO3 98. Although the direct utilization of H2O for fuel production is the 

most endothermic process, it is also the most appealing from a sustainability perspective.  

For this purpose, calcination of Pure and TM-doped CaCO3 was carried out in low-pressure 

H2O plasma with an input power of 0 -200 W. This plasma-assisted thermal decomposition 

process simultaneously cracks released CO2 and H2O molecules into CO and H2 respectively 

as the main products of interest. The amount of CO produced increased with input power 

as a result of dissociation of CO2 molecules as well as the reduction of CO2 by H2 produced 

from H2O plasma over TM oxide surfaces. In order to determine CO2 converted to CO, we 

define a parameter known as conversion (�) =
[��]

[���]
 (details will be discussed in Chapter 3). 

As shown in Figure 22, conversion increases with power and TM-doped samples resulted in 

less conversion compared to Pure due to the back reaction of CO with O to form CO2. In 

particular this, effect is more pronounced for samples doped with Co and Cu. 

Figure 22: Conversion fraction of CO2 released from thermal decomposition of Pure and 
TM-doped CaCO3 in low-pressure H2O plasma of 0 - 200 W input power. 
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vi. Optical emission spectroscopy characterization of H2O-CO2 plasma  
Characterization of H2O and H2O-CO2 plasma was performed by optical emission 

spectroscopy. The release of CO2 into already ignited plasma changed the composition of 

the plasma. Figure 23 illustrates decrease in the intensities of hydrogen lines. This also 

changed the plasma parameters such as vibrational temperature (Tvib) and rotational 

temperature (Trot) via consumption of excited hydrogen reacting with released CO2. As a 

consequence, Trot increased, Tvib decreased, and Te decreased. The values of Tvib were 

greater than Trot in both H2O plasma and H2O-CO2 plasma. This implies the plasma was far 

from thermal equilibrium and the dissociation channel for H2O and CO2 were through 

vibrational excitation caused by electron impact. An increase in Trot with the release of CO2 

was indicative of gas heating as a result of pressure-induced collision among the neutrals 

(details of measurement and results are presented in Chapter 4).  

vii. Calcination in thermogravimetric analysis (TGA) 
Thermal calcination of Pure and TM-doped CaCO3 samples were performed in TGA to 

evaluate weight loss behaviour, change in calculation temperature, and effect of calcination 

environment (He and H2-Ar). The weight loss curves show complete oxide phases are 

achieved in the temperature intervals of 740-760 ⁰C for selected samples under helium 

(Figure 24 (a)), while calcination in 0.6 bar H2 and 0.4 bar Ar the temperature was ~560-

680 ⁰C (Figure 24 (b)). The weight loss curves clearly indicate the effect of calcination 

Figure 23: Intensity of Hβ line of H2O plasma in which intensity dropped when CO2 
was released from the sample. 
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environment that influenced decomposition temperature for each sample. The 2.5 wt. % 

Ni-doped sample showed the largest reduction in temperature of up to ~190 ⁰C under H2 

relative to He. Calcination in H2 not only decrease calcination temperature but also result 

in the production of CO, H2O, and CH4 depending on TM. Ni and Co are found to be more 

effective towards the production of CH4, and the selectivity of Ni for methane was very high.  

D. Main Results 

Part B of this thesis consist of 5 chapters in which the main findings of each chapter are 

given as:  

Chapter 1: In this chapter, we demonstrated TM-doped samples synthesis, characterization 

and calcination in different gases (Ar, H2O vapour, and Ar). Addition of TM dopants reduces 

the decomposition temperature and increases the rate of calcination in all cases. Cu-doping 

was most effective in this regard while the Fe-doped sample was closest to the pure CaCO3. 

Calcining in H2O improved the performance relative to calcining in Ar in all cases. The largest 

effect was observed for Zn-doping. Compared to Ar, calcining in H2 had more mixed results 

in terms of CO2 release. 

Chapter 2: The CaL performance of TM-doped calcium carbonate has been evaluated for 

low-pressure calcination under water vapour and H2O plasma. In general, TM-doping did 

not have a significant impact on the CaL performance except in the specific case of Zn 

doping which showed rapid recapture and improved carrying capacity over multiple cycles 

comparison of the CO2 profiles of Zn-doped samples (1.0 wt.% and 5.0 wt.%) calcined under 

H2O plasma showed improvement in capture performance relative to the water vapour 
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Figure 24: Weight loss profile of selected samples calcined in thermogravimetric analysis (TGA). 
(a) Calcination in He atmosphere of 1.0 bar, and (b) calcination in H2 of 0.6 bar mixed with 0.4 bar 
Ar. Calcination in H2 induced significant decrease in the calcination temperature. 
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case in which the uptake curve undergoing a progressive development over the repeat 

cycles. 

Chapter 3: Calcination of Pure and TM-doped CaCO3 in a low-pressure of H2O plasma 

showed the proof that simultaneous conversion of CO2 released with H2O plasma is 

possible. However, TM-doped samples showed mixed results (positive and negative) in 

which some of the samples resulted in the production of CO, while some initiated back 

reaction of CO and atomic oxygen to CO2 formation. These TMs that resulted in the back 

reaction are known to be used for CO oxidation. 

Chapter 4: In this chapter, optical emission spectroscopic (OES) characterization of H2O-CO2 

plasma showed a decrease in vibrational temperature and increase in rotational 

temperature when CO2 is released into H2O plasma. The release of CO2 into H2O plasma 

changed these parameters due to the reaction of CO2 with excited hydrogens in the plasma. 

Chapter 5: Calcination in high-pressure of various gases induced variation in decomposition 

temperature. Calcination in H2 atmosphere resulted in a decrease of calcination 

temperature by ~70-190 ⁰C. The catalytic properties of TM-doped in the samples 

contributed to the conversion of released CO2 to CO and CH4 with high selectivity in H2 

atmosphere. 

V. Conclusions and Outlook  

To bring about a sustainable energy system that allows reduction of greenhouse gas 

concentrations in the atmosphere, there is no single technology that solves all issues. Such 

a complex global problem requires the implementation of many different technologies and 

strategies that complement each other. Improving energy efficiency of (buildings, industrial 

processes and etc.) deploying more renewable energy, transportation fuel switching, and 

implementation of carbon capture storage and utilization (CCSU) technologies will all 

contribute towards global CO2 reductions. From the context of this thesis, transition metals 

doped calcium-based CO2 sorbent for Calcium Looping (CaL) technology and integrated 

plasma conversion of CO2 during the regeneration phase via utilizing H2O as a primary 

reagent were evaluated. The main advantages are the direct conversion of electrical energy 

to chemical energy. Direct conversion of CO2 during calcination is attractive in terms of 

process intensification, CO2 utilization, and could simultaneously contribute to improving 

the calcium looping cycles. The concept elaborate calcination of Pure and TM (Fe, Co, Zn, 

Cu, and Ni)-doped CaCO3 under renewable hydrogen from plasma-dissociated H2O that 

assist in catalytic conversion of released CO2 into CO. The addition of TM-dopants reduced 

the decomposition temperature and increases the rate of calcination when performed in 

~0.1 mbar of Ar, H2O vapour, and H2. Of all dopants, copper was most effective while the 
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Fe-doped sample was closest to Pure CaCO3. Reduction of the calcination temperature is 

very important in the context of maximizing the energy efficiency of the calcium looping 

cycle. Calcining in H2O vapour improved the performance relative to calcining in a non-

reactive atmosphere (Ar). However, in this process, CH4 production was not observed due 

to the low working pressure.  

Cyclic capture - release measurements were performed to evaluate sorbents capacity to 

capture CO2 for low-pressure calcination under water vapour and H2O plasma. TM-doping 

did not have a significant impact on the sorbent performance except for Zn-doped sample 

derived from a 2.5 wt.% precursor solution that exhibited the best performance, with rapid 

recapture and improved carrying capacity over multiple cycles. The performance of Zn-

doped sample was found to be dependent on wt.% of the precursor solution; samples 

derived from both 1.0 wt.% and 5.0 wt.% performed worse than the 2.5 wt.% samples. An 

intriguing result was obtained for 1.0 wt.% and 5.0 wt.% Zn-doped samples calcined in H2O 

plasma in which the rate, temperature of CO2 uptake, and the amount of CO2 recaptured 

improved. 

Plasma-assisted thermal decomposition of TM-doped CaCO3 in low pressure inductively 

coupled H2O plasma was performed for simultaneous dissociation of released CO2 and H2O. 

TM-doped samples showed different activities towards CO2 conversion to CO in plasma. 

The amount of CO produced increased with increase in input power, relative to Pure sample 

TM-doped samples resulted in less conversion of CO2 to CO. These transition metals are 

known to be used for CO oxidation and speculated to produce CO2 via recombination of CO 

and atomic O produced by plasma over catalytically active sites.  

Characterization of H2O and H2O-CO2 plasma was performed by optical emission 

spectrometer for different power and pressure. The release of CO2 into already ignited H2O 

plasma not only changed plasma composition, but also changed the plasma parameters 

such as vibrational temperature (Tvib), rotational temperature (Trot), and electron 

temperature (Te). The values of Tvib were greater than Trot in H2O plasma, and H2O-CO2 

plasma. This implies the ICP discharge was far from thermal equilibrium and the dissociation 

channel for H2O and CO2 were through vibrational excitation caused by electron impact. 

This research provided initial proof of concept for producing fuels (CO) from plasma-

assisted thermal decomposition of CaCO3 utilizing water. This concept could be integrated 

into Calcium Looping (CaL) power plant in which CO2 released during calcination can be 

directly converted to fuels with utilization of surplus electricity from renewable energy 

sources. In this way, excess electricity could be converted into chemicals and fuels for 

industries and transportation. In addition, this process mitigates climate change prompted 

by anthropogenic CO2 emission through carbon-capture and utilization with water and 

ensure future energy security by closing the carbon cycle.
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Calcination of Pure and TM-doped CaCO3 in thermogravimetric analysis (TGA) under high-

pressure (1.0 bar) of He and 0.6 bar H2 - 0.4 bar Ar showed the effect of calcination 

atmosphere. Unlike calcination in low-pressure of H2, calcination in the high-pressure of H2 

not only decreased the decomposition temperature but also produced CO (Pure, Fe and 

CO) and CH4 (Ni and Co).  

Future research can be pursued to further investigate the potential of Zn-doped calcium-

based sorbent for application of CaL technology. This includes synthesis of the sample 

through a process that produces nano-scale and porous particles of ZnO-CaO from 

precursors of calcium acetate and zinc acetate through sol-gel methods 99 and followed by 

calcination to form the oxide phases. Studies on sol-gel CaCO3 synthesis indicate CaO 

sorbent obtained after calcination had high CO2 capture capacity 100. Doping in the sol-gel 

process is straight forward mixing of the required precursor in the solution, and this process 

gives samples with uniformly distributed dopants. The advantage of acetate is that the wet 

gel forms networked and porous structures upon aerogel formation. Since this process 

needs slow evaporation of water from the solution and other organic components, gases 

leaving the solution creates a porous structure that retains its shape and structure through 

the drying process. Calcination of such samples under high-temperature forms oxide phase 

of Ca and Zn. In addition to CO2 capture, a mix of CaO and ZnO is used as a catalyst for 

biodiesel synthesis 101 and conversion of methane to C2 hydrocarbons using CO2 as an 

oxidant 102,103. 

From cyclic capture-release measurements, water plasma was found to improve the 

capture performance of Zn-doped samples. Further, research on calcination of samples 

prepared via sol-gel method “in plasma” as in the “plasma-catalysis” is suggested for detail 

understanding of the effect of plasma. Plasmas of interest from an application point of view 

could be dielectric berried discharge (DBD) that can operate at atmospheric pressure; 

microwave (MW) plasma is also recommended for study of simultaneous dissociation of 

CO2 and H2O during the process of calcination.  

 
On the selection, performance and potential of the transition metal dopants. 

The choice of transition metal dopant used in this work was, in the first instance, informed 

by the pioneering work done by Reller and Padeste. The additional requirement to avoid 

the use of scarce elements (a prerequisite for any processes that envisages being 

implemented on a large, global scale) resulted in the target group being narrowed to the 

fourth period block of elements that range from Fe to Zn. 

In terms of calcination/carbonation performance all TM dopant did improve the calcium 

looping cycle relative to that of pure calcium carbonate. However, it was only the Zn-doped 

samples that, under the conditions utilized, exhibited effects sufficiently dramatic and 

persistent to potentially justify the additional effort associated with doping A notable 
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drawback of the use of Zn was evident from the experiments on the calcination in hydrogen. 

In this reducing environment, the low melting of elemental Zn results in its evaporation 

from the sample during calcination. It is noteworthy that some of the dopants, most 

particularly Ni, were very effective in producing CH4 during calcination in H2. While this is 

not viable as a large-scale calcium looping approach, it might be interesting as a niche CO2 

conversion process in cases where a reliable supply of sustainable H2 is available. 

With regard to plasma-activated conversion, the effect of TM-doping was counter-

productive. To a large extent this is due to the fact that the standard catalytic activity of the 

dopants dominated the reactivity during high temperature calcination. Thus, the benefits 

envisaged at the outset of the project were not realized. However, it remains to be 

determined if a higher pressure (and thus more application-relevant) plasma would be 

more successful in this respect. Furthermore, future plasma-calcination studies should 

focus on lower temperature calcination condition to avoid the dominance of purely thermal 

catalysis. One notable aspect of H2O plasma calcination is that the simultaneous presence 

of O2 and H2 appears sufficient to prevent the evaporation loss of Zn during high 

temperature calcination. 

It must be acknowledged that the conditions employed for the majority of measurements 

presented in this thesis are highly specialized and far from application conditions. Thus, 

while intra-comparisons can be made, it is extremely difficult to directly link the current 

results with other published work in the literature, which are generally of a much more 

applied nature. On the basis of the current results, Zn-doping should be considered as the 

first target of applied studies in order to benchmark the performance relative to other 

approaches to improving calcium looping. 

The synthesis employed in the currently thesis would not be the most practical from a large-

scale application perspective. Production of TM-doped CaCO3 on a scale necessary for wide-

spread implementation of calcium looping should available of the large abundance of 

natural CaCO3. In this case, doping should be realized by modification of the well-

established process for producing precipitated CaCO3 in order to introduce the TM-dopant 

during the hydration/slacking [CaO+H2O→Ca(OH)2] stage. As to whether such an approach 

is economically viable, that will be determined by the relative additional cost of the initial, 

one-off processing step compared to the saving associated with any long-term gain in the 

cycle performance.
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Chapter 1 : Effects of transition metal dopants on 

the calcination of CaCO3 under Ar, H2O, and H2* 

 
 

 

Abstract 

This study compares thermal decomposition of Pure and transition metal-doped (Fe, Co, 

Ni, Cu, Zn) calcium carbonate samples under ~0.1 mbar of Ar, H2O vapour, and H2 in order 

to evaluate the effects of doping on CO2 release and conversion. 

All samples were synthesized via precipitation method at room temperature from calcium 

chloride and sodium carbonate precursors, with additional doping of the relevant transition 

metal chloride. Structural and compositional analysis of the as-prepared and calcined 

materials is presented. TM-doping results in an earlier onset of CO2 release as compared to 

Pure CaCO3 irrespective of calcination gas. Cu-doping induced the largest temperature 

reduction. Calcination in H2O vapour produces an additional lowering of the release 

temperature, as compared with calcination in Ar, with the Zn-doped sample exhibiting the 

largest enhancement. During calcination in H2, the Ni-, Co- and Fe-doped samples produce 

a significant enhancement of CO2 to CO conversion, while the overall conversion by the Cu- 

and Zn-doped samples remained comparable to that of Pure CaCO3. The Ni-doped samples, 

which produced the highest CO2 conversion, showed the largest relative enhancement 

when the calcination gas was changed to H2. 
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1.1  Introduction 

Combustion of fossil fuels to meet energy demand results in large quantities of CO2 being 

released into the atmosphere, leading to adverse effects on the global climate 1. In order 

to ensure both a sustainable environment and economy, transitioning from fossil fuels to 

renewable energy sources is necessary. However, given their current scale of usage, fossils 

fuel will remain a substantial component of the energy mix in the near-term 2,3. Thus, in 

light of ambitions of limiting the global average surface temperature rise relative to pre-

industrial levels, deployment of carbon capture processes to counteract industrial 

emissions is crucial. CO2 captured from industrial plants can be subsequently stored in 

geological formations or may be used as a feedstock for the chemical and other industries. 

This approach can assist in reducing emission in the short-to-medium term, thereby 

facilitating a smooth transition to a long-term sustainable energy system. 

A relatively cost effective and well-established technology for CO2 capture is the Calcium 

Looping (CaL) process 4–7 first proposed by Shimizu et al. 8. This cycle uses low cost and 

abundant calcium carbonate (CaCO3) as the base material to capture CO2 in a solid-sorbent 

cycle 4,9. It is described by the reversible reaction: 

 ���(�) + ���(�) ⇔ ����� (�)∆����� = ±178 ��/���  1.1 

In the forward reaction, referred to as carbonation, CO2 from flue gas reacts with CaO. 

Although this is an exothermic reaction, it is typically performed at a temperature in the 

600-650C range in order to accelerate the reaction kinetics 4,8. The reverse reaction to 

yield a nearly pure CO2 stream referred to as calcination, is typically performed in the 

temperature range 850-950C 5,6,10. Calcium looping has potential to contribute to de-

carbonization of industrial plants (gas-fired and coal-fired power plant, biomass power 

plant, and cement and steel manufactures) 11–14. The main drawbacks of the process are 

the energy penalties associated with the elevated-temperature required for both the 

capture and the release components of the cycle, and a decreasing CO2 carrying-capacity 

over repeated adsorption-desorption cycles due to thermally-induced sintering and pore 

closure of the material 4,15. 

Improving the performance of the CaL cycle has become an important research goal in 

recent decades. The selective addition of water (steam) at different points in the cycle has 

been demonstrated to have a beneficial effect on the overall performance 16,17. For 

instance, Manovic et al. 18 evaluated carbonation of CaO obtained through calcination of 

limestones from different geographical origins in 20 % steam and improved the cyclability 

of CaO for CO2 absorption. Lin et al. 19 reported an increase of 30 % in adsorption capacity 

in 60 % steam at 920C relative to adsorption in pure CO2 at 1020C. 

An interesting observation, first reported by Reller et al. 20, is that thermal decomposition 

of CaCO3 in 1.0 bar of H2 resulted in both a reduction in the decomposition temperature 
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and in the direct production of CO. This and a follow-up report (Padeste et al. 21) also 

demonstrated that the inclusion of transition metal (TM) additives in calcium carbonate 

could either enhance the selectivity toward CO production (Fe, Cu, Ag), or result in direct 

CH4 formation with high selectivity (Ni, Ru, Rh). The fact that H2 is consumed in this process 

is obviously an issue from any application perspective since it is a valuable energy carrier in 

its own right. Additionally, it is not readily available in large volumes from sustainable 

sources. However, direct conversion of CO2 during the calcination step is an interesting 

prospect from the perspective of CO2 utilization. The simultaneous lowering of the 

carbonate decomposition temperature is highly desirable since it reduces the associated 

energy penalty and potentially reduces the rate of sintering. 

The reports on CaCO3 decomposition under hydrogen stimulated us to initiate research on 

the effects of decomposing CaCO3 while exposing the material to a water plasma. The 

rationale is that the reported positive effects of water addition to the CaL cycle might be 

further enhanced by plasma excitation of the water molecules. Furthermore, since plasma 

formation can provide “on-demand” in-situ production of H2, the prospect of inducing 

direct conversion similar to that observed when decomposing under pure H2 arises. From 

an application perspective, H2 would, in this case, be derived from H2O using renewable 

electrical energy as an input. As the first step in this on-going research, the objective of the 

current paper is to present an evaluation of the effects that transition metal dopants (Fe, 

Co, Ni, Cu, and Zn) have on the reactivity and thermal decomposition of CaCO3. Plasma 

exposures do not form part of this paper, but the decomposition reactor and the typical 

decomposition conditions used (~0.1 mbar Ar, H2O vapour, and H2) are comparable to the 

conditions used during our plasma exposures. Although this paper is intended to provide a 

reference point for subsequent work, the effects of TM-doping are interesting in their own 

right. Most notably, the TM additives induce earlier release of CO2 relative to the pure 

CaCO3 irrespective of the chemical nature of the calcining environment. The CO2 conversion 

performance of the different dopants in the presence of H2 is evaluated. 

1.2  Experimental 

1.2.1 Sample Synthesis 

All CaCO3 samples were prepared in-house by precipitation method. Precipitation of 

inorganic salt from a homogeneous solution of two or more soluble salts is one of a trivial 

method by which ions in a liquid solution transforms to crystalline particles. Analytical grade 

commercial precursors CaCl2•2H2O; Na2CO3, CoCl2•6H2O, FeCl3•6H2O, NiCl2•6H2O, 

CuCl2•2H2O, and ZnCl2 (Sigma-Aldrich, Germany) were used as the synthesis precursors. 

Pure CaCO3 was prepared by mixing 0.8 M CaCl2•2H2O solution and 0.8 M Na2CO3 

solution 22 at room temperature (20-23C). For the synthesis of the Co, Ni, and Fe-doped 

samples, the relevant TM chloride amounting to 2.5 wt.% of the CaCl2•2H2O was added to 



46 Effects of transition metal dopants on the calcination of CaCO3 

the initial chloride solution (see Table 1.1 for an overview of synthesis solution 

compositions). To initiate precipitation, the chloride-containing solution was poured with 

continuous stirring into a beaker containing the carbonate solution. The inception of 

carbonate precipitation was immediate in all cases. The mixed solution was stirred for 10-

15 minutes to stimulated complete precipitation. 

Attempts to precipitate the Cu- and Zn-doped carbonates from solution in a similar manner 

were unsuccessful. Precipitation was not observed even after prolonged stirring and 

increasing the temperature to 60C in an effort to stimulate particle growth. UV-Visible 

spectroscopy tests performed after 2 hours to detect evidence of particle growth exhibited 

no absorbance peaks. The presence of foreign ions or other substances can change the 

precipitation rate of CaCO3 
23 and in the case of Zn and Cu, the effect is inhibitive. Trace 

amounts of zinc(II) and copper(II) are used to control CaCO3 scale deposition in water supply 

pipes and heat exchangers 24. Zeppenfeld reported that the presence of Cu and Zn species 

inhibit calcite growth by blocking active growth sites 24. As a consequence, the Cu- and Zn-

doped CaCO3 samples were prepared by fast mixing of separately prepared pure TM- and 

pure Ca-carbonate precipitation solutions. Table 1.2 gives an overview of the precursor 

solutions used to synthesize these samples. The two carbonate solutions were combined 

within 10 seconds of their individual mixing in order to minimize separate growth of CaCO3 

and TMCO3 particles. The combined carbonate solutions were stirred for 30 minutes to 

stimulate complete precipitation. 

Following precipitation, all solutions were filtered through filter paper (Whatman) with a 

pore size of 25 µm and the solids were washed repeatedly with deionized-water. The 

samples were then dried in an oven for several hours at 65-150C. 

 

Table 1.1: Molar concentrations (M) and volume of deionized-water (ml) of the precursor solutions 

Pure, Fe-, Co-, and Ni-doped CaCO3 synthesis. 

CaCO3 

Sample 

Chloride solutions 

Carbonate 

solutions 

Na2CO3 

TM:Ca 

molar ratio 

CaCl2.2H2O TM chloride   

Pure 0.80M [250ml] - 0.80M [250ml] - 

Fe-doped 0.81M [150ml] 
FeCl3•6H2O - 0.08M 

[25ml] 
0.83M [150ml] 0.014 

Co-doped 0.80M [150ml] 
CoCl2•6H2O - 0.08M 

[25ml] 
0.83M [150ml] 0.016 

Ni-doped 1.22M [200ml] 
NiCl2•6H2O - 0.08M 

[50ml] 
1.25M [200ml] 0.015 
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Table 1.2: Molar concentrations (M) and volume of deionized-water (ml) of the precursor solutions 
Cu- and Zn-doped CaCO3 synthesis. 

 

1.2.2 Experimental setup 

Thermal decomposition of the carbonate samples was performed in a vacuum vessel as 

depicted in Figure 1.1. It consists of three sections with different operating pressures. 

Section 1 is the sample compartment (base pressure ~10-3 mbar; working pressures up to 

~10 mbar) containing a commercial resistive heating stage with a 25.4 mm diameter silicon 

carbide heating element (UHV-design). The sample is held above the heating element in a 

circular tray made of Titanium-Zirconium-Molybdenum (TZM) alloy. Ar or H2 could be 

introduced to this section by means of a flow controller. Water vapour was introduced via 

a needle valve from a stainless-steel reservoir to achieve the desired target pressure 

(typically ~0.1 mbar). The deionized-water in this reservoir was degassed via several freeze-

CaCO3  

Sample 

Calcium carbonate solutions TM carbonate solutions 

TM:Ca  

molar 

ratio 

CaCl2.2H2O Na2CO3 TM chloride Na2CO3  

Cu-doped 
0.73M 

[100ml] 

0.72M 

[100ml] 

CuCl2•2H2O - 0.075M 

[25ml] 
0.10M [25ml] 0.022 

Zn-doped 
0.97M 

[150ml] 

0.96M 

[150ml] 
ZnCl2 - 0.16M [25ml] 0.21M [25ml] 0.027 

Figure 1.1: Experimental setup used for calcination of CaCO3 samples. The graph illustrates a measured CO2 
release profile in response to an applied heating profile. 
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pump-thaw cycles before use. To maintain a constant pressure of water vapour from the 

reservoir, it was stabilized at 26C using a water bath (PolyScience).  

 Section 2 has a base pressure of ~10-8 mbar. It is separated from the sample section by a 

200 μm aperture and could be fully isolated by means of a pneumatic valve. This section 

acts as a gas buffer chamber between Sections 1 and 3. Section 3 (base pressure ~10-9 mbar) 

is separated from Section 2 by a 2 mm aperture. It contains a Quadrupole Mass 

Spectrometer (QMS- Hiden Analytical HALO). When the pneumatic valve is open, the ionizer 

of the QMS is in direct line-of-sight of Section 1 via the two apertures. The QMS is used to 

monitor the time evolution of selected gases (both introduced and evolved from the 

sample) during decomposition. In the current work, the most relevant masses tracked 

correspond to those of H2, H2O, CO, CO2, and Ar. 

1.2.3 Calcination and Characterization 

Typically, 150±1.0 mg of synthesized sample was used in each calcination test. 

Decompositions were performed by ramping the temperature linearly to 1200 K at a rate 

of 1 K/s followed by holding at 1200 K for 3 minutes. The temperature is measured by a K-

type thermocouple mounted in a fixed position near the sample tray. It is controlled by a 

custom-built controller with a PID feedback system. As-prepared and calcined samples 

were characterized by: - 

X-ray diffraction (XRD): (D8 advance Eco, Bruker, Karlsruhe, Germany) Cu-Kα radiation 

source (�=1.5406 Å) at 40 keV and 25 mA was used. Diffraction patterns were collected in 

Bragg-Brentano θ/2θ geometry in the range of 20≤ 2θ ≤ 60, with scanning step of 0.02. 

Qualitative identification of phases was performed using Match! software (Crystal Impact, 

Bonn, Germany) and quantitative analysis (amount of different phases) by running Rietveld 

refinements from within Match!, with the actual calculations being automatically 

performed using the program FullProf 25 in the background. Prior to phase identification, 

Kα2 stripping correction and peak fitting to a pseudo-Voigt function was performed. To 

identify the phase of the samples, experimental data profile fitting calculations were 

performed using the peak data as a parameter in constrained least-squares refinement. 

Finally, the entries from Crystallography Open Database (COD) matching the profile were 

selected. 

Diffuse Reflection Infra-red Fourier Transform Spectroscopy (DRIFTS): A VERTEX 70 FTIR 

Spectrometer (Bruker, Karlsruhe, Germany) equipped with Praying Mantis DRIFTS cell 

(Harrick Scientific Corp.) reaction chamber with ZnSe windows was used. The spectrometer 

has a liquid nitrogen cooled Hg-Cd-Te (MCT) detector. The sample chamber and 

interferometer were purged with nitrogen to suppress the contribution of atmospheric 

water vapour and CO2. The reaction chamber “dome” was pumped to remove CO2 and H2O, 

since it is isolated from the nitrogen purging. The DRIFTS technique offers the potential for 
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non-destructive, simultaneous and real-time measurements of solids. Spectra were 

collected at room temperature with a resolution of 4 cm-1 in the range of 6000-400 cm-1. 

Each spectrum was averaged over 120 scans. The IR spectra were recorded and stored using 

OPUS 7.5.18 (Bruker Optics Inc.) spectroscopic software. Prior to measurements, a 

background spectrum was collected on KBr powder, and all spectra were recorded against 

this background.  

X-Ray Photoelectron Spectroscopy (XPS): A K-Alpha (Thermo Scientific) with Al Kα 

monochromatic 1486.6 eV X-ray source was used. The measurements were performed on 

pressed pellets of 2 cm in diameter and quantification was performed by CasaXPS 

commercial software in which the 2p peaks of TMs are quantified relative to Ca 2p peaks. 

1.3  Results and Discussion 

1.3.1 As-prepared samples 

Calcium carbonate exists as a variety polymorphs: amorphous calcium carbonate (ACC), 

calcium carbonate hexahydrate, calcium carbonate monohydrate, vaterite, aragonite, and 

calcite 26–30. Of these, calcite is thermodynamically the most stable 31,32. Vaterite and 

aragonite are the next most stable phases 33,34. Calcite, aragonite, and vaterite have a 

different arrangement of CO3
2- groups, and atoms producing trigonal, orthorhombic, and 

hexagonal crystal structures, respectively 32,33,35,36.  

Figure 1.2 (a-b) shows XRD patterns measured from the as-prepared samples used in this 

study. The patterns reveal the presence of both calcite [as compared with Markgraf et al. 37 

(space group R-3c, I/IC=3.7)], and vaterite [as compared with Le bail et al. 33 (space group 

P63/mmc, I/IC=1.59)] polymorphs. No evidence of aragonite phase was observed in these 

Figure 1.2: XRD patterns of as-prepared CaCO3 samples: (a) Pure, Fe-, and Co-doped, (b) Zn-, Cu-, 
and Ni-doped. Vaterite and calcite peaks are indicated by * and + respectively. 
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samples. Precipitation of aragonite typically requires conditions (temperature; mole 

fraction) different from those used in the current preparation procedures. Chang et al. 38 

and Padeste et al. 21 reported precipitation of the aragonite phase at synthesis 

temperatures of 60-80C. An experimental study by Wada et al. 39 on the effects of divalent 

cations (Fe2+, Ni2+, Co2+, Zn2+ and Cu2+) upon nucleation, and growth reported that the 

formation of aragonite phase is favoured by higher molar ratios of divalent cations. Even 

though the Cu- and Zn-doped samples were prepared by mixing of the separately prepared 

individual carbonate solutions, there is no indication of peaks due to CuCO3 or ZnCO3 in the 

XRD patterns. Given the low fractional content of TMs in the precursor solutions, it is 

unlikely that pure TM carbonate would be formed in quantities sufficient to rise above the 

limit-of-detection. 

The diffraction patterns were imported to the Match! software to obtain peaks parameters 

through profile fitting as outlined in the experimental section. Prior to crystallite size 

calculation, an instrumental standard was created in order to account for and separate the 

contribution of instrumental peak broadening to the measured peaks. For this, the powder 

diffraction pattern of corundum (a crystalline form of aluminium oxide) sample was used. 

The software uses the Scherrer formula 40 Eq. (1.2) to calculate the actual crystallite size of 

selected peaks of interest. 

� =  
��

�(2�)���(�)
  

 (1.2) 

Where L is crystallite sizes, K is Scherrer constant (0.94), � is the wavelength (Cu-Kα) 

(1.5406 Å), β is broadening of the diffraction line at half of the maximum intensity, and θ is 

the Bragg angle. Therefore, βsample = (FWHM)experimental -(FWHM)instrument was used by the 

software. The overall average crystallite size was estimated based on the full XRD pattern. 

The calcite and vaterite average crystallite size were obtained by selecting the respective 

phase peaks. The resultant determination of the percentage of each phase and of their 

average crystallite sizes are presented in Table 1.3. 

Vaterite was the dominant phase in the samples co-precipitated with Zn, Cu and Ni, with 

the Ni-doped sample being almost entirely vaterite. The two phases were approximately 

equal in the Co-doped sample, while pure and Fe-doped CaCO3 had slightly higher fractions 

of calcite phase. The average size of calcite crystallites is significantly larger in the samples 

that are majority calcite (Pure and Fe-doped). The average vaterite crystal size does not 

appear to be dependent on the vaterite crystalline fraction.  

 

 

 

 



1.3 Results and Discussion 51 

Table 1.3: Percentage and crystallite sizes of calcite and vaterite phases present in the as-prepared 
samples based upon analysis of XRD spectra. 

 
 

 

 

 

 

 

 

 

 

DRIFTS spectra of the synthesized samples obtained following precipitation and drying are 

depicted in Figure 1.3 (a-b). The measurements confirm the presence of the calcite and 

vaterite phases as indicated by the XRD patterns. The main vibrational modes observed in 

the low wavenumber region are assigned as indicated in Table 1.4. The ν1, ν2, and ν3 values 

in this work agree to within ±2 cm-1 of the values reported in the cited references. 

Nakamoto et al. 41 reported that the mid-infrared spectrum of free carbonate ion has four 

normal vibrational modes namely, symmetric C-O stretching mode (ν1), CO3 out-of-plane 

stretching mode (ν2), doubly generate asymmetric C=O stretching mode (ν3), and doubly 

degenerate OCO in-plane bending mode (ν4). In calcite, the ν1 is infrared inactive. 

Table 1.4: Observed vibrational frequencies (cm-1) and associated crystalline phases of CaCO3. 

Vibrational modes Wavenumber (cm-1) Phases References 

ν1 ~1088-1090 Vaterite 27,42 

ν2 
~850 Calcite; Vaterite 26,27,36 

~877 Calcite; Vaterite 28,43,44 

ν4 
~714 Calcite 27,28,31,42 

~746-750 Vaterite 27,31,42 

 

The extremely strong and broad peak observed from 1700-1400 cm-1 is C=O asymmetric 

stretching mode (ν3) of calcite and vaterite; the values are subject to some uncertainty 27. 

Flemming et al. 42 reported contribution due to the superposition of different modes (ν1 

and ν4) with lattice modes in this frequency range. The absorption at 1797 cm-1 and 

1838 cm-1 are overtones band (ν4+ν1). The bands around ~2985-2875 cm-1 and 2505-

2513 cm-1 are harmonic vibrations of C-O bonds 44.

Precipitated 

samples 

Average 

crystallite size 

(nm) 

Calcite phase Vaterite phase 

% 

Average 

crystallite size 

(nm) 

% 

Average 

crystallite size 

(nm) 

Pure 95.2 53.5 129.6 46.5 63.7 

Fe-doped 116.3 56.3 190.5 43.7 33.8 

Co-doped 59.3 48.4 68.7 51.6 50.0 

Zn-doped 41.1 27.0 54.5 73.0 35.5 

Cu-doped 55.9 23.7 68.3 76.3 44.4 

Ni-doped 57.5 6.2 63.6 93.8 54.9 
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The broad bands in the range of 3700-3000 cm-1 are attributed to O-H symmetric stretching 

and asymmetric stretching of H-O-H from water molecule 43,45,46. The as-prepared Ni-doped 

Figure 1.4: SEM micrograph of as-prepared CaCO3 samples: (a) Pure dried at 100C,and  (b) Cu-doped dried at 

100C. 

Figure 1.3: DRIFTS spectra of as-prepared CaCO3 samples: (a) Pure, Fe- and Co-doped. (b) Zn-, 
Cu- and Ni-doped. 
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sample is noteworthy as being the sole sample that did not exhibit a significant absorbance 

due to incorporated water.  

Some of the as-prepared Pure sample was incrementally heated in a tube furnace to set 

temperatures in the range from 100–400 ⁰C for 1 hour in order to induce the 

transformation of vaterite to calcite. Vaterite peaks remained evident in the XRD patterns 

of samples that were heated up to 325C. Complete phase transition to calcite was 

observed in samples after heating to at least 350C, as illustrated in Figure 1.5 (a). The 

transition temperature observed for our sample is consistent with that of Andrew and 

Brown, who reported the vaterite-to-calcite phase transition in the range 350-400C 30. In 

Figure 1.5 (b), the DRIFTS spectrum of a sample after heating above 350 C also no longer 

exhibit the vaterite peaks at ~748 cm-1 and ~1090 cm-1. Heating also results in removal of 

the OH vibration band due to adsorbed water molecules (~3700-3000 cm-1). 

Figure 1.4 (a-b) and Figure 1.6 (a-d) show SEM images of Pure and TM-doped CaCO3 

samples. Figure 1.4 (a) and (b) show as-prepared Pure and Cu-doped CaCO3 samples after 

drying at 100C, respectively. Figure 1.6 (a) shows Pure CaCO3 after drying at 350C. The 

effect of the temperature-induced phase transition from mixed calcite+vaterite to pure 

calcite phase can be seen by comparing Figure 1.4 (a) (before) and Figure 1.6 (a) (after). The 

transition is accompanied by a pronounced morphological change with agglomeration, neck 

formation and the appearance a smoother and more closed surface. 

Figure 1.5: Phase transition of Pure sample from mixed vaterite + calcite to calcite. (a) XRD of a sample before 
(top) and after phase transition (bottom) and (b) DRIFTS spectra of the sample before (top) and after (bottom) 
phase transition with the disappearance of the vaterite peaks at ~748 cm-1 and 1090 cm-1. 
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Figure 1.6 (b-d) show Co-, Fe- and Ni-doped samples after drying at 100-150C. The 

presence of TM doping influences the structure and morphology of the precipitated 

particles. Cu-doping (Figure 1.4 (b)) appears to increase the occurrence of cubic structures. 

The Co-doped sample (Figure 1.6 (b)) exhibits evidence of a layered growth mechanism and 

a micro-structuring of the more spherical particles. Morphological modification is observed 

in a number of published works 47–49 which suggest that the incorporation of foreign ions 

during precipitation processes changes the characteristics of different crystallographic 

phases. 

1.4.2 Sample calcination 

Thermal decomposition of ~150 mg of synthesized samples was carried out in the reactor 

shown in Figure 1.1 under argon, water vapour and hydrogen gas flows. In all cases, the 

initial pressure in the sample region was ~0.1 mbar. Freshly introduced samples were 

heated to 1200 K at a rate of 1 K/s and then held at this temperature for 180 s. During 

calcination heat transfer from the heater to the CaCO3 surface through the sample holder 

initiates CO2 release leaving a porous layer of CaO behind. The reaction interface of 

CaO/CaCO3 moves toward the centre of the particles while CO2 leaves the reaction zone 50. 

Figure 1.6: SEM micrograph of as-prepared CaCO3 samples: (a) Pure dried at 350C, (b) Co-doped dried 

at 150C, (c) Fe-doped dried at 150C, and (d) Ni-doped dried at 100C. 
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Heat flow to and CO2 diffusion from the reaction zone respectively determine the 

calcination progress 34,51. These successive processes result in decomposition of carbonates 

and formation of CaO particles.  

1.3.2 Calcination in argon 

Calcination in ~0.1 mbar Ar is a representative case for an unreactive gas. In this case, 

differences between the decomposition profiles of the various samples can be attributed 

exclusively to the effects of the TM-additives. Figure 1.7 (a) shows the CO2 signal measured 

during decomposition. In all cases, the CO2 evolution increases with temperature passes 

through a peak before the maximum sample temperature is reached and then decreases. 

The decrease in CO2 evolution while the temperature is still increasing is indicative of the 

point at which the sample starts to exhibit depletion of CO2. At this point, the combination 

of remaining CO2 content, sample structure, and CO2 diffusion is no longer sufficient to 

maintain an increasing evolution with increasing temperature. The rate of decrease during 

the plateau phase (1200-1380 s) and the CO2 level when heating power is removed 

(t=1380 s) reflect the release rate and final level of depletion of the various samples. Thus, 

the pure CaCO3 retains the highest level of CO2 evolution at the completion of the thermal 

cycle, implying lower fractional conversion to oxide as compared to the TM-doped samples. 

The Cu-doped sample exhibits the highest conversion to CaO at the end of the heating cycle. 

The other TM-doped samples are clustered at a roughly equivalent intermediate level.  

In the case of some of the TM-doped samples, there is a small evolution of CO2 at somewhat 

lower temperature prior to the onset of the main CO2 desorption peak (650-800 K). This 

was most evident in the case of the Cu- and Zn-doped samples. It is attributed to 

decomposition of small fractions of pure TM carbonates within these samples. In both 

cases, this early release represented ~1 % of the total CO2 released during the thermal 

Figure 1.7: Pure and TM-doped CaCO3 calcined at 1200 K in ~0.1 mbar Ar atmosphere: (a) CO2 
released and (b) incorporated H2O released from each sample. The shaded regions indicate the 
temperature plateau of 1200 K. 
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cycle. As outlined above, the Cu- and Zn-doped samples were prepared by mixing of 

separately prepared carbonate precipitation solutions corresponding to pure CaCO3 and 

the relevant TMCO3. Consequently, crystallites of the pure TM carbonate have more 

opportunity to form in the case of these samples. This release was the only direct 

experimental indication of the possible presence of pure TMCO3 phases. 

Comparing the traces shown in Figure 1.7 (a), the addition of TM dopants aids the release 

of CO2 in all cases. This is evident both from the earlier onset of desorption and from the 

lowering of the peak-evolution temperature. In general, the order of enhancement is Cu > 

Zn > Co > Ni > Fe > Pure, although this varies for specific indicators. For instance, Zn-doped 

CaCO3 shows the earliest onset of the main CO2 desorption peak, but it is subsequently 

overtaken by the Cu-doped sample, which exhibits a faster rate of release with increasing 

temperature. The CO2 release from the Fe-doped sample is the closest to that of Pure 

CaCO3. The main difference is that at higher temperature (>1000 K) the doped sample is 

better able to sustain an increasing rate of CO2 evolution with increasing temperature. 

Figure 1.7 (b) shows high-temperature evolution of water from the different carbonates 

during the thermal cycle. The samples exhibit different levels of hydration, with the Cu- and 

Zn-doped samples evolving the highest amount. The fact that the Cu- and Zn-doped 

samples had the highest water-content may be related to the different preparation method 

required to precipitate these samples. The Ni-doped sample is notable for not releasing a 

significant amount of water during the heating cycle. This is consistent with the infra-red 

spectrum shown in Figure 1.3 (a-b), in which the Ni-doped sample does not exhibit 

significant OH-related absorption in the 3600-3200 cm-1 region. The Pure sample released 

a comparatively small amount of water in the 400-600 K range. Compared to that sample, 

the release from the other TM samples is generally larger and at a higher temperature. 

The earlier and more efficient CO2 release profiles exhibited by all TM-doped samples 

suggest that the doping promotes a more open material structure as compared with the 

pure sample. Incorporated TM dopants may act to destabilize the carbonate lattice. A study 

conducted by Reeder et al.52 indicates that divalent transition metal ions occupy six-fold 

coordinated octahedral sites in the structure of carbonate solids. Trace concentration of 

divalent Co and Zn in calcite analysed by X-ray absorption fine structure (XAFS) confirmed 

their substitution in the sixfold coordinated Ca site triggering local distortion 52. A complete 

contraction of the structure around Co2+ and Zn2+ was observed. The incorporation of 

transition metals into calcium carbonate plays an important role in affecting both 

thermodynamics and kinetics 49. 
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1.3.3 Calcination in water vapour 

Calcination in H2O is also a non-reactive system in terms of CaCO3, although reaction with 

CaO to form Ca(OH)2 is favoured at lower temperatures 53. Profiles of CO2 released from the 

samples upon calcination in ~0.1 mbar water vapour is plotted in Figure 1.8. In all cases, 

decomposition under water vapour exhibits improvement relative to decomposition under 

Ar. In the case of the TM-doped samples, the onset of CO2 release was ~50 K lower as 

compared with release in Ar. The effect of water vapour is less pronounced in the case of 

the pure CaCO3 sample. The initial onset and subsequent temperature-dependent release 

rate from pure CaCO3 in water vapour is identical to that in Ar. However, once the 

temperature exceeds ~960 K the rate of release under water vapour exceeds that under Ar. 

At ~1025 K there is an interruption with a small decrease in the rate of CO2 release after 

which the rate of release increases again. Hence the interruption is not the result of the 

onset of the CO2-depletion phase. It may be due to a shift to a diffusion-limited release rate 

from the sample. Such a switch is not evident during decomposition under Ar, suggesting 

that its appearance is due to a water-induced acceleration of CO2 release during the early 

phase of decomposition is occurring. None of the TM-doped samples exhibits a similar 

transition during thermal composition. This indicates that the TM doping facilitates CO2 

release over the entire thermal cycle, including enhancing release during the diffusion-

limited phase. 

Water is known to have a beneficial influence on the calcination of CaCO3 and on the CaL 

cycle overall. Mclntosh et al. 54 reported the presence of water vapour during calcination 

competes with CO2 for active sites and improve the reaction rate. Similarly, Wang et al. 55 

studied the effects of water vapour and CO2 on the rates of calcite decomposition by using 

dynamic X-ray diffraction (DXRD) and claimed absorption of water on the active sites

Figure 1.8: Instantaneous CO2 released from Pure and TM-doped CaCO3 calcined at 1200 K in 
~0.1 mbar water vapour. The shaded region indicates the temperature plateau of 1200 K. 
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(CaCO3*=CaO.CO2) increase decomposition rate by weakening the bond between CaO and 

CO2. The effect increases with increasing pressure but was essentially saturated above 

~50 mbar. 

 

1.3.4 Calcination in hydrogen 

As first reported by Reller et al. 20 and confirmed by subsequent studies 21,20,56, 

decomposition of (TM-doped) CaCO3 in H2 results in the formation of CO and/or CH4. The 

studies indicate good selectivity for methane (Ni, Co) or carbon monoxide (Fe, Cu) 

production. In addition, a reduction in decomposition temperature is reported. We 

performed calcination in ~0.1 mbar of H2 as a comparative benchmark of the reactivity of 

our sample. Calcination in H2 was observed to produce H2O and CO from the reaction of H2 

and CO2 as shown in Figure 1.9 (a-b). The formation of CH4 was not observed from our 

samples under the current conditions. This is attributed to the low working pressure used, 

which is not sufficient to allow significant production of CH4 and thus favours CO formation. 

CH4 formation consistent with the earlier reports has been observed from our samples most 

Figure 1.9: Instantaneous gases evolved from Pure and TM-doped CaCO3 calcined in ~0.1 mbar H2 at 1200 K. 
(a) CO produced, (b) H2O produced from the reaction of H2 and CO2, and (c) total CO2 released. The shaded 
regions indicate the temperature plateau of 1200 K. 
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notably from the Ni- and Co-doped samples, during thermo-gravimetric analysis under 

higher partial pressures (~600 mbar) of hydrogen (measurements not shown). 

The CO traces shown in Figure 1.9 (a) have been corrected to remove the contribution from 

cracking of CO2 in the mass spectrometer ionizer. All samples, including the pure carbonate, 

produced CO to some extent. In terms of promoting conversion under the current 

conditions, Ni-doping was by far the most effective, followed by Co. The effectiveness of 

production of CO follows the order Ni > Co > Fe.  

In the case of H2O traces shown in Figure 1.9 (b), some of the measured traces have a 

double peak structure. The lower temperature peaks seen in the 600-900 K region are due 

to direct water release from the samples. These H2O desorption peaks are equivalent to 

those shown in Figure 1.7 (b) for calcination in Ar. The higher temperature water peak is 

the product of the reaction of H2 and CO2. Figure 1.9 (c) shows the total CO2 released from 

the different samples as a function of time (temperature). These traces are obtained by 

adding the measured CO and CO2 traces after accounting for the contribution of CO2 

cracking to the CO response and after correcting for the measured difference in relative 

sensitivity of the CO and CO2 mass spectrometer response. The release profiles measured 

from Cu, Zn, Ni, and Co are notable more similar than was the case for calcination under Ar 

or H2O. Release from the Fe-doped sample is delayed relative to the other TM-doped 

samples, but earlier than from the Pure sample. This difference is more clear-cut than was 

the case for calcination under Ar and H2O where there was a greater similarity between the 

Pure and Fe-doped samples. 

Various studies 20,21,57,58 illustrated the potential of transition metals to act as 

reduction/hydrogenation catalyst. Accordingly, transition metals mixed in the samples 

clearly showed their role as internal catalysts during calcination in a hydrogen atmosphere. 

Thermal decomposition of metal carbonates at high pressures of hydrogen is complex. As 

illustrated by Reller et al .32, the solid products formed can be metal oxides, mixtures of 

metal oxides with different oxidation states or elemental transition metals in which the 

overall reaction could be written as: 

 ����(�) + (� + � + 4�)��(�)

⟶ �����(�) + (1 − � − �)���(�) + ���(�) + ����(�)

+ (� + � + 2�)���(�) 

(1.3) 

Since CH4 is not formed in the current study, z=0 and the equation simplifies to: 

 

����(�)  + (� + �)��(�)

⟶ �����(�)  + (1 − �)���(�) + ���(�) + (� + �)���(�) 

(1.4) 

This formula has two extrema: x=0 represents the formation of metal oxide: 

 

����(�)  + ���(�) ⟶ ��(�)  + (1 − �)���(�) + ���(�) + ����(�) (1.5) 

and x=1 represent the formation of atomic metal:
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����(�)  + (1 + �)��(�) ⟶ �(�)  + (1 − �)���(�) + ���(�) + (1 + �)���(�) (1.6) 

Eq. (1.5) can be followed by a direct reduction: 

��(�) + ��(�) ⟶ �(�) + ���(�) (1.7) 

Eq. (1.5) and (1.7) combined leads to the same net outcome as Eq. (1.6). The oxide 

reduction in Eq. (1.6) and (1.7) results in more H2O than CO formation. If reaction (1.5) 

occurs without subsequent reduction, then the two species are produced in equal amounts.  

Figure 1.10 shows CO:H2O production ratios from the Pure and TM-doped CaCO3 samples. 

The CO intensity was corrected for the contribution from cracking in the QMS. In the case 

of H2O, the traces measured from the Ar-calcined samples were used to correct the H2-

calcined dataset for the contribution from incorporated water. Neither trace was adjusted 

for the QMS relative sensitivity factor prior to calculating the CO:H2O ratio. The range of the 

ratios has been truncated to coincide with the approximate onset of CO release. 

In an ideal reaction scenario, where the only net reaction is CO2 + H2CO + H2O, the 

comparison shown in Figure 1.10 would be expected to show a straight line of slope=0. 

While we presume that the Pure sample should be closest to this ideal, it none-the-less 

shows a slight negative slope. This can be attributed to differences in the system residence 

time of the evolved gases during calcination. Specifically, an accumulation of H2O relative 

to CO will result in a negative slope as a function of time. 

Comparing the TM-doped ratios to that of the Pure sample, there are differences in all case, 

which point to a more complex reaction sequence. The Fe-doped sample has a significantly 

higher CO:H2O ratio during the temperature ramp phase. Hence less H2O than CO is being 

evolved. This can be accounted for if there is additional oxide formation associated with the 

Fe-doping while CO is being released. The ratio drops quickly and converges to that of the 

Figure 1.10: CO:H2O production ratios as a function of time for the Pure and TM-doped CaCO3 samples.
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other TM-doped samples toward the end of the plateau phase. The CO:H2 ratios of the 

other TM-doped samples are generally in close agreement with each other and are 

consistently lower than that of the Pure sample. This indicates extra H2O evolution relative 

to CO and may be accounted for by additional TM-induced oxide reduction under a H2 

atmosphere. 
The fractional conversion of CO2 to CO is derived from the ratio of the CO produced to the 

released CO2. Figure 1.11 (a) shows plots of the instantaneous fraction of CO2 that is 

converted to CO over the course of the calcination. The Ni-doped sample exhibits significant 

activity over the full thermal cycle. It produced ~20 % conversion at a temperature of 900 K, 

increasing to ~38 % at 1200 K. In contrast, the activity of the Co-doped sample is initially 

low but increases rapidly as the calcination proceeds. Conversion increased smoothly from 

zero to ~30 % at 1200 K. The Cu-CaCO3 sample exhibits the third best conversion efficiency 

at lower temperatures. However, its conversion has a relatively weak dependence on 

temperature and during the plateau phase of the thermal cycle, it becomes the lowest of 

all sample. 

An estimate of the fractional conversion of carbonate to oxide can be derived from the 

integrated total released CO2 traces. This was done on the basis of the Cu-CaCO3 sample 

and an assumption of 99 % conversion at the end of the temperature plateau. 

 Figure 1.11 (b) illustrates how the CO2 conversion fraction varies versus the oxide fraction 

formed. In this case, the transition from the temperature ramp to the temperature plateau 

is indicated by the change from a solid to a dashed line. In all cases, ~85 % oxide formation 

coincides with a significant increase in the rate of conversion. For the Ni and Co samples, in 

particular, this transition coincides with a pronounced increase in the fractional conversion.

Figure 1.11: Fraction of CO2 converted to CO versus (a) time and (b) fraction of oxide formed during 
calcination of Pure and TM-doped CaCO3 in ˜0.1 mbar of H2. The shaded region and dashed line 
segments indicate the temperature plateau of 1200 K. The inset in panel b) shows the overall 
conversion percentage after calcination. 
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 The inset in Figure 1.11 (b) shows the cumulative CO2-to-CO conversion percentages over 

the complete calcination. The most active samples, in decreasing order, were the Ni-, Co- 

and Fe- doped. Notably, the Cu- and Zn- doped samples performed no better than the Pure 

sample in terms of overall CO production under the current calcination conditions, although 

they do perform better at lower temperature. 

1.3.5 Calcination cross-comparison 

Figure 1.12 (a-c) compares the decomposition of the five TM- doped samples relative to the 

Pure sample for calcination under (a) Ar, (b) H2O, and (c) H2. This is done on the basis of the 

temperature required to achieve a comparable fractional amount of oxide formation. 

Consequently, the temperature difference (T) values plotted in Figure 1.12 (a-c) relate 

only to the ramping phase of the calcination. A negative T indicates that a given oxide 

fraction is achieved at a lower temperature relative to the Pure sample under the same 

calcination gas. TM doping improved the performance in all case, with Cu having the 

greatest effect and Fe the least. In general, when calcined under Ar the performance 

improves with increasing degree of oxide formation for all dopants. In the case of H2O, the 

T variation as a function of oxide fraction is more varied, while for H2 it is comparatively 

constant. The Ni-doped sample performs better under H2 than H2O, while the Zn-doped 

Figure 1.12: Comparison of the influence of TM-doping on the calcination temperature required 
to produce a given oxide fraction relative to the Pure sample for the three calcination 
environments (Ar, H2O, and H2). 
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sample performs worse. The performances of the other three dopants under the two gases 

is roughly equivalent. 

Figure 1.13 (a-b) illustrated the influence of calcination gas on the temperature required to 

achieve a given oxide fraction. As for Figure 1.11 (a-b) and Figure 1.12 (a-c), the fractional 

oxide formation is based on (and is analogous to) integration of the total CO2 released, with 

the release from the Cu-doped samples at t=1380 s in a given atmosphere being assumed 

to represent 99 % conversion. Figure 1.13 (a) illustrated the performance for H2O relative 

to Ar, and Figure 1.13 (b) shows a similar plot for H2 relative to Ar. When Ar is replaced by 

H2O, all sample show a decrease in the calcination temperature on the order of ~15-20 K. 

Zn-doping is the most improved by the switch to H2O while the Pure sample is the least 

affected. In the case of switching from Ar to H2, the outcome is more mixed. In this case, 

the performance of the Zn-doped sample is significantly worse. All samples perform less 

well under H2 during the early stage of the calcination but all improve at higher oxide 

fraction/higher temperature. This improvement is most pronounced in the case of the Pure 

and Fe-doped samples. 

It is evident from the comparisons shown in Figure 1.12 (a-c) and Figure 1.13 (a-b) that, 

under current conditions, TM doping has the most significant and consistent impact on 

calcination performance irrespective of the ambient gas. Of the five TM dopants tested, 

Figure 1.13: Comparison of the influence of (a) H2O and (b) H2 on the calcination temperature 
required to produce a given oxide fraction relative to the Ar case for the six carbonate samples. 
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doping with Cu has the largest impact on calcination as compared with the pure sample. 

Although the influence is smaller, use of H2O does improve calcination relative the Ar case. 

Calcination in H2O reduces the decomposition time (temperature) required to produce a 

given fractional oxide conversion in all cases. The effect is most pronounced for the Zn-

doped sample. Calcination in H2 is generally inferior to calcination in Ar during the early 

stages of the thermal cycle, particularly in the cases of the Zn-doped and Pure samples. 

However, in the later stages (higher temperature), calcination in H2 is superior to Ar both 

in terms of producing a higher conversion at a given temperature and in the final overall 

conversion fraction achieved. Compared to H2O, calcination in H2 is significantly less 

effective in the case of Zn- and Cu-doping. It is only in the case of Fe-doping, and to a lesser 

extent Ni-doping, that calcination in H2 shows a small improvement over calcination in H2O. 

The relatively weak effects observed in the current study, compared to the much strong 

influence of calcination in H2 seen in previous reports, can again be attributed to the low 

working pressure. 

1.3.6 Post-calcination characterization 

Figure 1.14 shows XRD patterns of the samples after calcination under water vapour taken 

shortly after removal from the thermal reactor. The pattern is predominantly CaO in all 

cases. The most prominent peak position at 2θ=37.34 is correlated to (2 0 0) hkl indices 

cubic structure of CaO, space group Fm-3m (a=4.815A�, density 3.337 g/cm3). The three 

main reflections with hkl indices of (1 1 1), (2 0 0) and (2 0 2) were used to calculate the 

crystallite size. Phase analysis and quantification indicates the percentage of CaO formed 

upon calcination of each sample and the results are shown in Table 1.5. The XRD patterns 

Figure 1.14: XRD patterns of post-calcined Pure and TM-doped sample in ~0.1 mbar H2O at 
1200 K. (a) Pure sample XRD pattern with CaO and CaCO3, while Fe and Co-doped samples had 
mainly CaO with minor CaCO3 (b) XRD pattern of CaO from Zn-, Cu- and Ni-doped samples. 
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confirm that the Pure sample has higher CaCO3 (peaks indicated by +) content compared to 

TM-doped samples calcined under similar experimental conditions.  

Table 1.5: The CaO phase formed from each sample after calcination in H2O vapour at 1200 K and 
the crystallite sizes of the main peaks of CaO in hkl indices of [111], [200], and [202]. 

Calcined samples 
CaO phase 

quantity (%) 

 

Average CaO 

crystallite size (nm) 

Crystallite dimension of the main peaks 

d111 (nm) d200 (nm) d202 (nm) 

Pure 69.3 60.9 63.4 59.4 56 

Fe-doped 93.7 52.1 55.4 54.3 46.8 

Co-doped 98.7 70.8 77.5 65.0 69.0 

Zn-doped 97.2 79.6 83.2 71.3 84.4 

Cu-doped 98.8 78.2 77.3 62.0 95.3 

Ni-doped 98.5 106.7 106.4 98.2 115.5 

 

The crystalline phase of the Pure sample was ~70 %, whereas it was greater the 90 % for all 

of the TM doped samples. Increasing crystallite size of the calcined samples correlates with 

higher fractional vaterite content in the original samples. None of the samples exhibited 

evidence of peaks due to pure TM oxide crystallites. Upon exposure to air, the calcined 

samples begin to convert to hydroxide form. This transformation occurs on the timescale 

of hours as is illustrated by the XRD spectra shown in Figure 1.15 (a-b). Hydroxide formation 

was progressive, as illustrated for the Ni-doped sample in Figure 1.15 (a). After 45 hours of 

exposure, the hydroxide crystalline fraction was ~63 %. Figure 1.15 (b) shows Ca(OH)2-

related XRD peaks measured from Pure, Fe- and Ni-doped samples after ~5 hours of 

Figure 1.15: XRD patterns illustrating formation of hydroxide phase through absorption of water 
vapour from air. (a) Time-evolution of Ni-doped sample. (b) Pure, Fe-, and Ni-doped samples 
after 5 hours. 
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exposure to the atmosphere. The hydroxide crystallite fraction was estimated to be 

~10.7 %, ~13 %, and ~4.3 % respectively.  

 

Similarly, the Co-doped sample exhibited ~13 % hydroxide fraction after ~21 hours of 

exposure, while the Cu- doped samples had a ~4 % fraction after 11 hours.  

Thus, the TM-dopant has a significant impact on the rate of hydroxide formation under 

ambient atmospheric conditions.  

DRIFTS spectra of the samples after decomposition under ~ 0.1 mbar H2O vapour are shown 

in Figure 1.16 (a-b). The sharp absorption bands at ~3645-3647 cm-1 are the stretching 

mode of O-H bond in Ca(OH)2 45,59 due to atmospheric exposure. Overtone bands observed 

at 2875 and 2983 cm-1 confirm the presence of residual bulk carbonate species in the Pure 

and Fe-doped samples. The absorption band at ~2511 cm-1 is also related to C-O bonds from 

carbonate, while the band at 1795 cm-1 is due C=O carbonate bond. Broad and strong 

absorption at ~1500 cm-1 corresponds to stretching mode (ν3) of the CO3
-2 group. The bands 

at 1066-1070 cm-1 are attributed to symmetric CO stretching, while the bands at 872-

881 cm-1 corresponds to Ca-O bond 45,46. Additionally, the 1774-1795 cm-1 bands are 

attributable to C=O bonds from carbonate. The strong contributions from C-O related 

bonds in all samples is indicative of surface carbonation after exposure to air. 

 Figure 1.17 (a-d) shows SEM images taken from the Pure and the Co-, Fe- and Ni-doped 

samples after calcination in water vapour. The pure sample exhibited globular-type 

Figure 1.16: DRIFTS spectra of the post calcined samples in ~0.1 mbar H2O vapour at 
1200 K (a) Pure, Fe-, and Co-doped. (b) Zn-, Cu-, and Ni-doped. 
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structures with a comparatively smooth surface. In comparison, the structures of the TM 

doped samples after calcination are significantly more open and there is more micro-

structuring of the material. Figure 1.18 (a-d) shows corresponding SEM images from these 

samples after calcination in hydrogen. Structurally, the Co- and Ni-doped samples are 

reasonably similar in the two cases. The biggest differences between decomposition in H2O 

and H2 are in the case of the Pure sample, where calcination in H2 produces a significantly 

rougher, micro-structured morphology and the Fe-doped sample which exhibits a “fuzzier” 

surface structure.  

1.3.7 Composition analysis 

X-Ray Photoelectron Spectroscopy measurements were performed to determine the near-

surface TM atomic concentration of the as-prepared and Ar-calcined samples. 

Figure 1.17: SEM micrograph of samples calcined in ~0.1 mbar H2O at 1200 K. (a) Pure, (b) Co-doped 
(c) Fe-doped, and (d) Ni-doped. 
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Quantification is based on comparison of the TM core level peak to that of Ca since the 

content and distribution of the latter is not expected to be affected by the calcination 

process. The results are shown in Table 1.6. These indicate a significant surface enrichment 

in the case of the as-prepared Cu- and Zn- doped samples. This enrichment is dramatically 

reduced by the calcination process. In most cases, the surface concentration of TM is 

significantly reduced after calcination. The notable exception is the Co-doped sample, 

which exhibits a small surface enrichment after calcination. 

Table 1.6: Atomic concentration of transition metals after decomposition in Ar based on XPS 
analysis. 

Sample 
Peak 

analysed 

Binding 

Energy 

(eV) 

TM 

Concentration 

As-prepared 

(at. %) 

TM 

Concentration 

Calcined (at. %) 

Fe-doped Fe 2p3/2 710 6.5 1.9 

Co-doped Co 2p3/2 782 1.3 2.1 

Zn-doped Zn 2p3/2 1022 9.6 1.4 

Cu-doped Cu 2p3/2 934 14.0 2.8 

Ni-doped Ni 2p3/2 854 4.3 0.2 

Figure 1.18: SEM micrograph of samples calcined in ~0.1 mbar H2 at 1200 K. (a) Pure 
CaCO3, (b) Co-doped, (c) Fe-doped, and (d) Ni-doped. 
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The bulk composition of TM in the as-prepared and H2-calcined samples was analysed by 

Inductively Coupled Plasma Optical Emission Spectrometer (SPECTRO Analytical 

Instruments GmbH, Germany). Figure 1.19 (a) shows the resultant TM wt.% in the as-

prepared sample and after H2-calcination. The wt.% values are generally higher in the 

calcined samples. This is a natural consequence of the release of CO2 from the sample. 

Figure 1.19 (b) shows the ratio of the TM wt.% in the H2-calcined sample to that of the as-

prepared samples. The exact chemical composition of the calcined sample is unclear due to 

hydroxide formation upon exposure to air. However, we can define two extremes: purely 

CaO and purely Ca(OH)2. If the content of TM in the sample is unaffected by calcination, 

then the ratio of the wt.% values should fall between 1.78 (purely CaO) and 1.35 (Pure 

Ca(OH)2) as indicated in Figure 1.19 (b). We discount any contribution from incorporated 

H2O in the as-prepared samples and from incomplete calcination or natural CO2 uptake 

from air by the calcined sample. For the Fe-, Co-, Ni-, and Cu-doped samples, the post-

calcination TM contents are not inconsistent with unaltered sample content. However, the 

ratio of the Zn-doped sample indicates a significant decrease after H2-calcination suggesting 

loss due to evaporation during the calcination process. Although ZnO is stable up to 

~2247 K, atomic Zn has much lower melting (~693 K) and boiling (~1180 K) points than the 

other transition metals tested. Hence, chemical reduction in the presence of H2 can account 

for the observed loss of Zn. This may contribute to the comparatively poor performance of 

the Zn-doped samples during calcination under H2. 

Figure 1.19: ICP-OES determination of TM content of doped samples. (a) TM wt.% of as-prepared and H2-
calcined samples and (b) TM wt.% ratio of H2-calcined to as-prepared samples. 
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1.4  Conclusions 

Realising direct conversion of CO2 during calcination is attractive in terms of process 

intensification and CO2 utilization and could simultaneously contribute to improving the 

calcium looping cycles. To be practical it would require a reliable and sustainable source of 

H2, which could in principle be sourced from plasma-dissociated water. As part of evaluating 

such an approach, we have presented a cross-comparison of the effects of TM-doping on 

calcium carbonate precipitation and subsequent calcination under low pressure 

(~0.1 mbar) of Ar, H2O vapour, and H2. 

The addition of TM-dopants reduces the decomposition temperature and increases the rate 

of calcination in all cases. Cu-doping was most effective in this regard while the Fe-doped 

sample was closest to the pure CaCO3. Reduction of the calcination temperature is desirable 

in the context of maximizing the efficiency of the calcium looping cycle. It remains to be 

seen if the performance of doped samples can be maintained over repeated material 

cycling. 

The impact of changing the calcining gas was smaller compared to that of TM doping. 

Calcining in H2O vapour improved the performance relative to calcining in Ar in all cases. 

The largest effect was observed for Zn-doping. Compared to Ar, calcining in H2 had more 

mixed results in terms of CO2 release. It was notably worse in the case of Zn-doping and 

somewhat better for the Ni-doped sample. The performance under H2 relative to Ar 

improved in all cases as the over the course of the calcination. 

Direct conversion of CO2 to CO during calcination under H2 was enhanced, in order of 

decreasing effectiveness, by Ni-, Co- and Fe-doping. Cu- and Zn-doping resulted in increased 

conversion at lower temperature, but did not produce more integrated conversion than the 

Pure sample. No CH4 production was observed due to the low working pressure. The 

measurements indicate that there is significant additional oxide formation during the early 

stage calcination of the Fe-doped sample in H2. Evidence of TM-induced oxide reduction 

was found for the other samples. The Zn-doped sample showed evidence of TM-loss during 

calcination under H2.  
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Chapter 2 : Performance of transition metal-doped 

CaCO3 during cyclic CO2 capture-and-release under 

low-pressure H2O vapour and H2O plasma* 

 
Abstract 
 

The effects of transition metal doping of calcium carbonate on the subsequent 

performance of the material during CO2 release and recapture have been evaluated for 

calcination under low-pressure (~0.1 mbar) water vapour and water plasma conditions. The 

initial samples were prepared by precipitation method from analytical grade carbonate, 

calcium and transition metal (Fe, Co, Zn, Cu and Ni) containing precursors. The release-

recapture properties of the sorbents were monitored over five cycles involving calcination 

at 1200 K and carbonation at 825 K. The most noteworthy effect of doping was observed 

for Zn-doped samples, which exhibited rapid CO2 recapture as compared with the other 

samples. All samples exhibited a deterioration in carrying capacity over repeated cycles. 

The Zn-doped samples also performed best (least degradation in carrying capacity) in this 

respect. 

Calcination in H2O plasma was tested primarily in order to evaluate the potential for in-situ 

material processing as a means to counteract material degradation. Although in-situ 

conversion of CO2 to CO also occurs for all samples, no pronounced benefits in terms of 

enhanced conversion was observed as a result of the inclusion of transition metal dopants. 

The impact on the looping performance was mixed and dependent on the specific sample 

composition. The performance of the Zn-doped carbonates was consistently improved by 

plasma calcination, yielding high uptake and better retention of carrying capacity over the 

five cycles. The beneficial effects of Zn-doping were strongly dependent on the Zn-content 

of the precursor solutions used for material synthesis. 

 

*T.T. Belete, M.C.M van de Sanden, and M.A. Gleeson  

Submitted to Journal of Sustainable Materials and Technologies 

 



74  Performance of TM-doped CaCO3 during cyclic CO2 capture-and-release 

2.1  Introduction 

Carbon dioxide emissions associated with the use of fossil fuels for energy generation, 

transportation and industrial production are of pressing environmental concern in light of 

their contribution to driving global climate change 1,2. Increasing global demand for energy 

associated with rapid regional development and growing world population means that 

fossil fuels will continue to be used as a significant source of energy over the coming 

decades. Several possibilities, such as CO2 capture and storage 3–5, CO2 utilization 6–8, CO2 

mineralization 9,10, and increasing usage of low carbon fuels 11, have been proposed to 

mitigate the associated emissions. One of the most feasible means to realise short- to mid-

term emissions mitigation is carbon capture from flue gases and other industrial sources. 

Captured CO2 can be sequestered or used as raw material for the production of synthetic 

fuels or value-added chemicals. 

The high-temperature Calcium Looping (CaL) cycle, based on cyclic CaO-CaCO3 

calcination/carbonation reactions, is a promising candidate for CO2 capture from industries 

sources. CaL is a relatively mature technology capable of implementation on a large scale. 

A schematic of a CaL cycle is presented in Figure 2.1. In CaL a major portion of the CO2 in 

flue gas that enters the carbonator reacts with calcium oxide (CaO) at ~650 C, producing 

calcium carbonate (CaCO3), while other environmentally benign, gases are released into the 

atmosphere. The carbonated sorbent is regenerated in a calciner and reused in a 

subsequent capture step (see route #1 in Figure 2.1), ideally producing a concentrated (up 

to 95 %) stream of CO2 
12. Calcination is an endothermic process that is typically performed 

at ~950 C and atmospheric pressure. The energy required to drive the process can be 

Figure 2.1: Schematic representation of the basic calcium looping cycle with oxy-combustion 
(Route #1), and with the addition of a hydrator for sorbent reactivation (Route #2). 
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delivered to the system through oxy-combustion of coal 12–14 or carbon-containing fuel 15,16 

that simultaneously provides a pure CO2 stream under which calcination is performed. The 

combined stream of CO2 from calcination of CaCO3 and oxy-combustion can be compressed 

and transported to a storage site or utilized as a carbon source. 

Ideally, the sorbent material should go through multiple cycles of capture and release 

without degradation. However, the capture capacity of CaO typically deteriorates over 

multiple cycles as a result of material sintering, which decreases CO2 uptake by reducing 

surface area and inducing pore closure 5,17–19. As a consequence, degraded materials should 

be periodically removed and fresh sorbent introduced in order to compensate for 

deactivation. 

Various sorbent reactivation methodologies such as steam/water hydration, thermal pre-

treatment 20,21, production of synthetic sorbents 22, and doping 23,24 have been studied. A 

number of researchers have synthesized calcium-based sorbents doped with Si, Ti, Cr, Co, 

Zr, and Ce 25, La, Y, Hf, W, and Al 26, salts of KCl and K2CO3 
24, and salts of NaCl and Na2CO3 

27 to develop sorbents with good mechanical strength, resistance to sintering and improve 

CO2 capture performance. 

Promising results have been obtained by steam/water hydration of CaO before cycling 19,28–

30 and by steam reactivation of spent sorbent 19. Addition of such a process to the cycle is 

illustrated in Figure 2.1 (route #2) in the form of a third reaction vessel (Hydrator), operating 

at a lower temperature/higher pressure, that is used to regenerate sorbents. The cycle, in 

this case, is comprised of three steps hydration of CaO, carbonation of Ca(OH)2, and 

calcination of CaCO3 as represented by Eq. (2.1-2.3) respectively. 

 ���(�) + ���(�) ⇋ ��(��)�(�)             ∆������ = −109 ��/��� (2.1) 

  ��(��)�(�) + ���(�) ⇋ �����(�) + ���(�)    ∆������ = −69.0 ��/���  (2.2) 

 �����(�) ⇋ ���(�) + ���(�)                          ∆������ = 178 ��/��� (2.3) 

Complete hydration of CaO (molar volume of 17 cm3.mol-1) leads to expansion upon the 

formation of Ca(OH)2 (molar volume of 33 cm3. mol-1) followed by the formation of a 

network of pores upon dehydration which improves regeneration of the sorbent 22. 

However, hydration of CaO is also observed to become less effective with an increasing 

number of cycles 29,31. 

The objective of the current work is to investigate the CaL performance of transitional metal 

(TM) doped sorbents. Our previous report 32 on the effects of transition metal dopants on 

the calcination of CaCO3 showed that TM-doping resulted in a reduction in the calcination 

temperature of the as-prepared samples relative to Pure CaCO3. This current work focussed 

on evaluating the extent to which the performance of the different samples is stable over 

repeated cycling with calcination in either low-pressure H2O vapour or H2O plasma. Cross-
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comparison between the materials is made in order to evaluate the impact of doping and 

calcination environment on the performance. As noted above, the presence of H2O vapour 

can be anticipated to enhance calcination 33. The motivation to compare with calcination in 

H2O plasma is linked to several potential benefits. Plasma excitation of H2O produces 

excited/activated H2O molecules, which may facilitate decomposition of CaCO3 
34. The 

physical effects of plasma on the sorbent material may assist in counteracting material 

degradation through sintering. Furthermore, calcination in H2O plasma introduces the 

prospect of direct conversion of the captured CO2 into CO during the release. H2 produced 

directly in H2O plasma may assist in this process. As first reported in 35,36, thermal 

decomposition of TM-doped CaCO3 in H2 can produce CO and even CH4. This report 

concentrates primarily on the impact of TM-doping on the cyclical performance of CaCO3. 

2.2  Experimental 

2.2.1 Sample preparation 

All carbonate samples were prepared by precipitation method from analytical grade 

commercial precursors base on CaCl2•2H2O, Na2CO3, CoCl2•6H2O, FeCl3•6H2O, NiCl2•6H2O, 

CuCl2•2H2O, and ZnCl2 (Sigma-Aldrich, Germany). Pure CaCO3 was prepared by mixing of 

0.8 M CaCl2 solution and 0.8 M Na2CO3 solution at room temperature (20-23C). Two sets 

of samples doped with Co, Ni, and Fe were synthesized based on addition of the relevant 

TM chloride amounting to 1.0 wt.% and 2.5 wt.% of the corresponding CaCl2•2H2O 

component to the initial chloride solution prior to addition to the carbonate solution. . 

Table 2.1 gives an overview of precursor solution compositions. Precipitation was initiated 

by pouring the chloride-containing solution into a beaker containing the continuously-

stirred carbonate solution. The inception of CaCO3 precipitation was immediate in all cases. 

The mixed solution was stirred for 10-15 minutes to stimulated complete precipitation. 

Attempts to precipitate solids in a similar manner from precursor solutions containing Cu- 

and Zn-dopants were unsuccessful due to the tendency of these ions to inhibit calcite 

growth in the solution 37. Consequently, Cu- and Zn-doped CaCO3 samples were prepared 

by mixing of separately prepared TM carbonate and calcium carbonate precipitation 

solutions. 

The molar concentrations and volumes used to prepare the 1.0 wt.% and 2.5 wt.% doped 

samples are listed in Table 2.2 Once mixed, the individual carbonate solutions were quickly 

(within 10 s) combined to minimize precipitation of the pure carbonate forms. The 

combined carbonate solutions were stirred for 30 min to stimulate complete precipitation. 
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A 5.0 wt.% Zn sample was prepared in a similar manner by mixing of Ca-carbonate and Zn-

carbonates solutions as indicated in Table 2.2. 

Table 2.1: Molar concentrations (M) and volumes of deionized-water (ml) of the precursor solutions 

used for Pure, Fe-, Co-, and Ni-doped sample synthesis. The relevant calcium and TM chloride 

solutions were first mixed and the resultant solution was added to the carbonate solution as described 

in the text. 

 Chloride solutions Carbonate solutions TM:Ca 

molar ratio TM 

(wt.%) 

Sample CaCl2.2H2O TM chloride Na2CO3 

0 Pure 0.80M 

[250ml] 

- 0.8M [250ml] - 

 

1.0 

Fe-doped 1.24M 

[200ml] 

FeCl3•6H2O - 0.054M 

[25ml] 

1.25M [200ml] 0.0054 

Co-doped 1.24M 

[200ml] 

CoCl2•6H2O - 0.062M 

[25ml] 

1.25M [200ml] 0.0062 

Ni-doped 1.24M 
[200ml] 

NiCl2•6H2O - 0.062M 
[25ml] 

1.25M [200ml] 0.0062 

 

2.5 

Fe-doped 0.81M 

[150ml] 

FeCl3•6H2O - 0.080M 

[25ml] 

0.83M [150ml] 0.0140 

Co-doped 0.80M 

[150ml] 

CoCl2•6H2O - 0.080M 

[25ml] 

0.83M [150ml] 0.0160 

Ni-doped 1.22M 

[200ml] 

NiCl2•6H2O - 0.080M 

[50ml] 

1.25M [200ml] 0.0150 

 

 
Table 2.2: Molar concentrations (M) and volumes of deionized-water (ml) of the precursor solutions 
used for Cu-, and Zn-doped sample synthesis. The calcium carbonate and TM carbonate solutions 
were prepared separately and then quickly mixed as described in the text. 

 Calcium carbonate solutions TM carbonate solutions TM:Ca 

molar 

ratio 

TM 

(wt.%) 

Sample CaCl2.2H2O Na2CO3 TM chloride Na2CO3 

1.0 Cu-doped 1.24M 

[200ml] 

1.23M 

[200ml] 

CuCl2•2H2O - 0.086M 

[25ml] 

0.14M 

[25ml] 

0.0087 

Zn-doped 1.24M 

[200ml] 

1.23M 

[200ml] 

ZnCl2 - 0.11M [25ml] 0.14M 

[25ml] 

0.0108 

2.5 Cu-doped 0.73M 
[100ml] 

0.72M 
[100ml] 

CuCl2•2H2O - 0.075M 
[25ml] 

0.10M 
[25ml] 

0.0220 

Zn-doped 0.97M 

[150ml] 

0.96M 

[150ml] 

ZnCl2 - 0.16M [25ml] 0.21M 

[25ml] 

0.0270 

5.0 Zn-doped 0.71M 

[200ml] 

0.69M 

[200ml] 

ZnCl2 – 0.32M [25ml] 0.41M 

[25ml] 

0.0560 
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The formation of TM-doped CaCO3 can be described by the following generalized reaction 

Eq. (2.4), which assumes direct substitution of Ca by the relevant TM atom: 

 (1 − �)�����(��) + ������ (��) + �����(��)

⟹  ����������(�) +  2���(��) + 2���(��) 

 (2.4) 

where M represents the relevant transition metal. 

2.2.2 Calcination-Carbonation cycling 

The cyclic calcination-carbonation performance of the samples was tested in the same 

experimental setup that was used in the preceding study 32. It consists of three sections as 

depicted in Figure 2.2. The first section contained the sample (~10-3 mbar base pressure; 

working pressures up to ~10 mbar). The sample is held above the heating element of a 

commercial resistive heating stage (UHV-Design) in a circular tray made of Titanium-

Zirconium-Molybdenum (TZM) alloy. The process temperature is monitored with a K-type 

thermocouple mounted in a fixed position near the sample tray. Heating is controlled by a 

custom-built controller with a PID feedback system. 

The second section has a base pressure of ~10-8 mbar. It is separated from the sample 

section by a 200 μm aperture and could be fully isolated by means of a pneumatic valve. 

The third section (~10-9 mbar base pressure) is separated from the second section by the 

2 mm aperture. It contains a Quadrupole Mass Spectrometer (QMS; Hiden Analytical 

HALO). When the pneumatic valve is open, the ionizer of the QMS is in direct line-of-sight 

of the heating section via the two apertures. The QMS is used to monitor the time-

dependent evolution of selected gases (both introduced and evolved from the sample) 

during calcination-carbonation cycles. CO2, CO, H2O, and H2 were the principal masses 

tracked during the cyclic processing. 

Plasma was ignited using a radiofrequency power generator (PFG-300 RF, Hüttinger 

Elektronik GmbH + Co. KG, Germany) by means of inductive coupling from a water-cooled 

hollow copper coil surrounding a quartz tube of 30 cm in length and 2 cm in diameter. The 

generator is connected to a matching box through the coaxial cable of 50 Ω internal 

impedance. The matching network is connected directly to the coil. 

Gases were introduced into the first section via the quartz tube. CO2 was introduced by 

means of a flow controller. Water vapour was introduced from a stainless-steel reservoir 

via a needle valve. The deionized water in this reservoir was degassed by means of several 

freeze-pump-thaw cycles before use. To maintain a constant pressure of H2O vapour, the 

water reservoir was maintained at 26C using a water bath (PolyScience). 

Typically ~150 ± 1.0 mg of the synthesized sample was used for testing. Calcination was 

performed under ~0.1 mbar H2O vapour or H2O plasma by ramping the sample temperature 

linearly to 1200 K at a rate of 1 K/s followed by holding at that temperature for 180 s. The 

working pressure was established and, where relevant, the plasma was ignited prior to the 

start of the temperature ramp. An input power of 100 W was used in case of calcination 
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under H2O plasma. Once the thermal cycle was completed and the sample began to cool, 

the plasma was extinguished (where applicable) and the water flow was stopped. 

Carbonation of the calcined sorbents was performed by filling the first section of the 

vacuum vessel with CO2 to a pressure of ~5 mbar without active pumping (“static” 

pressure). In this configuration, there is a gradual slow decrease in the CO2 level due to slow 

pumping via the second section through the first aperture. Once the CO2 was introduced, 

the temperature was ramped to 825 K at a rate of 1 K/s and then held at this temperature 

for 600 s. As the carbonation process is accelerated at elevated temperature, the sample 

begins to act as a “pump” and the CO2 pressure in the chamber is observed to decrease at 

a faster rate (see plot in Figure 2.2). The selection of 825 K as the plateau temperature was 

based on evaluation of the recapture behaviour of the Pure CaCO3 samples. If the 

temperature was significantly higher than this value, the sample would begin to re-release 

some of the CO2 previously captured during carbonation. This was apparent from a 

temporary increase in the CO2 at the higher end of the temperature ramp. Once the 

carbonation thermal cycle was completed, residual CO2 was pumped away and the sample 

was allowed to cool in preparation for the subsequent calcination cycle. Five consecutive 

calcination-carbonation cycles of the (doped-) calcium carbonate sorbents were 

performed. The sample temperature was allowed to drop below 500 K after both 

calcination and carbonation before the next phase in the cycle was initiated. 

As-prepared and calcined samples were characterized by means of X-ray diffraction XRD 

(D8 advance Eco, Bruker, Karlsruhe, Germany) equipped with Cu-Kα radiation source 

(�=1.5406 Å) at 40 keV and 25 mA. Diffraction patterns were collected in Bragg-Brentano 

θ/2θ geometry over the range of 20≤ 2θ ≤ 60 with a step of 0.01. Qualitative 

identification of phases was performed using Match! software (Crystal Impact, Bonn, 

Germany) and quantitative analysis by running Rietveld refinements from within Match!, 

with the actual calculations being automatically performed using the program FullProf 38 in 

Figure 2.2: Outline of the experimental setup used for CO2 capture and release. During release H2O 
is introduced from the top (plasma is ignited for release in plasma). During capture CO2 is 
introduced from the top. The mass spectrometer profile on the right illustrates a measured CO2

intensity decrease as a result of CO2 capture by a Zn-doped sample (details later in the text). 
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the background. Scanning electron microscopy (Phenom Pharos Desktop SEM, Thermo 

Scientific) was performed on samples with 15 kV accelerating voltage in backscattered 

mode. 

2.3  Results and Discussion 

2.3.1 Cyclic capture-release in 0.1 mbar H2O vapour 

Calcination under H2O vapour simply involves the release of CO2. In this case, the CO 

response measured during calcination is the result of electron impact-induced dissociation 

in the ionizer region of the QMS. This response was used to derive a system-specific value 

for the CO2 cracking factor, which was determined to be 0.103. This factor is required for 

correction of data collected during calcination under H2O plasma (see later).The first step 

in the evaluation of the materials was calcination of the as-prepared Pure and TM-doped 

CaCO3 in H2O vapour at 1200 K. XRD measurements confirm that these samples are fully 

carbonate. Consequently, they are representative of a fully-loaded material. 

 Figure 2.3 shows CO2 traces that were measured during the initial calcination. Each 

measured trace has been divided by its own integrated area. Thus, the plotted values 

represent an instantaneous fractional release based on the assumption that the sample is 

fully depleted at the end of the calcination cycle. This is an approximation since the elevated 

CO2 level at the end of the calcination cycle shows that complete calcination has not yet 

occurred. The differences in release time (temperature) evident in Figure 2.3 are primarily 

the result of the presence of TM-dopants, although the presence of H2O vapour also has an 

influence (see Reference 32 for details). After the initial calcination, each sample remained 

in place for five successive carbonation-calcination cycles. Figure 2.4 shows the measured 

CO2 response during the carbonation portions of these five cycles for the Pure and the five 

Figure 2.3: Intensity of CO2 released from as-prepared Pure and 2.5 wt.% TM-doped CaCO3

during calcination in ~0.1 mbar H2O vapour. The time axis has been shifted such that the 
time values during the ramping phase (up to t=1200 s) are equivalent to the temperature 
values. The shaded region indicates the temperature plateau region (T=1200 K). 
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2.5 wt.% TM-doped CaCO3 samples. The CO2 capture process was performed by ramping 

the sample temperature to 825 K at 1 K/s and holding at that value for 600 s. “Capture 1” 

refers to carbonation directly after the calcination of the as-prepared sample. As mentioned 

above, during recapture the only “pumping” of the sample compartment was via the 

200 μm aperture to the second stage. Absent any other depletion mechanism, the CO2 in 

the reaction chamber decreases in a characteristic smooth fashion that can be directly 

tracked by the mass spectrometer. Heating of CaO accelerates the uptake of CO2 and 

consequently the material being to temporarily act as a second “pump”. Uptake by the 

samples is evident from changes in the rate at which the CO2 signal decreases. A faster drop 

in the CO2 intensity reflects more rapid uptake by the sample. A similar effect can be 

observed during heating under an actively pumped flow of CO2. However, the response is 

much more clearly evident when performed with a static pressure. As the samples become 

“fully” loaded the rate of decrease drops and the signal reverts toward the characteristic 

decay rate of the aperture pumping. 

Figure 2.4: Mass spectrometer traces of normalized CO2 intensity during the capture portion of 
five successive capture-release cycles for Pure and TM-doped samples. The trace legend 
applies to all panels. The time axes have been shifted such that the time values during the 
ramping phase (up to t=825 s) are equivalent to the temperature values. The shaded regions 
indicate the temperature plateau region (T=825 K). Each trace has been normalized to its 
intensity value at T=670 K.
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Clearly, different sorbents have significantly different recapture characteristics. The Zn-

doped samples exhibit the most consistent rapid recapture of CO2 of all the samples 

studied. The Co-doped sample exhibits fast uptake during the first cycle, but uptake during 

subsequent cycles is slower. All samples begin to capture CO2 at a significant rate during 

the temperature ramp phase. For the Zn-doped sample, the capture process is 

Figure 2.5: CO2 recapture rates of Pure (top panel), 1.0 wt.% (left column) and 2.5 wt.% 
(right-column) TM-doped CaCO3 samples after calcination in ~0.1 mbar H2O vapour. The 
trace legend applies to all panels. Panel insets show expanded views of the main panel 
data. The vertical lines indicate the transition from the 1 K/s temperature ramp to the 
T=825 K temperature plateau phase. 
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already essentially complete before the plateau temperature is reached. Most of the other 

samples have a slower uptake and continue to capture CO2 for some time after the 

temperature has stabilized. 

The difference in the measured CO2 intensity before and after the uptake region is an 

approximate indicator of the amount of CO2 capture. In all cases, this difference decreases 

for each successive capture step. Clearly, all samples suffer a progressive deterioration in 

capture capacity during cycles that is typical of the CaL process. This drop in capacity is most 

pronounced between the first and second carbonation steps, most notably in the case of 

the Pure and Co-doped samples.  

To better illustrate the characteristics and evolution of CO2 uptake by the different samples, 

the CO2 traces measured during capture were differentiated to yield a representation of 

the CO2 capture rate. Note that the effect of pumping via the aperture is still included in 

the data, resulting in an offset of the differentiated curves from zero even when there is no 

appreciable uptake by the sample. Figure 2.5 shows differentiated curves obtained for 

recapture by the Pure sample (top panel) and by the 1.0 wt.% (left-hand column panels) 

and 2.5 wt.% (right-hand column panels) TM-doped samples. The Y-axes of all main panels 

are identical, with the range being determined by the sorbent that exhibits the fastest CO2 

uptake, namely the 2.5 wt.% Zn-doped sample. The insets on individual panels provide an 

expanded view of the uptake region in cases where the traces are not clearly visible on the 

main panel. The solid vertical line on each panel and inset indicates the point at which the 

825 K plateau temperature is attained. 

The most notable features of Figure 2.4 and Figure 2.5 is the very rapid uptake of CO2 by 

the 2.5 wt.% Zn-doped sample. This behaviour persists over all five cycles. In all cases, the 

recapture is essentially completed before the plateau temperature is attained, although the 

uptake does exhibit a shift toward a higher temperature with successive cycles. In contrast, 

the 1.0 wt.% Zn-doped sample does not exhibit a similar rapid uptake of CO2 suggesting 

that the effect has a significant concentration dependence (more details later). Both the 

1.0 wt.% and 2.5 wt.% Co-doped samples exhibit a similar rapid uptake during the first 

capture process, but the effect does not persist in subsequent cycles. The majority of the 

samples show a more gradual (extended) uptake as a function of time/temperature. These 

samples generally exhibit a double structure in the uptake profile, with the capture rate 

first peaking (or plateauing) during the ramping phase before subsequently increasing again 

with increasing sample temperature. In these cases, the second peak in the capture rate 

generally coincides with the attainment of the plateau temperature. The shape of these 

uptake curves can be rationalized in terms of the model of rapid formation of a closed 
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surface carbonate layer, followed by slower, diffusion-limited, uptake by the bulk 

material 5,39,40. In contrast, the single-peak uptake curves of Zn and Co indicate a more 

uniform carbonate formation process suggesting that the presence of these dopants may 

be disrupting the formation of a closed outer carbonate shell.  

Figure 2.6 shows the CO2 release profiles measured during calcination of the Pure and 2.5 

wt.% TM-doped CaCO3 samples in ~0.1 mbar H2O vapour. “Release 0” corresponds to 

calcination of the as-prepared (thus, fully-loaded) CaCO3 samples. These are the same 

traces that are plotted in Figure 2.3. Releases 1-5 indicate release from the various samples 

following the re-capture of CO2 steps shown in Figure 2.4. Thus, “Release 1” follows 

“Capture 1”, “Release 2” follows “Capture 2” and so forth. As was the case for Figure 2.4, 

the time axes have been aligned to correspond to the temperature value during the 

ramping phase and the temperature plateau phase is indicated by the shaded regions. Since 

“Release 0” corresponds approximately to the release from a 100 % carbonate samples, it 

is clear that none of the recapture steps comes close to fully reloading the samples. This 

may, in part, be a limitation of the capture procedure employed and does not necessarily 

reflect the maximum loading that might be achieved under optimum (ambient pressure) 

carbonation conditions. None-the-less, deterioration in capture capacity with cycling is not 

an unexpected result. In any event, since the procedure used is identical for all samples, 

valid cross-comparisons can be made between the datasets. 

Figure 2.6: CO2 released profiles during calcination of Pure and 2.5 wt.% TM-doped 
CaCO3 in ~0.1 mbar H2O vapour at 1200 K. The trace legend applies to all panels. The 
time axes have been shifted such that the time values during the ramping phase (up 
to t=1200 s) are equivalent to the temperature values. The shaded regions indicate 
the temperature plateau region (T=1200 K). 
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 As noted in relation to Figure 2.3, the initial “Release 0” calcination is not 100 % effective. 

A small fraction of the original carbonate remains, which becomes the source of the small 

high-temperature CO2 peak that is evident on some “Release 1” traces, most clearly for the 

Pure and Fe-doped samples. Several trends are identifiable in Figure 2.6. The amount of 

CO2 released drops with each successive release phase, consistent with the decreasing 

uptake that is evident in Figure 2.4 and Figure 2.5. Thus, the reduction in carrying capacity 

over repeated cycles that was evident from the uptake curves is equally apparent in the 

release data. Some of the sorbents show a change in the onset of CO2 release time 

(temperature). The Pure and Fe-doped samples exhibit better release at lower 

temperatures compared to the as-prepared sample, while the Ni-doped sample performs 

worse. Most of the samples, with the exception of Fe-doped, begin to exhibit a doublet 

structure, which tends to become more pronounced with successive cycling. The lower 

temperature component of the doublet appears comparatively stable with repeated 

cycling, with the reduction in CO2 loading arising primarily from a decrease of the higher 

temperature component. This feature is consistent with a model of an easily formed outer 

carbonate layer and a diffusion-limited bulk. 

It is noteworthy that the samples that exhibit rapid uptake in Figure 2.4 and Figure 2.5 (Co-

doped during “Capture 1” and Zn-doped during all capture cycles) also require a longer time 

Figure 2.7: Integrated CO2 released data for calcination under ~0.1 mbar of H2O vapour. Data 
normalized to the “Release 0” values for: (a) Pure and 1.0 wt.% TM-doped CaCO3. (b) Pure 
and 2.5 wt.% TM-doped CaCO3. Data normalized to the “Release 1” values for: (c) Pure and 
1.0 wt.% TM-doped CaCO3, and (d) Pure and 2.5 wt.% TM-doped CaCO3. 
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(and higher temperature) to subsequently re-release the CO2. The release traces for these 

samples extend into the temperature plateau of the thermal cycles. This suggests that the 

rapid CO2 capture by these samples is indeed associated with faster uptake by the material 

bulk. In contrast, the other samples are effectively depleted of recaptured CO2 before the 

temperature plateau is attained. This can be rationalized by more effective of formation of 

a closed outer shell by these samples that hinders bulk carbonation during the recapture 

phase 39. As a consequence, subsequent calcination is more rapid since the carbonate 

formed is more surface localized. 

Figure 2.7 (a-d) shows plots of the integrated CO2 released from the various samples during 

calcination. Figure 2.7 (a) shows data for calcination of the Pure and 1.0 wt.% TM-doped 

CaCO3 samples while Figure 2.7 (b) shows similar data for the Pure CaCO3 and 2.5 wt.% TM-

doped samples. The data points on Figure 2.7 (b) are derived from integration of the release 

traces plotted in Figure 2.6. “Cycle number 0” represent calcination of the as-prepared 

samples. Thus, the plots illustrate how the CO2 loadings achieved during the subsequent 

capture phases compare to the original 100 % loaded material. 

In the case of the 2.5 wt.% TM-doped samples, the Zn-doped sample performs better than 

Pure CaCO3, whereas all other TM-doped samples perform worse. For the 1.0 wt.% TM-

doped samples, all perform worse than Pure CaCO3 with the 1.0 wt.% Cu-doped sample 

being significantly worse. Figure 2.7 (c) and (d) show the same datasets but now normalized 

to the integrated area of the “Release 1” curves. These plots illustrate how well the various 

samples maintain their initial recapture performance during subsequent recapture cycles. 

Presented in this fashion, the 2.5 wt.% Zn-doped sample clearly performs best whereas the 

2.5 wt.% Co-doped sample appears very poor. The latter is specifically due to the rapid 

uptake that is exhibited by this sample only during the first capture cycle. Since all 

subsequent capture phases are significantly weaker, the comparative drop in performance 

is much greater in this case. Figure 2.7 (b) illustrates that the overall performance of the 2.5 

wt.% Co-doped samples is comparable to that of Cu and Ni in absolute terms. 

2.3.2 Cyclic capture-release in ~0.1 mbar H2O plasma (100 W) 

This section presents the results of cyclic capture-release of CO2 in which calcination was 

performed in the presence of a 100 W H2O plasma. Unlike H2O vapour, calcination under 

H2O plasma introduces CO production mechanisms that complicate the evaluation of the 

CO2 release profiles. As an illustration, Figure 2.8 shows as-measured QMS traces for 

calcination of a 2.5 wt.% Fe-doped CaCO3 sample under plasma. Once the initial ~0.1 mbar 

H2O vapour level had been established, the plasma was ignited. This results in a large drop 

in the H2O signal measured by the QMS and a corresponding increase in both the H2 signal 

(scaled by a factor of 0.1 for presentation purposed) and the O2 signal (not shown). The 

magnitude of the drop in the H2O intensity is a direct measure of the net dissociation by 
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the plasma. In this case, ~30 % of the H2O is converted to H2 and O2. Calcination of the 

sample results in the transient evolution of CO and CO2. The CO signal is much larger than 

can be accounted for by cracking of CO2 in the QMS ionizer. It is also evident that the release 

of CO2 from the sample influences the H2 and H2O levels and also both the sample 

composition (carbonate versus oxide) and temperature affect the H2O dissociation fraction. 

A requirement for the current work is to properly account for the conversion of CO2 to CO 

so that cross-comparison of the capture performance of samples calcined under the two 

different conditions can be made. For plasma calcination, the measured CO trace 

represents the combination of ionizer-induced CO2 cracking and CO directly produced in 

the sample section. The measured CO2 trace represents the net unconverted amount rather 

than the gross CO2 content released from the sample. The correction of the plasma 

calcination data was performed in the following manner: 

 A linear background subtraction was applied to the as-measured CO and CO2 

traces. This removes the contribution from residual CO and CO2 levels that are 

constantly present in the vacuum system. Figure 2.9 (a) shows the two traces 

after background subtraction. 

 The background-corrected CO2 signal and the mass spectrometer cracking factor 

(0.103; derived from the vapour calcination data) were used to calculate the 

contribution from cracking of unconverted CO2 in the QMS ionizer to the 

measured CO signal. This contribution is subtracted from the measured CO signal 

to yield a corrected CO trace, which represents only CO that is formed in the 

sample compartment during calcination under H2O plasma. 

 The total CO2 released from the sample is the summation of the directly measured 

CO2 and the corrected CO trace after accounting for the difference in the relative 

Figure 2.8: As-measured mass spectrometer profiles during calcination of a 2.5 wt.% Fe-
doped sample under ~0.1 mbar 100 W H2O plasma. The time axis and temperature values 
have not been aligned. The H2 trace has been multiplied by a scaling factor for 
presentation purposes. 
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 sensitivity of the QMS for CO and CO2. The relative sensitivity was determined by 

igniting a plasma in pure CO2 and comparing the increase in the measured CO 

signal with the corresponding decrease in the CO2 signal (after accounting for the 

QMS cracking contribution from CO2 to the CO signal). The resultant CO:CO2 

relative sensitivity was 1.538:1.0 (correction factor=0.65).  

Figure 2.9 (b) shows the corrected CO and corrected CO2 traces obtained from the data in 

Figure 2.9 (a) using this procedure. The ratio of the corrected traces in combination with 

the relative sensitivity correction factor yields the instantaneous CO2-to-CO conversion 

fraction. This is plotted in Figure 2.9 (c). The general trend is that conversion decreases with 

increasing amount of released CO2. 

The carbonation procedure for samples calcined under H2O plasma was identical to that 

used after calcination under H2O vapour. Figure 2.10 shows the CO2 recapture profiles of 

the various samples following calcination under the H2O plasma. These traces are directly 

comparable to those shown in Figure 2.5 for recapture after decomposition under H2O 

vapour. In general, the capture behaviour is similar in both cases. The main difference is 

that rapid uptake of CO2 during the first recapture cycles of the Co-doped samples is not 

evident after calcination in plasma. Another clear difference is that the presence of H2O 

plasma has a pronounced influence on the recapture characteristics of the 1.0 wt.% Zn 

sample. A much clearer double structure is presented during recapture, which evolved over 

successive cycles. By the fifth recapture cycle, the uptake profile becomes dominated by 

the low-temperature peak, which is reminiscent of (though weaker than) the recapture 

Figure 2.9: (a) Measured CO and CO2 profiles during calcination of a 2.5 wt.% Fe-doped sample
under ~0.1 mbar 100 W H2O plasma. A linear background subtraction has been applied to both 
traces and the time axis has been shifted to make the time values equal to the temperature 
values during 1 K/s ramping to T=1200 K. (b) The corresponding corrected CO and CO2 profiles 
obtained using the procedure outlined in the text. (c) The corresponding instantaneous CO2-to-
CO conversion fraction. 
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peak exhibited by the 2.5 wt.% Zn sample. In general, with the specific exception of the Zn-

doped samples, the TM-doped capture performance appears worse (lower capture rates) 

after plasma calcination as compared with the equivalent sample after vapour calcination. 

In terms of release performance, the trends observed for instantaneous release after 

calcination under H2O plasma (not shown) resemble those seen in Figure 2.6 for calcination 

under H2O vapour. The one notable difference was that the release from the 2.5 wt.% Cu-

Figure 2.10: CO2 recapture rates of Pure (top panel), 1.0 wt.% (left column) and 2.5 wt.% (right-column) 
TM-doped CaCO3 samples after calcination in ~0.1 mbar 100 W H2O plasma. The trace legend applies to all 
panels. The insets show expanded views of the main panel data. The vertical lines indicate the transition 
from the 1 K/s temperature ramp to the T=825 K temperature plateau phase. 

Fe-doped 

Co-doped 

Zn-doped 

Cu-doped 

Ni-doped 

0.00

1.80x10-2

700 800 900 1000 700 800 900 1000

 Capture 1
 Capture 2
 Capture 3
 Capture 4
 Capture 5

2.5 wt.%

Pure

750 900

X 5

750 900 750 900

750 900

X 10 X 10

X 10

X 10

X 10

X 10

X 10

X 10

750 900

750 900

1.0 wt.%

X 5

750 900 750 900

Time (s)

750 900

C
O

2
 c

a
p

tu
re

 r
a

te
 [

a
rb

.u
n

it]

750 900



90  Performance of TM-doped CaCO3 during cyclic CO2 capture-and-release 

doped sample during cycles 1-5 were delayed with respect to that of “Release 0”. In this 

case, the release profiles more closely resembled those of the Ni-doped sample shown in 

Figure 2.6. Figure 2.11 (a) and (b) show the integrated CO2 release data for decomposition 

under H2O plasma, which is directly comparable to the data for H2O vapour calcination 

shown in Figure 2.7 (a-d). The measured CO2 intensities have been corrected to account for 

the plasma-induced production of CO, as outlined above. Comparing to calcination under 

H2O vapour, the performance of the Pure sample is somewhat deteriorated, while that of 

the 2.5 wt.% Zn-doped sample is slightly improved. The latter now has a higher recapture 

capacity and still exhibits rapid uptake and good reproducibility over repeated cycles. The 

overall performance of the other TM-doped samples is not dramatically affected by 

calcination under H2O plasma.  

When the data is normalized to the integrated CO2 of “Release 1” (Figure 2.11 (c) and (d)), 

the Pure sample exhibits the worst performance. Directly comparing the trace of the same 

sorbent for calcination under H2O vapour and H2O plasma suggest that the difference in 

relative performance between the Pure and TM-doped samples is mainly due to a 

deterioration in the performance of the former when calcined under H2O plasma. The 

presence of TM-doping appears to counteract this effect resulting in more minor changes 

to the overall performance. Zn-doped samples are notable as the only ones to exhibit a 

Figure 2.11: Integrated CO2 released data for calcination under ~0.1 mbar 100 W H2O 
plasma. Data normalized to the “Release 0” values for: (a) Pure and 1.0 wt.% TM-doped 
CaCO3. (b) Pure and 2.5 wt.% TM-doped CaCO3. Data normalized to the “Release 1” values 
for: (c) Pure and 1.0 wt.% TM-doped CaCO3, and (d) Pure and 2.5 wt.% TM-doped CaCO3. 
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consistent improvement when calcined under H2O plasma. As illustrated above, calcination 

in H2O plasma results in partial conversion of CO2 into CO and O2. The integrated conversion 

fraction (� =
[��]

[���]
) is presented in Figure 2.12. The conversion fraction is lowest for the 

fresh samples (Cycle 0; 100 % carbonate). This is mainly due to the larger amount of CO2 

that is released from these samples, which is significantly greater than the amount released 

during the subsequent cycling. In general, the conversion fraction decreases with increasing 

CO2 content in the plasma phase (see Figure 2.9 (c)). 

The initial plasma conditions are equivalent for all decomposition cycles. The amount of 

CO2 released by the different samples during a given cycle is roughly comparable. 

Consequently, the differences in the overall conversion fraction of the different samples 

can be attributed to surface reaction effects. In the case of Cycle 0 (as-prepared samples), 

the Pure carbonate exhibits the highest conversion fraction. During this cycle, the effect of 

TM-doping is either negligible or it acts to reduce the conversion fraction. Over the 

subsequent 5 cycles, the 1.0 wt.% Zn-, Fe-, and Ni-doped samples initially yield a somewhat 

higher conversion than Pure CaCO3 but the conversion of the latter steadily improves with 

progressive cycles, while the conversion performance of the TM-doped samples is more 

constant. The 1.0 wt.% Co- and Cu-doped samples have a significantly lower conversion 

suggesting that these dopants are promoting the back reaction of plasma generated CO 

with H2O or O2 to reform CO2. In the case of the doped samples, conversion by the 2.5 wt.% 

samples is lower than that of the 1.0 wt.% samples in all cases, except that of Co. In general, 

under the current conditions, the presence of TM-doping appears to have only a minor 

beneficial or even a counter-productive effect in terms of the promoting formation of CO. 

Detailed exploration of the plasma-chemical effects are beyond the scope of the current 

work. They will be addressed in a future report.

Figure 2.12: Overall CO2-to-CO conversion fractions of obtained for calcination under 
~0.1 mbar 100 W H2O plasma. Data for (a) Pure and 1.0 wt.% TM- doped CaCO3 and (b) Pure 
and 2.5 wt.% TM- doped CaCO3 . 

0 1 2 3 4 5

0.3

0.4

0.5

0 1 2 3 4 5

0.3

0.4

0.5

C
o
n
ve

rs
io

n
 (


)

 Pure
 2.5 Fe-doped
 2.5 Co-doped
 2.5 Zn-doped
 2.5 Cu-doped
 2.5 Ni-doped

Release cycle number

(a)

 Pure
 1.0 Fe-doped
 1.0 Co-doped
 1.0 Zn-doped
 1.0 Cu-doped
 1.0 Ni-doped

(b)



92  Performance of TM-doped CaCO3 during cyclic CO2 capture-and-release 

2.3.3 Comparison of cyclic capture-release of 1.0 wt.%, 2.5 wt.%, and 

5.0 wt.% Zinc  

In the preceding sections, the Zn-doped samples generally exhibited the most promising 

performance for calcination both in H2O vapour and H2O plasma. Figure 2.13 shows a 

comparison of the CO2 recapture traces of Zn-doped samples under both conditions, with 

the addition of data for a 5.0 wt.% Zn-doped samples. When calcined under H2O vapour, 

the 5.0 wt.% Zn-doped sample shows similar behaviour to that of the Co-doped samples 

shown earlier (Figure 2.5). Rapid uptake is observed during the first recapture cycle, but 

subsequent cycles exhibit much slower recapture. Thus, the beneficial effects of Zn-doping 

are only observed to be persistent within a relatively narrow doping range. When calcined 

under H2O plasma, the cyclic performance of the 5.0 wt.% Zn sample is improved relative 

to the H2O vapour case. The behaviour is qualitatively similar to that exhibited by the 1.0 

wt.% Zn-doped sample, with the uptake curve undergoing a progressive development over 

the repeat cycles and the emergence of a relatively well-defined and rapid uptake profile 

during capture 5, a progression that is not evident for calcination under H2O vapour. 

Comparing the profiles obtained after calcination in H2O vapour and H2O plasma, it is clear 

that plasma has a discernible influence in all cases. Calcination under plasma increases the 

Figure 2.13: CO2 capture rate of 1.0, 2.5, and 5.0 wt.% Zn-doped CaCO3 after calcination 
under H2O vapour (left column) and H2O plasma (right column). The trace legend applies to 
all panels. The insets show expanded views of the main panel data. The vertical lines 
indicate the transition from the 1 K/s temperature ramp to the T=825 K temperature 
plateau phase. 
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subsequent capture rate as compared with calcination under H2O vapour. For calcination 

under vapour, successive recaptures typically occur at a similar or slightly higher 

temperature. In contrast, the effects of plasma calcination on the temperature dependence 

of recapture is more complex. In all cases “Capture 2” required a higher temperature than 

“Capture 1”. However, subsequent recaptures occur at somewhat lower temperatures than 

that of “Capture 2”. The influence of plasma on the capture performance evolves 

continually over the five cycles, as is most evident from the 1.0 wt.% and 5.0 wt.% samples.  

Figure 2.15 illustrates how the integrated CO2 released from the 1.0 wt.%, 2.5 wt.%, and 

5.0 wt.% Zn-doped samples varies during cycling with calcination under H2O vapour and 

H2O plasma. The 2.5 wt.% Zn-doped sample has the best overall performance for 

calcination in H2O vapour. The performance of all three samples is improved by calcination 

in H2O plasma as compared to the H2O vapour case, with the performance enhancement 

increasing with increasing Zn content. The carrying capacity of the 5.0 wt.% Zn sample is 

comparable to that of the 2.5 wt.% sample after plasma calcination, although the recapture 

performance is not as good (Figure 2.13).  

Table 2.3: Quantification of crystallite size and quantity of phases formed after calcination (5 cycles) 
of 5.0 wt. % Zn-doped CaCO3 in H2O vapour and H2O plasma. 

 Crystallite size (nm) Quantity (%) 

CaO ZnO CaCO3 CaO ZnO CaCO3 

Vapour 53.0 46.1 60.0 96.0 3.4 1.1 

Plasma 45.6 33.4 68.6 94.4 4.3 1.4 

Figure 2.14: Integrate CO2 release data from 1.0, 2.5, and 5.0 wt.% Zn-doped samples after 
calcination in H2O vapour and H2O plasma. The traces have been normalized to the “Release 0” 
values. The insets show the same data after normalization to the “Release 1” values. 
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2.3.3.1 Characterization of Zn-doped samples 

Figure 2.15 (a-c) shows XRD patterns of as-prepared 1.0 wt.%, 2.5 wt.%, and 5.0 wt.% Zn 

sample. All three samples are a mixture of calcite (the most thermodynamically stable 

polymorph of CaCO3) and vaterite. Vaterite is the dominant crystal phase (see phase % in 

the panels) in all three samples. Vaterite transforms to calcite at ~600-625 K 32. 

Figure 2.15 (d) compares XRD patterns measured from the 5.0 wt.% Zn-doped sample after 

the 5 cycles of capture-release in vapour and plasma. The calcined samples are 

predominantly CaO. Peaks due to pure ZnO crystalline phase are also evident along with a 

small fraction of CaCO3. Quantitative analysis indicates differences in the crystallite sizes of 

the CaO, ZnO, and CaCO3 phases after calcination in H2O vapour and H2O plasma. The 

relative quantities of the three phases are comparable (see Table 2.3). The crystallite size 

of the CaO and ZnO phases are somewhat smaller after cycling involved H2O plasma 

calcination, while the size of the residual CaCO3 crystallites is slightly larger. In general, 

there is no indication that plasma calcination is significantly affecting the crystallographic 

structure of the sample.  

Figure 2.16 (a-d) compares SEM images of Pure, 1.0 wt.% and 2.5 wt.% Zn-doped samples 

after the five capture/release cycles with calcination in H2O vapour (left-hand column) and 

H2O plasma (right-hand column). Compared to the Pure samples, the Zn-doped samples 

exhibit less agglomeration and generally smaller and more discrete particles. Comparing 

the outcome of H2O vapour and H2O plasma calcination, there is not a dramatic difference 

Figure 2.15: XRD patterns of Zn-doped CaCO3. (a) 1.0 wt.% Zn as-prepared, (b) 2.5 wt.% Zn as-
prepared, (c) 5.0 wt.% Zn as-prepared, and (d) 5.0 wt.% Zn after calcination (5 cycles) in H2O 
vapour and H2O plasma.
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in the case of the Pure samples, although the surface of the plasma-calcined sample 

appears somewhat more structured and open. A more pronounced effect is apparent from 

Figure 2.16: SEM images of (from top to bottom) Pure, 1.0 wt.% Zn-doped, and 2.5 wt.% 
Zn-doped CaCO3 after 5 capture/release cycles with calcination under H2O vapour (left-
hand column) and H2O plasma (right-hand column). All pictures have the same size and 
magnification (x10000). 

 Vapour     Plasma  

P
u

re
 

1
.0

 Z
n

-d
o

p
ed

 
2

.5
 Z

n
 -

d
o

p
ed

 

8 µm 



96  Performance of TM-doped CaCO3 during cyclic CO2 capture-and-release 

the comparison of the Zn-doped samples. It is most evident in the case of the 1.0 wt.% 

samples. In light of the comparisons of the uptake rate and the carrying capacity shown in 

Figure 2.13 and Figure 2.14, respectively, it appears that the main impact of this plasma-

induced material modification is on the CO2 recapture rate. Although the carrying capacity 

is also improved by H2O plasma calcination, the effect is less pronounced. While the 

processing effects of plasma shown in the current study are not dramatic, they are the 

results of exposure to a low-density plasma. It is likely that higher pressure plasma 

exposures would produce a stronger effect.  

 

2.4  Conclusions 

The CaL performance of TM-doped calcium carbonate has been evaluated for low-pressure 

calcination under H2O vapour and H2O plasma. The main results of this study are: 

 In general, TM doping did not have a persistent impact on the cyclic CaL 

performance except in the specific case of Zn doping; 

 Zn-doped samples derived from a 2.5 wt.% precursor solution exhibited the best 

performance, with rapid recapture and better retention of carrying capacity over 

multiple cycles; 

 The performance of the Zn-doped samples was dependent on wt.% of the 

precursor solution; samples derived from both 1.0 wt.% and 5.0 wt.% performing 

worse than the 2.5 wt.% sample; 

 The impact of H2O plasma calcination on the CaL performance was mixed, with 

some samples exhibiting improvement and others deterioration relative to H2O 

vapour calcination; 

 In terms of plasma-stimulated conversion of CO2-to-CO, there was no evidence of 

a significant improvement resulting from the presence of TM-doping and in some 

cases, the conversion fraction reduced, suggesting that surface-localized back 

reaction was active. 

 The performance of all of the Zn-doped samples improved in the case of H2O 

plasma calcination. This was evident from improvements in terms of the rate and 

temperature of CO2 uptake and in the amount of CO2 recaptured. The effects were 

most pronounced in the case of the 1.0 wt.% and 5.0 wt.% samples. The 

improvement was less dramatic in the case of the 2.5 wt.% sample which already 

exhibited the best CaL performance during calcination under H2O vapour. 

Calcination under H2O plasma tended to result in a somewhat more structured, 

open material morphology. The improved CaL performance induced by Zn-doping 
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under both water vapour and water plasma is an intriguing result. Considering the 

recapture profiles observed, these samples can be expected to maintain at least 

the same performance for a somewhat reduced plateau temperature and a much 

shorter (or zero) plateau time. This could significantly reduce the overall cycling 

time and also contribute to minimizing materials deterioration over multiple 

cycles. An open question is if the rapid recapture behaviour observed under the 

current conditions will also manifest for cycling under more application-relevant 

ambient pressure conditions. On the negative side, the rapid uptake of CO2 by the 

Zn-doped samples was coupled to a longer (higher temperature) release profile 

during subsequent calcination, which is counter-productive in terms of minimizing 

sample sintering. In contrast, the CaCO3 samples that do not exhibit such rapid 

recapture released their captured CO2 at a lower temperature. In terms of energy 

efficiency and long-term material performance, this may be, on balance, a more 

desirable characteristic than rapid recapture. 

Plasma calcination most clearly benefited the CaL performance of specifically the Zn-doped 

samples. It has a discernible effect on the evolution of the material structure. The fact that 

the performance enhancement was not observed for other TM-doped samples suggests a 

synergistic effect between the plasma interaction and the Zn-doped material rather than a 

general plasma-materials processing effect is responsible for the observed improvement. 

Higher pressure, higher density plasma calcination can be expected to result in more 

pronounced material processing. 
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Chapter 3 : Conversion of CO2 released from 

transition metal doped CaCO3 during thermal 

decomposition under H2O plasma* 

 

Abstract 

 

Plasma-assisted conversion of CO2 released from Pure and transition metal doped CaCO3 

during calcination at 1100 K has been evaluated under low pressure H2O plasmas. 

Measurements were performed for input powers ranging from 0 W (no plasma) to 200 W. 

CO2, which is thermally released from the (doped) CaCO3, and the introduced H2O are 

partially converted into value-added chemicals (H2 and CO) via plasma-driven 

decomposition.  

Cross-comparison of the results from different samples indicates that the effect of doping 

is largely counter-productive to plasma conversion. The transition metal doped oxides that 

are formed during sample decomposition promoted back reactions that reform CO2 from 

recombination of CO and O2, and H2O from H2 and O2. As a result, the highest CO2-to-CO 

conversion was attained in the case of release from Pure CaCO3. The lowest conversions 

(most effective back-reactions) were for the Cu- and Co-doped samples. The effect of Zn 

was relatively minor in comparison to the other dopants. 

The back reaction to reform water resulted in a significant reduction in the level of H2 

produced after calcination. The effect was dependent on both the sample temperature and 

the specific dopant. As the temperature dropped, once active heating was removed, the H2 

production of the various samples recovered to a comparable level. Overall, the Pure CaCO3 

sample performed the best in terms of both CO2 and H2O conversion. 

 

 

*T.T. Belete, M.C.M van de Sanden, and M.A. Gleeson 
 to be submitted to Journal of Plasma Research Express  
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3.1  Introduction 

The need for clean energy and to limit anthropogenic CO2 emissions arising from fossil fuel 

use are pressing problems. CO2 is a greenhouse gas that drives climate change. In addition 

to replacing conventional fuels with renewables, reducing emissions of CO2 to the 

atmosphere and closing the carbon cycle through carbon capture and storage (CCS) and 

carbon capture and utilization (CCU) are proposed solutions. In recent decades various 

studies on plasma-assisted dissociation of CO2
1–5, water 6–8, and methane 9–11 have been 

reported as part of efforts to develop alternative fuels to power our society and accelerate 

the transition from conventional energy sources to renewable and environmentally 

sustainable energy. As a result of steadily increasing renewable electricity generation from 

wind and solar production, voluminous energy storage infrastructures may become 

necessary in order to balance the variable and intermittent supply. One feasible means to 

realize long term (weeks; months) balancing is storage of surplus electrical energy in the 

form of chemical bonds in molecules. As a future energy outlook, excess electricity from 

renewables could be used to convert CO2 and H2O to chemicals (power-to-chemicals). 

Carbon capture and utilization (CCU) for climate change mitigation and the production of 

value-added chemicals are our motivation for evaluating plasma-assisted thermal 

decomposition of CaCO3. Metal oxide-based sorbents 12 are used to capture CO2 from 

various potential sources. Calcium Looping (CaL) is a well-developed technology that 

captures highly concentrated CO2 from flue gas 13 at high-temperature 14. It uses solid 

material (CaO) obtained from the calcination of CaCO3. When CO2 is in contact with CaO, it 

forms CaCO3 that can be calcined to release a pure stream of CO2 for utilization or storage 
14,15. We are interested in exploring the effects of H2O plasma on the release and conversion 

of CO2 from the carbonate. If simultaneous conversion of CO2 and H2O to syngas (CO+H2) 

can be made viable, subsequent processing to methanol 16–18 or higher hydrocarbons 

through catalysis and Fischer-Tropsch could produce alternative fuels for the transportation 

and industry. Currently, multiple research methods, encompassing catalysis 5, 

photocatalytic reduction 19, solar-thermochemical conversion 20,21 co-electrolysis 22,23, and 

plasma-chemical conversion are under development in order to convert CO2 and H2O to 

value-added products. Studies using plasmas dielectric barrier discharges (DBD) 24 and 

microwave 25–27 have been reported for simultaneous dissociation of H2O and CO2. 

Non-thermal plasma, with energetic electrons and high energy density, can activate 

thermodynamically stable molecules such as CO2 and H2O through ionization, vibrational or 

electronic excitation, and further break bonds to form molecules (CO, H2, and O2) and 

radicals (OH, H, and O); while the background gas remains close to room temperature 28,29. 

The main benefits of plasma for processing are: potential for utilization of surplus 

renewable electricity, capable of be quickly switched on/off; and high energy density with 



3.1 Introduction 103 

 

fast response time to accommodate intermittency. The main objective of this chapter is to 

evaluate the potential for production of CO directly from CaCO3 during the calcination 

process. Plasma-assisted thermal decomposition of CaCO3 in H2O vapour simultaneously 

cracks released CO2 and H2O molecules, producing CO and H2 as the main products of 

interest. The response of the transition metal (TM) dopants in CaCO3 crystallites towards 

plasma-assisted CO2 release and catalytic conversion will be evaluated. 

Reller and co-workers 30,31 demonstrated direct production of CO and CH4 with high 

selectivity through thermal decomposition of CaCO3 in a hydrogen atmosphere according 

to Eq.(3.1-3.2). 

 �����(�) + ��(�) → ���(�) + ��(�) + ���(�)      ∆�����
� =  +220 ��/��� (3.1) 

   �����(�) + 4��(�)
��
�� ���(�) + ���(�) + 2���(�)   ∆�����

� =  +15 ��/��� (3.2) 

Padeste et al. 31 also reported catalytic properties of TM-doped CaCO3, in which CO was the 

main product with the presence of Fe, Cu and Ag; and CH4 with Ni, Ru, and Rh. Likewise, 

Jagadeesan et al. 32 studied decomposition of carbonates doped with TMs under hydrogen, 

and reported production of CH4. In another study, Jagadeesan et al. 33 confirmed direct 

conversion by Fe-containing CaCO3 to higher hydrocarbons (C1-C3) via reduction in 

hydrogen. Although interesting, this approach consumes a fuel (H2) that has higher energy 

content (in MJ/kg) than it produces. Furthermore, current large-scale production of 

hydrogen is dominated by fossil fuels use. Therefore, we propose in-situ generation of 

hydrogen from water vapour using renewable electricity (plasma) for CO2 reduction. 

From the perspective of energy content of various reactants and products, utilization of 

water clearly fulfils the requirement in terms of providing energy storage in the form of 

chemical fuel. The net chemical reactions that store (excess, renewable) electricity in a 

chemical bond through plasma-assisted thermal decomposition of CaCO3 and yield fuels 

can be written as: 

 �����(�) + ���(�) ⟶ ���(�) + ��(�) + ��(�) + �� (�)         Δ����� = +704 ��/��� (3.3) 

 �����(�) + 2���(�) ⟶ ���(�) + ���(�) + 2��(�)                ������  = +982 ��/��� (3.4) 

 
�����(�) + 2���(�) ⟶ ���(�) + �����(�) +

3

2
 ��(�)          ������ = +855 ��/��� 

(3.5) 

In this context, concealed behind these equations is the energy input contributed via 

plasma excitation. Dissociation of water using plasma has potential to be economically and 

environmentally viable and vital. Rahman et al. 7 reported ~80% energy efficiency for H2 

production from steam along with argon in a hybrid dielectric barrier discharge (DBD)-

corona discharge reactor. Stamatiou 20 and his co-workers produced H2 from water using 

pulsed gliding-arc plasma with 45 % energy yield.
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The main advantage targeted here is a direct conversion of electrical to chemical energy in 

the form of fuels or chemical precursors. To our knowledge, plasma-assisted thermal 

decomposition of carbonates has not been investigated previously. An important aspect of 

using plasma activation for conversion of CaCO3 is that the reaction can proceed from a 

range of initial reactants H2O* (*excited), H2, and H. In addition, plasma generated H2 and 

H species could assist decomposition by shifting the conversion process from reactions (3.3-

3.5) to reactions (3.1-3.2). The study of thermal decomposition of carbonates conducted by 

L'vov et al.34 reported 1.0 mbar of hydrogen could yield a hundred-fold decomposition rate. 

Thus, plasma generated H2 and H species increase the decomposition rate. In addition to 

having a reduced barrier to reaction with released CO2, plasma activated H2O molecules 

may also act to enhance decomposition of CaCO3 34. Direct utilization of H2O for fuel 

production is an appealing prospect from a sustainability perspective. Energy efficiencies 

up to 90 % (133-266 mbar) and 60 % are reported for dissociation of CO2 and H2O, 

respectively, in plasma 35. The energy efficiency of CO2 dissociation in non-equilibrium radio 

frequency-inductively coupled plasma discharges is reported to be up to 60 %. However, 

the interpretation of the major dissociation mechanism in RF discharges is also not as clear 

as for microwave discharges 35. 

3.1.1 Plasma-assisted thermal decomposition process 

In this section the concept of plasma-assisted thermal decomposition for the direct 

production of fuel from CaCO3 utilizing H2O as a primary co-reagent will be discussed. It is 

schematically illustrated in Figure 3.1. Thermal and plasma-assisted processes are indicated 

in green and red, respectively. In the standard chemical process, E1 (energy required to 

release CO2) is typically provided by thermal heating. The difference between E1 and Eth 

represents a non-recoverable thermal energy input (Esave). Plasma activation seeks to 

Eth 

Figure 3.1: Schematic representation of plasma activation during thermal 
decomposition of CaCO3 for production of fuel. 
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reduce the amount of this non-recoverable component by increasing the initial energy level 

of the reactant (CO2/CaCO3) or its co-reagents. The critical factor in achieving a net energy 

saving by plasma activation is that energy introduced via the plasma must be much more 

targeted toward driving the desired reaction than thermal energy. 

This can be achieved by preferential excitation of molecules and promotion of bond 

breaking 35. Plasma affects the energy barriers in different ways and changes the reaction 

pathways by creating active radicals and providing reactants with sufficient energy to 

overcome barriers through excitation 36. The endothermic net reaction in plasma-chemical 

process for dissociation of CO2 and H2O can be 35 written as:  

  
     ��� ⟶ �� +  

1

2
��                                      ∆� = 2.6 ��/��� 

(3.6) 

 
��� ⟶ �� + 

1

2
��                                      ∆� = 2.9 ��/��� 

(3.7) 

An efficient mechanism for CO2 and H2O molecules dissociation in non-thermal plasma is 

through stepwise vibrational excitation (also known as ladder climbing); in which a major 

portion of the discharge energy is transferred from plasma electrons to CO2 and H2O 

vibrational levels at a typical electron temperature of 1 eV 35. This process begins through 

electron impact excitation of the lowest vibrational level from which highly excited 

vibrational levels are populated due to vibrational-vibrational (V-V) relaxation 35. Detail 

dissociation mechanisms for H2O and CO2 are given in section 4.2.2 of Chapter 4. 

In a plasma-assisted thermal decomposition process, simultaneous dissociation of CO2 and 

H2O in a plasma in the presence of TM oxides could promote reverse water-gas-shift (r-

WGS) reaction Eq. (3.8). In this case, the moles of CO2 released from carbonate, and moles 

of CO and H2 produced determine the equilibrium conditions. 

 

 ��(�) + ���(�) ⇌ ��(�) + ���(�)                    ∆�������� = +41.2 ��/��� (3.8) 

3.2  Experimental 

3.2.1 Materials  

Pure and TM (Fe, Co, Zn, Cu, and Ni) doped CaCO3 samples were prepared by co-

precipitation methods from analytical grade precursors CaCl2*2H2O, Na2CO3, CoCl2*6H2O, 

FeCl3*6H2O, NiCl2*6H2O, CuCl2*2H2O, and ZnCl2 (Sigma-Aldrich, Germany). Details of the 

preparation techniques are given in Section 1.2.1 of Chapter 1. All TM-doped samples in 

this chapter were prepared based on 2.5 wt.% of the TM precursor.
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3.2.2 Sample calcination under plasma  
Plasma-assisted calcination experiments were performed using about 150±1.0 mg of Pure 

and TM-doped CaCO3 samples under H2O plasma. The experimental setup used is 

presented in Figure 3.2. Detailed information about each of its section is given in 

section 1.2.2 of Chapter 1. The sample is held above the heating element of a commercial 

resistive heating stage (UHV-Design) in a circular tray made of Titanium-Zirconium-

Molybdenum (TZM) alloy. During calcination, the temperature was ramped from room 

temperature to 1100 K and held at this value for 15 minutes (see Figure 3.4 shaded region). 

The temperature was monitored with a K-type thermocouple mounted in a fixed position 

near the sample tray. Heating is controlled by a custom-built controller with a PID feedback 

system. A low-pressure (~0.1 -to- 0.4 mbar) radiofrequency inductively-coupled (RF-ICP) 

H2O vapour plasma was generated by feeding high-frequency (13.56 MHz)  current from a 

power generator (PFG-300 RF, Hüttinger Elektronik GmbH + Co. KG, Germany) into a copper 

coil surrounding quartz tube (detail of plasma generation in section  4.2.1 of Chapter 4). 

Plasma and sample are combined in a so-called two-stage configuration. The sample is 

spatially separated downstream from the plasma generation zone (see Figure 3.2). Once a 

sample is introduced, a rotary mechanical pump is used to establish base pressure 

(~10- 3 mbar). Thereafter, water vapour is introduced from the top of the quartz tube via a 

needle valve. Once the pressure is stabilized at the intended level, plasma and the thermal 

heating processes were started. During operation, plasma was sustained in the low-

pressure H2O vapour. For each measurement, a constant input power between 0 W and 

200 W was used while the sample was being actively heating.  

Crystallinity and structural analysis of post-calcined samples were carried out by X-ray 

powder diffraction (D8 advance Eco, Bruker, Karlsruhe, Germany) Cu-Kα radiation source 

(�=1.5406 Å) at 40 keV and 25 mA. Diffraction pattern was collected in the range of 20⁰ ≤ 

2θ ≤ 60⁰; with scanning step of 0.02⁰ and Bragg-Brentano θ/2θ geometry. Qualitative 

Figure 3.2: Schematics of experimental setup used for plasma assisted thermal 
decomposition of CaCO3 sample, radiofrequency inductively coupled plasma (RF-ICP) 
generated in quartz tune, and mass spectrometer profiles. 
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identification of phases was performed using Match! Software (Crystal Impact, Germany). 

Scanning electron microscopy (High-Resolution SEM JEOL 7500 FA) was used to illustrate 

the morphology of the samples with 10 kV accelerating voltage and secondary electrons 

detector. 

3.3  Results and Discussion 

Since H2O vapour was introduced via a needle valve, the flow in terms of standard litre per 

minute (slm) is not well-established and a precise quantification cannot be given. Detailed 

quantitative analyses of plasmas of known flows of gases are reported elsewhere 26,35,37,38. 

During the decomposition process, the surface of the sample is impinged from above by 

the different ions, radicals, electrons and photons generated by the H2O plasma. Heat is 

delivered from below to the sample and released CO2 expands into the vacuum chamber 

and the quartz tube. Released CO2 mixes with H2O vapour and can also be dissociated in 

the plasma generating species such as O, CO, O2, and CO2*35. 

3.3.1 Plasma heating 

An obvious potential issue when comparing plasma- and non-plasma calcinations is the 

extent of direct heating of the sample by incident plasma species. Significant heating is 

clearly evident in the immediate vicinity of the plasma generation zone. Temperature 

Figure 3.3: Temperature profile due to plasma heating of the quartz tube downstream 
at different input power and cooling as measured by thermocouple. 
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readings performed using a thermocouple (K-type) attached externally to the bottom of the 

quartz tube (~15 cm above the heater see Figure 4.1) reveal an increase in temperature of 

the tube with plasma power as showed in Figure 3.3. The level of heating increases with 

input power and tends to stabilize over time. When power is off the temperature of the 

quartz tube decrease as a result of natural cooling. This temperature rise is primarily the 

result of heat conduction through the quartz tube from the plasma generation zone. 

In order to discern the degree of direct heating of a sample by plasma, the sample holder 

was removed and the sample-monitoring thermocouple was directly exposed to 0.1 mbar 

water plasma. Thermocouple reading indicated an immediate increase of ~10 K at 200 W. 

This jump is not evident when the thermocouple is shielded from direct exposure to the 

plasma by the sample tray. It is attributed to the influence of charged plasma particles 

interacting with the thermocouple since the temperature reading drops immediately when 

the plasma power is off, unlike the gradual cooling that is characteristic of actual heating. 

Negligible gradual heating was registered by the monitoring thermocouple during plasma 

exposure. Thus, we conclude that direct heating of the sample by the plasma is not a 

significant macroscopic factor in our experiments. 

 

3.3.2 Mass spectrometry analysis 

Figure 3.4 illustrates the evolution of the main gaseous species measured by the QMS 

during calcination of Ni-doped CaCO3 while exposing to a 50 W ~0.1 mbar H2O plasma. At 

Figure 3.4: QMS traces of selected molecular species during calcination of 2.5 wt.% Ni-doped CaCO3 while 
exposing to H2O plasma. The signal intensities are “as-measured”, without adjustment to that account for 
differences in the relative sensitivities of the QMS detection. The H2 trace which has been multiplied by a 
factor of 0.1 for presentation purposes. The time scale (bottom axis) has been adjusted such that the time 
values match the sample temperature values (top axis) during the ramping phase (up to 1100 s). The 
shaded region indicates the temperature plateau phase (T=1100 K). 
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the start of the process (t ~ 300 s) ignition of the plasma is evident from the sharp drop in 

the H2O signal and the corresponding rises in the H2 and O2 signals. CO2 evolution from the 

sample is observed with increasing temperature (top axis). This is accompanied by a 

simultaneous increase of the CO signal. The measure CO signal is primarily due to 

conversion of the CO2 in the sample region, although there is a contribution from electron 

impact-induced dissociation of CO2 in the ionizer region of the QMS. Once the temperature 

plateau (T=1100 K) phase is established (t  1100 s) the CO and CO2 signals decrease rapidly 

and the plasma transitions back to a pure H2O form.  

In terms of plasma conditions, three distinct regions can be considered. The first (Pre-

calcination) region extends up to t≈750 s (T≈750 K) and is essentially a pure H2O plasma 

exposed to a CaCO3 sample. The second (Calcination) region covers the release phase, 

which extends approximately from t=750 s until t=1600 s. In this region, the plasma is 

comprised of a combination of the introduced H2O and of CO2 originating from the sample. 

The CO2 level increases with temperature until the plateau temperature (1100 K) is attained 

and then drops rapidly as the sample becomes depleted. The start and end points of this 

region are ill-defined since they are determined by the temperature dependence of the 

rate of release from the samples, which varies for different TM-dopants 39. Over the course 

of the Calcination phase, the sample is converted from carbonate to oxide form. The third 

(Post-calcination) region extends approximately from t1600 s. In this region, the plasma 

reverts back to a composition derived from pure H2O but now exposed to an oxide rather 

than a carbonate material. The temperature remains constant at ~1100 K for most of this 

region, although it begins to decrease once heating power is removed when the 

temperature plateau phase ends (t 2000 s).  

The attribution of effects to either plasma-surfaces interactions or to plasma-phase 

processes is non-trivial. Initial observations can be made by comparing plasma regions 1 

and 3 (representing Pre- and Post-calcination “pure” H2O plasmas). In region 1, thermal 

evolution of CO2 from the sample has not yet commenced. In region 3 the sample has been 

essentially depleted of CO2. Thus, the major differences between these two regions are 

governed the conversion of the sample from carbonate to oxide form and by the sample 

temperature (T<750 K versus T=1100 K). The most notable difference between these two 

regions that is evident in Figure 3.4 is the decreased H2 and increased H2O signal levels Post-

calcination as compared with Pre-calcination. In the next sections results from samples 

calcined at 1100 K in H2O plasma will be presented for: 

a. Calcination of Pure and TM -doped samples in ~0.1 mbar plasma 

b. Calcination of Pure CaCO3 in ~0.1-to-0.4 mbar plasma
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3.3.2.a Calcination of Pure and TM -doped samples in ~0.1 mbar plasma  

Figure 3.5 shows a plot of the fractional H2 production during calcination of the Pure and 

TM-doped CaCO3 samples while exposing to a 25 W H2O plasma. The fractional conversion 

is based on the measured drop in H2O signal once the plasma is ignited and on the 

presumption that the decrease in the H2O and increase in the H2 signals represents a 1-to-

1 correspondence according to Eq. (3.6). In the Pre-calcination region, the initial fractional 

production of H2 is ~0.43 and it is largely independent of the sample composition. It exhibits 

a gradual decrease as the sample temperature increases suggesting a temperature-

dependent surface-promotion of the H2O recombination back-reaction. The onset of the 

Calcination region is characterized by an initial rise in the fractional H2 production. In all 

cases, the intensity passes through a maximum and decreases again. The temperature at 

which the maximum occurs is different for the different samples. In the case of Pure CaCO3, 

it coincides approximately with attaining the plateau temperature. For all of the TM-doped 

samples, it occurs before the plateau is reached. The H2 levels in the Post-calcination region 

exhibit the most striking difference between the samples. In the case of Pure CaCO3 there 

is no indication of an alteration in surface-mediated back-reaction. The H2 fraction 

measured is not significantly affected by the change in chemical nature of the sample. For 

the TM-doped samples, the fractional production of H2 is lower than that of the Pure sample 

and lower than their respective Pre-calcination levels. The only significant difference 

between the Post-calcination measurements is the composition of the sample. Hence, the 

effect can be unambiguously attributed to a surface reaction and to the influence of the 

Figure 3.5: Fractional H2 production during calcination of the Pure and TM-doped CaCO3 samples while 
exposing to H2O plasma. The time scale has been adjusted such that the values match the sample 
temperature during the ramping phase (up to 1100 s). The shaded region indicates that temperature 
plateau phase (T=1100 K). For t >2000 s no active heating power is applied. In this region the sample 
temperature decreases due to radiative and conductive heat loss. The sharp increase/decrease at the 
start and end of the traces indicate plasma ignition/extinction. 

400 800 1200 1600 2000

0.0

0.2

0.4

0.6

 Pure
 Fe-doped
 Co-doped
 Cu-doped
 Ni-doped

F
ra

ct
io

n
a

l H
2
 p

ro
d

u
ct

io
n

Time (s)

T=1100 K



3.3 Results and Discussion 111 

 

TM dopants. Lower values compared to the Pure CaCO3 indicate that the dopants are 

promoting the backward recombination reaction to reform H2O. The most effective 

dopants in this respect are Ni and Co, while Fe is the least effective. Data for the Zn-doped 

sample is not available at 25 W. Measurements at higher powers indicate that the Zn-

dopant is even less effective in promoting water recombination than Fe and that it is the 

doped sample that most closely resembles the behaviour of Pure CaCO3. 

The back-reaction during the Post-calcination exposure has a temperature dependence 

that varies depending on the dopant. This is evident from the evolution of the fractional H2 

level once active heating is removed upon termination of the temperature plateau phase (t 

>2000 s). 

Figure 3.6 shows the fractional H2 production of the different samples plotted versus the 

measured temperature during this passive cooling. In the case of the Pure CaCO3, there is 

no temperature-dependence arising from the surface interaction. In contrast, for the TM-

doped samples the decreasing temperature results in a gradual increase in the measured 

H2, with a corresponding decrease in the measured H2O intensity (not shown). The H2 

production level of all TM-doped samples tend to converge to approximately the same 

fractional H2 level (~0.4) with decreasing temperature. The temperature at which the H2O 

recombination reaction ceases to be effective is dependent on the specific dopant. In the 

case of the Cu-doped sample, the back-reaction remains operative down to ~800 K. The 

order of the dopants in term of onset of H2O recombination with increasing temperature is 

Cu, Co, Ni, and Fe. 

Figure 3.6: Fractional H2 production during passive cooling of the calcined CaCO3 samples 
after calcination during exposure to H2O plasma. This is the same data that is shown in 
Figure 3.5 for t >2000 s, but now plotted versus the measured sample temperature. The 
data is truncated at the point where the H2O plasma is extinguished. 
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Figure 3.7 illustrates the evolution of the fractional H2 production by the Pure and TM-

doped CaCO3 samples during calcination while exposing to H2O plasma for different input 

powers. A number of general trends are evident: 

1. The fractional H2 production decreases with increasing input power for all samples 

over the entire calcination cycle. The largest decreases occur for the lower input 

power range (25-75 W). The calcination traces of the different samples become 

increasingly similar with increasing input power. 

2. In the Pre-calcination region, fractional production tends to decrease slightly as a 

function of increasing sample temperature. 

3. In the Calcination region, the increase in H2 production that is evident for all 

samples at low input power decreases in magnitude with increasing input power 

and becomes a dip at the highest input powers. 

Fractional H2 production in the Post-calcination region decreases with increasing input 

power, consistent with the overall trend (Point 1). The magnitude of this change is 

dependent on the sample composition, being most pronounced for the Pure and Fe-doped 

samples and least evident for the Co- and Cu-doped samples (see Figure 3.7). The 

Calcination region is dominated by the influences of CO2 evolving from the sample and the 

Figure 3.7: Plots of the fractional H2 production during calcination of the six sample under H2O 
plasmas with different input powers (25-200 W). The time scales have been adjusted such that the 
time values during the temperature ramping phase (up to t=1100 s) correspond to the temperature 
values. The solid vertical lines indicated the transition from the temperature ramping (1 K/s) to the 
temperature plateau (T=1100 K) phases. 
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simultaneous production of CO. After accounting for conversion to CO, the total evolution 

of CO2 from the various samples is not significantly affected by the application of plasma. 

As a general trend, in the presence of plasma there appeared to be slightly less CO2 

evolution during the early stages of the CO2 release with a somewhat increased evolution 

near the peak. 

Figure 3.8 shows the production of CO during calcination of Pure and TM-doped samples 

for different plasma input powers. These traces have been corrected to remove the 

contribution from cracking of CO in the ionizer region of the mass spectrometer. Thus, they 

represent CO formed either on the surface or in the plasma of the sample region of the 

experimental setup. The amount of CO produced increases with increasing input power, 

although it tends to saturate at the highest powers used (150-200 W). Some samples, most 

notably Co- and Cu-doped, exhibit an early peak in CO production that is not replicated in 

the corresponding total CO2 evolution (not shown).

Figure 3.8: Corrected CO production traces during calcination of the six sample under H2O plasmas 
with different input powers (25-200 W). The time scales have been adjusted such that the time 
values during the temperature ramping phase (up to t=1100 s) correspond to the temperature 
values. The solid vertical lines indicated the transition from the temperature ramping (1 K/s) to 
the temperature plateau (T=1100 K) phases. 
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Figure 3.9 shows how the instantaneous CO2-to-CO conversion fraction (fraction of CO 

produced from the instantaneous CO2 released) varies at different plasma input powers for 

the various samples over the course of the Calcination phase. The conversion fraction 

increases with increasing input power, reflecting the increased production of CO shown in 

Figure 3.8. All traces follow the same general trend over the course of the calcination cycle. 

Initially, the conversion fraction drops as the sample temperature increases to the plateau 

value (1100 K). It then increases again while the sample is being held at 1100 K. The Pure 

CaCO3 sample exhibits the highest conversion during the calcination process at all input 

powers. The Co- and Cu-doped samples have the lowest fractional conversions, particularly 

during the temperature plateau portion of the calcination. The Fe- and Ni-doped samples 

have an intermediate conversion level. Fractional conversion by the Zn-doped sample is 

significantly lower than that of Pure CaCO3 during the initial ramping phase, but it tends to 

converge at a higher temperature and during the plateau phase. 

All samples attain a stable conversion fraction in the final stages of the Calcination phase. 

There is a notable difference in the case of the Co- and Cu-doped samples as compared to 

the other samples. The conversion fraction for these two samples is significantly lower in 

the final stage as compared to the start of the release cycle. For the other samples, the 

Figure 3.9: Instantaneous fractional conversion of CO2-to-CO during calcination of the six sample 
under H2O plasmas with different input powers (25-200 W). The time scales have been adjusted such 
that the time values during the temperature ramping phase (up to t=1100 s) correspond to the 
temperature values. The solid vertical lines indicated the transition from the temperature ramping 
(1 K/s) to the temperature plateau (T=1100 K) phases. 
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fraction at the beginning and end of the calcination (representing low levels of CO2 

evolution from the samples in both cases) are approximately the same. Given that all other 

factors are roughly equivalent, it is evident that the oxide forms of the Co- and Cu-doped 

samples are most strongly promoting a CO2 recombination back-reaction.  

Figure 3.10 (a-c) compares the calcination times (temperatures) at which the peak CO2 

release, the peak CO production and the minimum CO2-to-CO conversion fraction are 

obtained for the different samples as a function of input power. The value of peak CO2 

release temperature is primarily determined by the dopant present in the sample. That of 

the Pure sample is typically the highest with the Fe- and Ni-doped samples being slightly 

lower. The Co-, Zn- and Cu-doped samples are grouped together with significantly lower 

(~50 K) peak CO2 release temperature. The peak of CO2 release is largely unaffected by the 

application of plasma, although there does appear to be a slight downward trend, which 

may be indicative of plasma-stimulated release. 

For the Pure sample, all three indicators coincide approximately with the attainment of the 

plateau temperature. Only at the highest plasma input powers is there an indication that 

the release/conversion may be being influenced by the presence of plasma. For the Fe-, Zn- 

and Ni-doped samples, the temperature for maximum CO production initially decreases 

with increasing input power and then tends to stabilizes for input powers 100 W. The Co- 

Figure 3.10: Plots of the time (temperature) of (a) peak CO2 release, (b) peak CO production, 
and (c) minimum CO2-to-CO conversion as a function of plasma input power. 
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and Cu-doped samples have a markedly lower CO peak production temperature, which 

initially increases with increasing input power before also stabilizing for powers 100 W.  

For the fractional conversion, the minima generally coincide approximately with the 

attainment of plateau temperature, except in the case of the Zn-doped sample. Thus, for 

most samples the position of the conversion minimum appears to be determined by the 

temperature-dependence of the CO2 recombination reaction. In contrast, the lower 

temperature of the Zn fractional conversion minimum (see Figure 3.9) is related to the 

trends seen in where the relative conversion performance of the Zn-doped sample 

improves over the course of the calcination. Conversely, the oxide forms of the Co- and Cu-

doped samples are more effective than the carbonate forms in promoting CO2 

recombination. This increasing recombination efficiency with increasing oxide fraction 

results in earlier appearance of the CO release maximum compared to the other samples 

and accounts for the low temperature peak that is evident in the CO production traces 

shown in Figure 3.9.  

Figure 3.11 illustrates how instantaneous CO production correlates with the instantaneous 

CO2 released for the CaCO3 samples at different plasma input powers. In these plots, filled 

symbols represent measurements during the temperature ramping phase while open 

Figure 3.11: Plots of instantaneous CO produced versus CO2 releases by the Pure and TM-doped 
CaCO3 samples for the different plasma input powers. The CO produced data has been corrected to 
remove the contribution from CO2 cracking in the QMS ionizer. The released CO2 data has been 
corrected to account the relevant fractional conversion to CO. Filled symbols represent data points 

collected during the temperature ramping phase (t 1100 s), open symbols represent data points 
collected during the temperature plateau phase (T=1100 K). 
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symbols represent those during the temperature plateau phase. Plotting the experimental 

data in this manner allows comparison of the CO production performance for similar 

absolute amounts of CO2 being released into the plasma at different points in the 

calcination cycle.  

Although the amount of CO produced increases with increasing input power, the qualitative 

relationship between CO produced and CO2 released by a given sample is not affected. The 

data points for Pure CaCO3 are consistently higher than those of the TM-doped CaCO3 over 

the entire release cycle, reflecting that sample’s better performance in terms of CO2-to-CO 

conversion. In all cases the addition of TMs to the calcium carbonate results in promotion 

of surface-mediated back reaction of CO to CO2: 

 
�� +

1

2
�� → ��� 

(3.9) 

All plots have the same general shape. While the absolute amount of CO produced 

increases with increasing amount of CO2 evolved, the conversion faction decreases 

resulting in the observed curvature of the plots. At a given point, either due to attainment 

of the plateau temperature or to the onset of carbonate depletion, the plots reverse and 

the CO2 evolution and CO production both decrease again. The decreasing phase coincides 

primarily, though not exclusively, with the plateau phase of the calcination process. 

The samples can be sub-divided into three groups based on the specific characteristics of 

these plots. In the case of the Pure and Zn-doped samples, the CO2-to-CO conversion is 

slightly higher during the decreasing CO2 phase than during the earlier increasing phase. 

For the Fe- and Ni-doped samples slightly lower conversion is obtained during the 

decreasing phase as compared to the increasing phase suggesting somewhat enhanced 

promotion of the recombination by the oxide form. The most notable effect is for the Co- 
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Figure 3.12: Integrated conversion of CO2-to-CO versus power. 
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and Cu-doped samples where there is a significant reduction in conversion during the 

decreasing phase as compared to the increasing phase. Thus, the Co- and Cu-doped 

samples become particularly effective at promoting the back reaction to CO2 when in their 

oxide form. 

A parameter that describes the performance of plasma dissociation of gas molecules is the 

conversion factor (simply conversion) defined as:  

 
���������� (�) =

[��]

[���]
 

(3.10) 

Where [CO] and [CO2] are integrated intensities of corrected CO and total CO2 released 

respectively. Thus, the overall conversion fraction of CO2 from each sample calculated from 

Eq. (3.10) is shown in Figure 3.12 in which the highest conversion of ~50 % is achieved by 

the Pure sample and the lowest conversion of ~35 % for Cu-and Co-doped samples.  

 

3.3.2.b Calcination of Pure CaCO3 in ~0.1-to-0.4 mbar H2O plasma 

Figure 3.13 shows plots of instantaneous CO produced versus instantaneous CO2 released 

from Pure CaCO3 sample calcined various water vapour pressure (0.1 -to- 0.4 mbar) for 

different plasma input powers. As before, filled symbols represent measurements during 

temperature ramping while open symbols represent the plateau phase at 1100 K. The 

instantaneous CO produced for each pressure increases with increasing input power. CO 

Figure 3.13: CO produced versus CO2 released from Pure CaCO3 calcined at 1100 K in ~0.1 -to-
0.4 mbar water vapour plasma of various power. (Note that 0.2 mbar and 0.4 mbar have the 
same scale as 0.1 mbar and 0.3 mbar respectively). 
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production decreases with increase in H2O vapour pressure for any given power. As the 

vapour pressure increases for a fixed plasma power, the energy per molecules available to 

either CO2 or H2O decreases. As a result, conversion of CO2-to-CO decreases. 

 Figure 3.14 (a- b) shows the integrated production of CO and corresponding overall CO2 

conversion fraction as a function of increasing plasma input power for calcination of Pure 

CaCO3 samples at the different vapour pressures.  

3.3.3 Characterization of decomposed samples  

Morphological investigation of Pure, Co-, Fe-, and Ni-doped samples after calcination under 

~0.1 mbar H2O plasma at 200 W was performed by SEM (Figure 3.15 (a-d)). After CO2 is 

released from the samples, metal oxide particles are formed. The SEM micrograph of CaO 

particles (Figure 3.15 (a)) evolved an agglomerated pattern. Particles of samples doped with 

Co, Fe, and Ni depicted more porous surfaces, with particles exhibiting spherical shapes 

with larger apparent surface area. X-ray powder diffraction was also performed on samples 

after calcination at 1200 K in H2O plasma of 200 W. Quantitative analysis performed by 

Match software (Table 3.1) indicates the percentage of CaO and the crystallite sizes of the 

main peaks of XRD pattern [111], [200], and [202] of CaO phase.  

The average crystallite sizes are smaller (~20 -to- 50 %) as compared with samples calcined 

under similar conditions in water vapour only (Table 1.5 in Chapter 1). This demonstrates 

an effect of plasma on the growth of oxide particles crystallite size during the calcination 

process. The percentages of CaO formed from Pure and Fe-doped samples are lower 

compared to other TM-doped samples. This trend is identical to that observed for samples 

after purely thermal decomposition conditions and thus is not influenced by the plasma 

exposure.

Figure 3.14: Pure CaCO3 decomposed in different H2O vapour pressure and different 
input power. (a) CO produced from CO2 dissociation and (b) Conversion of CO2 -to- CO. 
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Table 3.1: Quantitative analysis of CaO formed from each sample after calcination in ~0.1 mbar H2O 
plasma of 200 W at 1200 K and the crystallite sizes of the main peaks of CaO in hkl indices of [111], 
[200], and [202]. 

  

Calcined 
Samples 

CaO phase 
quantity (%) 

CaO average 
crystallite size 

(nm) 

Crystallite sizes in different orientations 

CaO 
d111 (nm) 

CaO 
d200 (nm) 

CaO 
d202 (nm) 

Pure 67.8 43.0 43.0 41.3 44.7 

Fe-doped 83.9 34.6 33.0 36.1 34.8 

Co-doped 93.0 53.8 55.6 53.1 28.98 

Zn-doped 94.2 54.2 47.9 51.2 63.4 

Cu-doped 88.0 55.1 56.1 57.0 52.4 

Ni-doped 95.3 45.8 55.6 53.1 29.0 

a b 

c d 

Figure 3.15: SEM micrograph of carbonate samples after plasma-assisted thermal 
decomposition at 1100 K in ~ 0.1 mbar H2O plasma of 200 W input power. The evolved metal 
oxide particles (a) Pure, (b) Co-doped, (c) Fe-doped, and (d) Ni-doped. 



3.4 Conclusions  121 

 

3.4  Conclusions 

This study explores the proof of concept for producing fuels (CO) from plasma-assisted 

thermal decomposition of CaCO3 utilizing H2O vapour plasma for simultaneous dissociation 

of released CO2 and H2O. This concept could potentially be integrated into Calcium Looping 

(CaL) power plant in which CO2 released during calcination can be directly converted to 

fuels with the utilization of surplus electricity from renewable energy sources. In this 

manner excess electricity could be stored into chemicals and fuel for industries and 

transportation. In addition, in carbon-capture and utilization process, CO2 plasma-

conversion with H2O ensure future energy security by closing the carbon cycle. 

The addition of TM-dopants to CaCO3 samples was generally counter-productive at an 

elevated temperature when combined with exposure to plasma-activated H2O. Most 

notably, the oxide forms of the TM-doped samples tended to promote the recombination 

of plasma-dissociated H2O. Co- and Cu-dopants were particularly effective in this respect, 

while the Zn-dopant was most similar in behaviour to the Pure CaCO3 sample. TM-dopants 

also acted to reduce CO2-to-CO conversion. This occurred for all TM-doped samples over 

the entire calcination region, although to differing degrees. The Co- and Cu-doped samples 

were the most active in promoting CO2 recombination, with the oxide being the most active 

form in both cases. The Zn-doped oxide form was the least active for promoting CO2 

recombination, being comparable to the Pure CaCO3 in terms of performance. The overall 

CO2 conversion for each sample increased with input power and maximum conversion of 

~35-50 % was achieved at 200 W. 

For a fixed pressure, the amount of CO produced increased. However, when concentration 

of H2O increased the CO produced decreased as a result of decrease in energy per 

molecules. Calcination under water plasma did affect the materials morphology, but did not 

significantly alert the rate or degree of calcination. 

.
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Chapter 4 : Optical emission spectroscopic study of 

inductively coupled H2O plasma during thermal 

release of CO2 from CaCO3
*

 

 

Abstract 

Optical emission spectroscopy has been used to investigate low-pressure H2O plasma 

emissions during thermal release of CO2 from calcium carbonate samples. Release of CO2 

into already ignited H2O plasma results in a decrease in the excited hydrogen Balmer series 

(Hα and Hβ) due to the reaction of CO2 with hydrogen species to form CO and H2O. This 

decreases the electron temperature of CO2-H2O plasma. The rotational and vibrational 

temperatures were estimated from emission spectra of OH (A-X) (0,0) band. The estimated 

vibrational temperature was found to be larger than the rotational temperature. This 

indicates a non-equilibrium plasma in which the dissociation channel of H2O and CO2 were 

through vibrational excitation caused by electron impact. The release of CO2 into H2O 

plasma decreased vibrational temperature and increased rotational temperature. 

 

 

 

*T.T. Belete, M.C.M van de Sanden, and M.A. Gleeson 

(In preparation) 
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4.1  Introduction 

Captured CO2 can be used as a feedstock for chemical industries or can be processed into 

synthetic fuels. A promising candidate for dissociation of CO2 in an energy efficient and 

scalable manner is plasma and this approach is receiving more attention from scientists in 

the field of plasma-chemical conversion. The plasma conversion process ideally stores 

renewable energy in energy-dense chemical forms. In recent decades studies on plasma-

assisted dissociation of CO2
1–5, and water 6–8 were reported as part of an effort to foster 

development of alternative fuel sources and chemical precursors. Plasma is an ionized gas 

with energetic electrons and high energy density that can easily activate thermodynamically 

stable molecules such as CO2 and H2O through ionization, vibrational, and electronic 

excitation. These processes break bonds to form CO, H2 and O2 molecules and OH, H, and 

O radicals. One of the properties that make plasma attractive for chemical and other 

industrial applications is that it can locally generate temperature that exceeds traditional 

chemical processes while creating a significant concentration of excited and chemically 

active species. This can increases the efficiency of chemical reactions (gas conversion) to 

levels that would not be easily achievable using conventional methodologies 9–12. 

Within this concept, we are evaluating plasma conversion of CO2 released from transition 

metal (TM) doped CaCO3 in an inductively coupled H2O plasma (ICP) discharge. CaCO3 is the 

loaded form of the sorbent used in the Calcium Looping (CaL) cycle, which is suitable for 

CO2 capture from point sources 13,14. The potential to provide a high plasma density at a 

low-gas-pressure and the absence of electrodes has makes ICP discharges energy efficient 

yet cost-effective 15. Energy efficiency of ~60 % for CO2 dissociation by ICP is reported in 

literature 16. This work focusses exclusively on the characterization of the low-pressure H2O 

and H2O-CO2 plasma. Such discharges have large mean free paths and the collision 

probability of electrons with heavy plasma species is low. As a result, energy exchange in 

such plasma is non-uniform and the electron temperature is typically much higher than 

other plasma parameters such as ion temperature 16,17. 

Different characterization techniques can be employed to monitor plasma parameters. 

Optical emission spectroscopy (OES) is a well-established non-invasive diagnostic tool that 

can provide insight into plasma processes. This technique is sensitive to changes in plasma 

parameters such as densities and the formation of radicals. In addition, OES can be a very 

sensitive tool to track rotational and vibrational populations 18. 

In the first part of this chapter, radiofrequency inductively coupled plasma (RF-ICP) 

discharge generation and possible plasma dissociation mechanisms of CO2 and H2O are 

described. In the Results and Discussion section, emission spectra analysis of H2O and H2O 
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CO2 plasmas created thermally-driven release of CO2 from TM-doped CaCO3 into H2O 

plasma will be addressed. 

4.2  Experimental 

Figure 4.1 illustrates the schematics of the experimental setup used for plasma dissociation 

of CO2 and H2O. It consists of a heating stage for thermal decomposition of CaCO3 and the 

optical emission measurement system. The bulk of the reactor is made of stainless steel. 

Resistive heating is used for decomposition of CaCO3 samples (detail about the reactor can 

be found in Chapter 119). In each measurement, ~150 mg of sample was placed above the 

commercial resistive heating stage (UHV-Design) in a circular tray made of Titanium-

Zirconium-Molybdenum (TZM) alloy. During the calcination process, the temperature was 

ramped at 1 K/s from room temperature to 1100 K and held at this temperature for 15 

minutes. The process temperature was monitored with a K-type thermocouple mounted in 

a fixed position near the sample tray. Heating is controlled by a custom-built controller with 

a PID feedback system. The sample is spatially separated from the plasma generation zone 

(see Figure 4.2). Plasma and sample are combined in a so-called two-stage configuration. 

After a sample is loaded, a rotary mechanical pump was used to establish a base pressure 

~10-3 mbar. Thereafter ~0.1 mbar water vapour is introduced from the top of the quartz 

tube via a needle valve. H2O plasma is generated in the quartz tube (detail in Plasma 

generation section). Measurements shown in this chapter were performed during the 

calcination of samples in plasma for which the calcination results are presented in 

Chapter 3.

Figure 4.1: Schematics of experimental setup for sample decomposition and optical emission spectra 
diagnostic of H2O and H2O-CO2 plasma. H2O vapour flows down through quartz tube while CO2 flow up into 
discharge zone as indicated. 

A: Emission collected through quartz tube Z= 4 cm  
B: Emission collected above the sample Z= -15 cm 
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The layout of the optical emission spectrometer setup is illustrated in Figure 4.1. The 

emission spectra measurements were collected by an Ocean Optics Inc., Florida (U.S.) HR 

4000 spectrometer with 0.26 nm resolution. The spectra cover the UV–Vis–NIR range from 

200 to 1100 nm. The emitted light was collected by focusing it with a lens into an optical 

fibre from two positions: position A (“in plasma”) at distance of 12 cm from the quartz tube 

through a hole in the copper mesh used as Faraday shield, and position B (“above the 

sample”) at distance of ~14 cm through CF 35 flange Kodial glass viewport. 

4.2.1 Plasma generation 

The RF-ICP is generated in a quartz tube by feeding high-frequency (13.56 MHz) current 

into a cylindrical antenna coil. The alternating current in the coil creates an oscillating 

magnetic field (H) that generates an induced electric field (E) within the tube according to 

Faraday’s law. The electric field (partially-) breaks down low-pressure gas molecules into 

ions and electrons when the reduced electric field (E/p) is sufficient for ionization. Highly 

mobile free electrons in the gas are accelerated by the electric field and collide with other 

gas molecules several times inducing further ionization. Through collisions, electrons lose 

some of their energy to neutrals. This process creates a plasma discharge in the quartz tube. 

The coupling between inductive coil and plasma can be represented by a simple voltage 

decreasing transformer in which the coil represents the primary multi-turn windings, and 

the plasma represents the secondary single-turn winding. A cylindrical antenna coil is 

connected to a matchbox (PFM 1500 A), while the RF power supply and the resonant 

matching network are connected through the coaxial cable of typical 50 Ω internal 

impedance (Figure 4.2). For effective coupling of RF power supply, a low plasma resistance 

Figure 4.2: Scholastics of inductively coupled plasma (ICP) generation. H2O vapour and CO2 (on 
demand for gas mixing) are injected from the top. CaCO3 is thermally decomposed by the heater 
to produce CaO and CO2. 
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is required. During operation, plasma was sustained in a low-pressure (~0.1 -to- 0.4 mbar) 

of water vapour without the addition of any other gases. RF input power during the 

experiment was in the range 50-200 W. The input power is the net power coming from the 

power supply. It is given by the difference between the forward and reflected power (P��� =

P��� − P���). During operation, the capacitive and inductive tuner was used for impedance 

matching of the RF power with the plasma for maximum absorption of power. 

4.2.2 Plasma dissociation of H2O and CO2  

The net endothermic plasma-chemical processes for dissociation of CO2 and H2O are 

represented in Eq. (4.1- 4.2). 

 
��� ⟶ �� + 

1

2
��                                      ∆� = 2.9 ��/��� 

(4.1) 

 
��� ⟶ �� + 

1

2
��                                      ∆� = 2.6 ��/��� 

(4.2) 

Where ∆H=2.9 eV/mol and 2.6 eV/mol are the standard reaction enthalpy of reactions 4.1 

and 4.2 respectively. 

4.2.2.a CO2 dissociation mechanisms 

Plasma dissociation of CO2 molecules occurs through electron impact by vibrational and 

electronic excitation. Vibrational excitation is the most efficient means for CO2 dissociation 

because this process requires the least amount of energy 20. The ground state of CO2 has a 

linear structure and can be characterized by three modes of vibration namely symmetric 

stretching designated by a quantum number ν1 (ℏω1=0.17 eV), bending ν2 (ℏω2=0.085 eV) 

and asymmetric stretching ν3 (ℏω3=0.30 eV) 16. The bending mode is doubly degenerate due 

to the linear symmetry. Of all vibrational modes, the asymmetric stretch mode is the most 

effective mechanism at typical electron temperature of 1-3 eV  as the main portion of the 

discharge energy is transferred from plasma electrons to vibrational levels 16. Electrons with 

this energy easily excite CO2 molecules by electron impact. Vibrational-vibrational exchange 

with highly-excited asymmetric mode levels is potentially important for dissociation 

through step-by-step vibrational excitation (also known as ladder climbing). The excitation 

process starts with CO2 molecules excited from the vibrational ground state to the first 

asymmetric stretch level as in Eq. (4.3). 

 �� + ���(0,0,0) ⟶ �� + ���(0,0,1) (4.3) 

For this process electrons with energies between 0.3 eV to 2.0 eV are required. An excited 

molecule can be further excited by collision with another excited CO2 molecule.
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 ���(0,0,1) + ���(0,0,1) ⟶ ���(0,0,2) + ���(0,0,0) (4.4) 

Through this process, vibrationally excited CO2 molecules can gain energy higher than the 

dissociation threshold and dissociates into CO and atomic oxygen (O) in an electronically 

ground state Eq. (4.5). The 5.5 eV/molecule is the energy of OC=O bond in CO2 molecule. In 

other words, it is the energy of asymmetric mode level (0,0,21) [CO2*(3B2)] at which CO2 

dissociates. This is a multi-step process that takes place through V-V quantum exchange.  

 

 ��∗
�(�Σ�) ⟶ ��(�Σ�) + � (��)                          (4.5) 

Oxygen radicals generated by this process can react with another excited CO2 molecule to 

produce a second CO molecule (O + CO2*→ CO + O2   ∆H= 0.3 eV). 

 

A second and less efficient dissociation method is direct electronic excitation of CO2 from 

ground state to CO and O. This process requires electrons with an energy of 7-10 eV. 

 

 �� + ��� ⟶ �� + � + �� (4.6) 

Such dissociation is dominant in low-pressure plasma with a high value of the reduced 

electric field in which vibrational exchange is suppressed. 

High energy electrons can also contribute to excitation to other states that do not lead to 

CO2 dissociation. The maximum energy efficiency of this mechanism is ~25 % which 

amounts to 11.5 eV per CO molecule 16. A thermal decomposition process requires a 

temperature of about 2500 - 3000 K 20 to dissociate CO2. In thermal plasma dissociation, to 

suppress the recombination of CO and O quick quenching of the product is advised. 

Dissociative attachment Eq. (4.7) is another electronically-induced CO2 dissociation 

mechanism that has energy threshold lower than dissociation through electron excitation. 

This process requires electron energy of 4-8 eV. 

 ���(�) + � ⟶  �� + �� (4.7) 

Electron impact excitation CO2(X) + e-→CO2* + e- and electron impact ionization CO2(X) + e-

→CO2
+ + 2e- require about 6.2 eV and 13 eV respectively. The details of these processes are 

discussed in depth in the book Plasma Chemistry by Alexander Fridman 16.  

 

4.2.2.b H2O dissociation mechanism 

Unlike CO2, in H2O molecules there is no preferential vibrational pumping. There are three 

major kinetic steps for dissociation of H2O molecules in plasma: excitation of lower 

vibrational levels of H2O molecules which is provided by electron impact, excitation of the  
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higher vibrational level due to vibrational-vibrational relaxation, and dissociation of highly 

vibrationally excited H2O molecules through a chain reaction Eq. (4.8) and chain 

propagation Eq. (4.9-4.10). The chain reaction mainly produces H2 and H2O2 which decays 

to H2O and O2 in plasma 16. 

 ��� + � → ���∗ + �;   ���∗ + ��� ⟶  � + �� + ��� (4.8) 

 � + ���∗ ⟶ �� + ��      ∆� = 0.6 ��/���    (4.9) 

 

 �� + ���∗ ⟶ ���� + �      ∆� = 2.6 ��/���  (4.10) 

An alternative chain propagation reaction that provides plasma-chemistry of H2O 

dissociation stimulated by vibrational excitation are: 

 

 �� + ���∗ ⟶ �� + ���    ∆� = 2.1 ��/���  

 

(4.11) 

 

 ��� + ���∗ → ���� + ��   ∆� = 1.1 ��/���  

 

(4.12) 

Eq. (4.11-4.12) reactions are slower and have higher activation energy. Therefore, the net 

endothermic reaction Eq. (4.2) is initiated by dissociation of vibrationally-excited molecules. 

Chain propagation reactions stimulated by vibrational excitation could be terminated 

through the three-body recombination process as shown in Eq. (4.13). 

 

 � + �� + ��� → ��� + ���                (4.13) 

Plasma dissociation of water molecules can proceed through electron impact excitation in 

which OH, hydrogen radicals can be formed. 

 

 ��� + �� → ��(�) + �(1�) + ��               5.10 ��/��� (4.14) 

 ��� + �� → ��∗(�) + �(1�) + ��         9.15 ��/��� (4.15) 

At slightly higher electron temperatures (Te ≥ 1.5 eV), dissociative attachment process is 

another mechanism through which H2O plasma dissociation occurs according to ��� +

�� → �� + ��. This mechanism is initiated by ionization of H2O molecules 16. 

4.2.3 Gas temperature determination  

The gas temperature (Tg) in non-equilibrium plasmas is often estimated from the plasma-

induced emission spectra by measuring the rotational temperature (Trot) of a diatomic 
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molecule in its excited state 21. It is generally known that the rotational temperature can be 

used to estimate gas temperature (Tg) which is representative of the kinetic energy of 

neutral particles (Tg≈Trot) 22,23. Considering the lifetime of the molecules, the ground state 

molecules have significantly larger lifetime compared to the characteristic time between 

collisions. Thus, the rotational temperature of the ground state molecules is usually a good 

representation of the gas temperature.  

The OH (A2∑+→X2∏) (0,0) emission was used to estimate the rotational and vibrational 

temperature of H2O containing plasmas 24 in the range of 300 – 330 nm using open source 

Massive OES 25,26 fitting software. Vibrational temperature characterizes vibrational 

excitation, through which a major part of energy exchange between molecules in plasma 

occurs and which can have a strong impact on the dissociation of molecules. The rotational 

temperature describes the Boltzmann distribution by which the different rotational states 

of the molecule are populated.  

4.3  Results and Discussion 

H2O plasma creates stable molecules H2 and O2; in addition OH, H, and O radicals. During 

thermal decomposition of CaCO3, the CO2 released mixes with the water vapour and the 

discharge changed from pure H2O plasma CO2-H2O plasma. Plasma dissociation of CO2 

creates additional species such as CO, O2, and CO2
*27. 

4.3.1 Emission spectra of H2O Plasma  

Prior to analysis of the CO2-H2O spectra, emission spectra of H2O plasma of ~0.1 -to- 

0.4 mbar were collected in order to assess the effect of increase in pressure and input 

power. The spectral intensities of Hα, Hβ, and O atomic lines of the plasmas are shown in 

Figure 4.3 (a-c). The measured spectra were averaged in time to decrease errors created 

due to slight instability of water vapour flow. The first observation is that at higher pressure, 

the emission intensities tend to decrease for a given input power. The emission intensities 

at a given pressure increases with increasing input powers.  

OH spectra from which rotational and vibrational temperatures were estimated are shown 

in Figure 4.4 (a-b). An increase in the intensities of the OH emission with increasing input 

power for ~0.1 mbar H2O vapour (Figure 4.4 (a)) and increase in intensity with increase in 
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pressure at a fixed input power of 200 W (Figure 4.4 (b))are seen. Increase in the plasma 

volume is also observed with increasing input power, while the volume decreases with 

increasing vapour pressure.  

The rotational and vibrational temperature of H2O plasma as a function of pressure and 

input power were estimated from these emission spectra, as shown in Figure 4.5 (a-b). The 

rotational temperature was significantly lower than the vibrational temperature. 

Furthermore, both temperatures decrease with increasing input power and pressure. A 

decrease in vibrational temperature with power could be due to power loss mechanism 

from vibrational excitation to ionization. This implies higher vibrational levels are not 
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vapour plasma. (a) Hβ intensities versus power, (b) Hα intensities versus power, and (c) O (777.4 nm) 
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efficiently excited by plasma electrons 23. Increased pressure also contributes in transferring 

vibrational to translational energy through collisions with neutrals, which is referred to as 

vibrational-translational (VT) relaxation, decreasing Tvib. Dissociation of H2O molecules in 

plasma is influenced by three factors: discharge energy fractions resulting in vibrational 

excitation, effectiveness of dissociation with respect to VT relaxation which is very high for 

H2O molecules, and energy loss channel in exothermic self-recombination of active species 

that produces either stable molecules (H2 and O2) or conversion back to H2O. Atomic oxygen 

is known to be the main sink for electrons, and a high concentration of oxygen formed at 

higher input power could decrease the concentration of energetic electrons that are 

responsible for vibrational excitation. This can account for a decrease in Tvib and Trot as a 

function of input power in addition to the above-mentioned factors.  

4.3.2 Emission spectra of H2O-CO2 plasma  

Mixed gas measurements were performed by leaking CO2 from a gas cylinder into water 

vapour in the ratio of CO2-to-H2O pressure of 1:2, 1:4, 1:6, and 1:8 (mixing ~0.05 mbar CO2 

into 0.1 –to- 0.4 mbar H2O). The H2O-CO2 plasma had two CO bands of the third positive 

system CO(3P) at ~283 nm, ~297 nm, and 313 nm in addition to OH spectra due to CO2 

cracking that produced CO (Figure 4.6 (a-b)). An increase in the intensity of light emitted is 

indicative of an increase in OH density during plasma cracking of H2O.  

The vibrational and rotational temperatures of CO2-H2O mixed plasma were also 

determined for CO2 and H2O mixed in pressure ratio of 1:2. Unlike pure H2O plasma, Tvib of 

CO2-H2O plasma decreased only slightly with power as shown in Figure 4.7 (a). It should be 

Figure 4.5: The relationship between (a) rotational temperature and (b) vibrational temperature of 
water plasma at different pressures as a function of input power. The spectrums were collected at 
position A “from the plasma”. The legend and colour scheme are the same for both panels. 

50 100 150 200

1000

1200

1400

1600

50 100 150 200

6000

7000

8000

9000

10000

11000

R
o
ta

tio
n
a
l 
T

e
m

p
e
ra

tu
re

 (
K

)

Power (W)

 0.1 mbar
 0.2 mbar
 0.3 mbar
 0.4 mbar

a

T
rot

T
Vib

Power (W)

b



4.3 Results and Discussion 135 

 

noticed that the error bars are large at low power due to the contribution from CO (0,2)  

intensity that affected fitting. For H2O-CO2 plasma at 200 W in which the concentration of 

H2O increased, Trot < Tvib (Figure 4.7 (b)) as previously seen for pure H2O plasma. 

Figure 4.7: Vibrational and rotational temperature of CO2-H2O plasma. (a) variation in Trot and Tvib 
with an increase in power for H2O-CO2 plasma in which the ratio of CO2-to-H2O pressure was 1:2 
and (b) profile of Trot and Tvib of H2O-CO2 plasma for different ratios of CO2-to-H2O pressure at 200  W 
The spectrums were collected at position A “from the plasma”. 
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Figure 4.6: OH emission spectra of (a) ~0.15 mbar H2O-CO2 plasma in which CO2 and H2O were 
mixed in 1:2 ratio at different power and (b) H2O-CO2 plasma at 200 W in which CO2 and H2O 
were mixed in the ratios of 1:2 (~0.15 mbar), 1:4 (~0.25 mbar), 1:6 (~0.35 mbar), and 1:8 
(~0.4 5 mbar). The spectrums were collected at position A “from the plasma”. 
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4.3.3 Emission spectra of CO2 released from CaCO3 in ~0.1 mbar H2O 

plasma  

The emission spectra of H2O-CO2 plasma at 200 W during decomposition of Pure CaCO3 

sample was collected every 10 seconds over the course of the measurement (~29 minutes). 

The profile of CO2 and CO measured simultaneously with a quadrupole mass spectrometer 

(QMS) is shown in Figure 4.8 (a). OES spectra collected at t=360 s, 840 s, and 1760 s as 

indicated in Figure 4.8 (a) from position B (“above the sample”) are shown in Figure 4.8 (b). 

Similarly, the equivalent OES spectra collected from position A (“from the plasma”) are 

shown in Figure 4.8 (c). 

The “360 s” spectra exhibit only OH radical, Hα, and the strong (777.4 nm) O line emission 

of H2O plasma species reaching the surface of the sample. As the sample temperature 

increases, CO2 is released and CO production increases. As a result, the intensities of the 

CO systems appeared in the range of 280-800 nm. The spectra collected at position A (“from 

the plasma”) are dominated by hydrogen Balmer lines, although CO-related emissions do 

become visible during the decomposition. The oxygen lines, in Figure 4.8 (c) shown as an 

inset in shows an increase in intensity for 840 s spectra due to extra oxygen from originating 

from CO2 dissociation.  

Identification of discharge species was done by comparing emission lines with values from 

literature and by comparison with 100 W CO and CO2 plasmas ignited after introduction of 

Figure 4.8: (a) Mass spectrometer profile of CO and CO2 from Pure-CaCO3 decomposed in 200 W H2O 
plasma, (b) emission spectra of H2O-CO2 plasma discharge measured  at position b “above the 
sample”, and (c) emission spectra measured at position A “from the plasma” in which the CO 
emissions are dominated by hydrogen Balmer lines. The oxygen peaks shown as inset indicate 
increase in intensity due to oxygen from CO2 dissociation. The spectra were collected at 360 s, 840 s, 
and 1760 s as shown in (a). 
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~0.1 mbar of the respective gas into the reactor (Figure 4.9 (f)). The CO molecular band 

from 280-800 nm depicted in Figure 4.9 consist of different CO systems namely CO (3P) 28–

30, Angstrom (B1∑+-A1∏), Triplet (d3∆-A1∏), and Asundi (a’3∑+-a3∏) bands 31. In the range of 

280- 360 nm, CO (3P) was dominant (Figure 4.9 (a)). From 400-620 nm different peaks 

Figure 4.9: Optical emission spectra of H2O-CO2 plasma collected at position B “above the 
sample” during thermal decomposition of Pure-CaCO3 at 1100 K in ~0.1 mbar vapour and 
200 W (a-e), emission spectra of different species identified in plasma, and (f) spectra of CO2

released plasma compared to CO and CO2 plasma at 100 W. 
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Figure 4.10: (a) The instantaneous intensity profile of CO Angstrom (0,2) transition collected at 
position B “above the sample” and (b) mass spectrometer profile of CO measured during thermal 
calcination of Pure, Co-, Cu-, and Ni-doped CaCO3 in ~0.1 mbar H2O plasma at 200 W. 
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Due to CO transitions are observed (Figure 4 (b-e)). The most intense peaks were Angstrom 

CO (0, 1), CO (0, 2), Hα, and O (3p5P). Addition bands at ~359 nm and ~390 nm were 

assigned to CN (1,0) and N2(0,0) respectively 27. These species were formed as a result of 

ppm concentration of N2. Figure 4.9 (f) shows very similar spectra of CO and CO2 plasma 

measured from 99.99 % CO and CO2 gases at 100 W, and CO2-H2O plasma during calcination 

of Pure-CaCO3 sample at 200 W. The spectra look quite similar for the three measurements.   

Figure 4.10 (a) shows the instantaneous intensity of CO Angstrom (0,2) transition evolving 

in time during the calcination process of Pure, Co-, Cu-, and Ni-doped samples. As seen in 

Figure 4.10 (b), the intensity of CO begins to increase when the CO2 release temperature of 

the carbonates is reached. The difference in onset of CO production due to CO2 dissociation 

among Pure, Co-, Cu-, and Ni-doped samples were evident as highlighted by the shaded 

region of emission spectra and QMS traces (Figure 4.10 (a-b)). The intensities of CO 

produced from Co- and Cu-doped samples were lower than Pure as measured with QMS. 

This was due to the catalytic nature of Cu and Co that resulted in loss of CO concentration 

through recombination to CO2  Figure 4.11 shows a contour plot of H2O and CO2 released 

from CaCO3 into H2O plasma. The strong and persistent features detected from H2O plasma 

Figure 4.11: Contour plot of measured optical emission spectra of a H2O-CO2 ICP discharge 
collected at position A “from the plasma” at 200 W during thermal decomposition of Pure CaCO3

in ~0.1 mbar vapour at 1100 K. Intervals indicated in broken line shows intervals when CO2 was 
released from the carbonate sample. 
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were excited species of hydrogen Balmer series (Hα line at 656.5 nm, Hβ line at 486.4 nm, 

and H  line at 434.3 nm), and OH, band at 309.5 nm. In addition, the two atomic oxygen 

lines at 777.4 nm (3p5P → 3s5S) and at 844.6 nm (3p3P → 3s3S) were also observed at 

position A “from the plasma”. The emission spectra of CO systems are dominated by Balmer 

series of H2O plasma during the decomposition as shown in Figure 4.8 (c) and Figure 4.11 

(left bottom). The intensity of Hα is very much higher than Hβ  as shown in both Figure 4.8 

(c) and Figure 4.11 due to the fact that electrons reach n=3 (Hα transition n=3→ n=2) energy 

level through absorption of less energy than n=4 (Hβ transition n=4→ n=2). An increase in 

the intensity of the strong and persistent O line (777.4 nm) was observed which attributed 

to extra oxygen from CO2 dissociation (see Figure 4.8 (c) and Figure 4.11 right bottom 

panel). The OH, Balmer series, and the two O emission lines from H2O were prominent 

throughout the whole measurement. The intensity of CO systems increased with increasing 

CO2. The interval between the broken lines indicated in Figure 4.11 represent the interval 

over which CO2 was released into the H2O plasma and dissociated into CO and O. The 

release of CO2 from the samples into the reactor suppresses H2O plasma excited species, 

(i.e. the intensities of OH and hydrogen Balmer series dropped). 

A significant decrease in intensity of Hβ line (Figure 4.12 (a)) was observed during the 

decomposition process. Hence, the excited hydrogen species are consumed by CO2 

released from the samples and form H2O and CO. This phenomenon had an effect on 

plasma electron temperature (Te) in addition to changing the plasma composition. A trivial 

technique to determine a change in electron temperature is comparing the ratios of Hβ to 

Hα emission intensities [I(Hβ)/I(Hα)] which is indicative of Te 32.

Figure 4.12: (a) Decrease in the intensity of Hβ of different plasma power and (b) intensity ratio 
of Hβ to Hα indicating decrease in electron temperature. The valleys in the middle of both 
graphs are due to CO2 released from decomposition of Ni-doped sample at 1100 K in 
~0.1 mbar vapour plasma. All spectrums are collected at position A “from the plasma”. 
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Constant ratio infers constant Te. Hence, the release of CO2 into already igniting H2O plasma 

decreases the electron temperature (Te) and this effect is more substantial with an increase 

input power (see Figure 4.12 (b)). The excitation of CO2 involves the consumption of 

energetic electrons in the plasma and resulted in a decrease in electron temperature. 

Estimation of vibrational and rotational temperatures was performed by comparing 

simulated and experimentally measured OH emission as shown in Figure 3.14 (a). Massive 

OES software has an optional (Boltzmann) plot to calculate rotational temperature which 

yields better fit when three different Boltzmann rotational distributions in vibrational levels 

0, 1, and 2 are included. This suggests a single temperature does not yield a better fit. In 

numerous studies, rotational and vibrational temperatures of OH(A-X) were predictable by 

fitting the spectra with simulation programs such as Specair 33,34 and Lifbase 33,35,36. Like 

these two programs, Massive OES also assumes Boltzmann distribution in fitting the 

experimental data.  

Figure 4.13 (b-c) shows the rotational and vibrational temperature of ~0.1 mbar H2O plasma 

at 200 W in which CO2 is released into H2O plasma from CaCO3 via thermal decomposition.  

Trot of 2600 ± 150 K and Tvib of 9800 ± 800 K were estimated for H2O plasma at the beginning 

Figure 4.13: Vibrational and rotational temperatures of H2O plasma(~0.1 mbar) during thermal 
decomposition of Pure, cobalt, and copper doped CaCO3 in 200 W power at 1100 K. (a) Profile of 
measured and simulated optical emission of OH (A-X) band, (b) rotational temperature profile, (c) 
vibrational temperature profile, and (d) the intensity variation of OH spectra. The hill and valleys in b-c 
represent interval over which CO2 was released from the samples. All spectrums are collected at 
position A “from the plasma”. 
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and end of measurements. When CO2 was released the profiles of both temperatures and 

the intensity of OH changed. Trot increased, while the Tvib and OH(A-X) show the opposite 

effect. Indeed a decrease in Tvib was due to vibrational energy losses through vibrational-

translational (VT) relaxation, and this process is also responsible for gas heating (increase 

in Trot) 16. An increase in pressure due to CO2 released also increased the collision frequency 

that thermalized neutral gases and promotes energy transfer 37. As Trot < Tvib this ICP 

discharge is far from thermal equilibrium. In such non-equilibrium plasma, population 

density of the vibrational-rotational state depends on the electron temperature, gas 

temperature, vibration temperature, and rotation temperature 37. To stimulate effective 

H2O and CO2 dissociation through vibrational excitation, the population of vibrationally-

excited molecules must be maintained. This requires that the vibrational temperature (Tvib) 

exceeds the rotational temperature (Tg) resulting in a non-equilibrium plasma.  

4.4  Conclusions 

This study highlighted the characterization of H2O and H2O-CO2 plasma at different power 

and pressure by optical emission spectrometer. The main observation during CO2 

release into H2O plasma was reaction of active species in the plasma with CO2 that 

decreased the intensity of OH and hydrogen Balmer lines (Hα and Hβ). This took place 

through loss in vibrational energy accompanied by vibrational relaxation due to the 

high value of the vibrational-translational relaxation rate coefficient of H2O. 

Moreover, an increase in pressure also led to a decrease in energy per molecules. 

The vibrational and rotational temperatures of H2O plasma estimated by fitting OH 

(A-X) spectra to simulated spectra showed higher vibrational temperature. The 

release of CO2 into already ignited plasma not only changed the composition of the 

plasma but also changed the plasma parameters such as Tvib and Trot. The estimated 

values of Tvib were greater than Trot in H2O plasma and H2O-CO2 plasma. This implies the 

plasma was far from thermal equilibrium and the dissociation channel for H2O and 

CO2 were through vibrational excitation caused by electron impact. An increase in Trot 

with the release of CO2 was indicative of gas heating as a result of pressure-induced collision 

with the neutrals.
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Chapter 5 : Reactivity of transition metal doped 

CaCO3 for CO2 conversion* 

 
Abstract 

Preliminary thermal decomposition and reactivity measurements have been conducted to 

study the thermal reactivity of transition metal doped CaCO3 samples. Calcination in H2 

results in a decrease of the decomposition temperatures of between ~70-190 C relative to 

calcination in inert He. Different gases mixtures (CO, CO2, CH4, and H2O), depending on the 

transition metal dopant, are evolved during calcination under H2. In addition, the catalytic 

activity of (dual) transition metal doped oxides formed by calcination was investigated for 

the reverse water-gas-shift reaction. 

 

 

 

*T.T. Belete, M.C.M van de Sanden, and M.A. Gleeson 
(In preparation) 
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5.1  Introduction  

The conversion of CO2 released during calcination of CaCO3 to CO and CH4 in the presence 

of transition metal (TM) catalysts have previously been investigated by researchers using 

Thermogravimetric Analysis (TGA)1,2. The ability to record weight change (∆m) versus 

temperature or time, makes TGA a useful instrument for monitoring mass loss in processes 

such as decomposition, reduction of metal oxides, evaporation, or mass gain during 

carbonation, gas absorption and oxidation. Thermal decomposition is describable by an 

overall first-order reaction and follows the Arrhenius-type equation by correlating the rate 

of mass loss with temperature. The equation used to describe the decomposition of solid 

samples 3 like CaCO3 is given by: 

 ��

��
= �(�)�(�) = � ���[

−��

��
]�(�) 

(5.1) 

 

Where A is pre-exponential factor (s-1), �� is activation energy (kJ mol-1), R is universal gas 

constant (JK- 1mol- 1), T is temperature in Kelvin, and �(�) is reaction model. 

The degree of conversion (�) of the sample at a specific time is defined as: 

 � =
�� − ��

�� − ��
,     0 ≤ � ≤ 1  (5.2) 

Where m0 is the initial mass of CaCO3, mt is mass of CaCO3 at a given time, mf is mass of 

CaO formed at the end of decomposition. The same formula can be applied for carbonation 

of CaO in CO2 atmosphere to form CaCO3. In this case, m0 is an initial mass of CaO, mt is the 

mass of CaO at a given time, and mf is the mass of CaCO3 initially decomposed. Calcination 

of CaCO3 occurs via crystallographic transformation involving thermal decomposition of 

samples that transform into a stable oxide phase. Generally, the kinetics of calcination are 

determined by the calcination temperature, calcination atmosphere, and degree of 

conversion 4. The kinetics of the CaO and CO2 reaction during carbonation process are 

controlled by the gas-solid reaction, in which the reaction rates are controlled by gas mass-

transfer through the porous CaO, the CO2-CaO surface interactions, and the diffusion of CO2 

through CaCO3 layers formed 5. 

In previous calcination of the (TM-doped) CaCO3 samples has been performed under low 

pressure conditions. No evidence of CH4 evolution was detected, which we attribute to 

preferential CO formation when the H2 partial pressure is low. To validate this and to 

confirm that our samples can replicate the activity reported by previous studies on TM-

doped CaCO3, we present comparable TGA measurements performed under a H2-rich gas 

flow. Separately, preliminary evaluation of the catalytic performance of single and dual TM-

doped sample for the reverse water gas shift (r-WGS) under low-pressure is undertaken. 
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5.2  Experimental 

5.2.1 Samples synthesis  

For this work, two sets of samples were synthesized by precipitation method from analytical 

grade precursors of CaCl2*2H2O, Na2CO3, and chlorides of transition metals (ZnCl2, 

NiCl2*6H2O, CoCl2*6H2O, FeCl3*6H2O, and CuCl2*2H2O). The weight of each TM chloride used 

during synthesis was 1.0 %, 2.5 %, 5.0 %, or 10 % of the weight percentage of CaCl2*H2O. 

All samples were precipitated at room temperature from aqueous solutions. Detail of 

precursor’s molar concentration and volume of deionized-water used for 2.5 wt.% and 

1.0 wt.% TM-doped samples are given in Table 1.1 of Chapter 1 and Table 2.2 of Chapter 2. 

For (Cu,Zn)-, (Co,Zn)-, (Ni,Co)-, (Zn,Ni)- 10 % Co- and 10 % Fe-doped CaCO3, the molar 

concentration and volume of deionized water used for synthesis are given in Table 5.1. 

Samples containing Co- and Ni-dopants were synthesized from their chloride by mixed with 

CaCl2•2H2O and Na2CO3 to form CaMCO3 (M=Co and Ni). These solutions were mixed with 

ZnCO3 to precipitate Ca(Co,Zn)CO3 and Ca(Zn,Ni)CO3 samples. 

Table 5.1: Molar concentration (M) and the volume of di-water (ml) of the precursor solutions used 

for TM-doped CaCO3 syntheses. 

Sample Calcium carbonate 

solutions 

TM carbonate solutions 

 CaCl2.2H2O Na2CO3 TM chloride Na2CO3 TM chloride Na2CO3 

(Cu,Zn)-doped 0.75M 

[150ml] 

0.77M 

[150ml] 

CuCl2•2H2O - 

0.097M [50ml] 

0.12M 

[50ml] 

ZnCl2 - 0.12M 

[50ml] 

0.12M 

[50ml] 

(Co,Zn)-doped 0.75M 
[150ml] 

0.79M 
[150ml] 

CoCl2•6H2O- 
0.023M [50ml] 

- ZnCl2 - 0.12M 
[50ml] 

0.12M 
[50ml] 

(Ni,Co)-doped 0.97M 

[150ml] 

0.83M 

[150ml] 

CoCl2•6H2O- 

0.023M [25ml] 

- NiCl2•6H2O- 

0.069M 

[25ml] 

- 

(Zn,Ni)-doped 0.75M 

[150ml] 

0.79M 

[150ml] 

NiCl2•6H2O- 

0.069M [50ml] 

- ZnCl2 - 0.12M 

[50ml] 

0.12M 

[50ml] 

10 Fe-doped 0.60M 

[150ml] 

0.66M 

[150ml] 

FeCl3•6H2O- 

0.036M [50ml] 

- - - 

10 Co-doped 0.60M 

[150ml] 

0.60M 

[150ml] 

CoCl2•6H2O- 

0.038M [50ml] 

- - - 

 

For the sample containing Cu and Zn as a dopant, CuCO3 and ZnCO3 were prepared 

separately from CuCl2*2H2O and ZnCl2 respectively by mixing these TM chlorides with 

Na2CO3 in deionized water. The reason for mixing the precipitated carbonates this way was 
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that Zn2+ and Cu2+ ions inhibit the growth of CaCO3 crystallites in the solution. After mixing, 

the solutions were stirred for 30 min. The precipitated samples were filtered and dried in a 

drying furnace at 100 ⁰C for 48 hours. 

5.2.2 Sample Characterization techniques  

X-Ray Powder Diffraction (XRD): Structural investigation of as-prepared and calcined 

samples were undertaken using a D8 advance Eco, Bruker (Karlsruhe, Germany) XRD with 

Cu-Kα radiation source (�=1.5406 Å) at 40 keV and 25 mA. Diffraction patterns were 

collected in Bragg-Brentano θ/2θ geometry in the range of 20 ≤ 2θ ≤ 60. The qualitative 

analysis was implemented with commercial Match! Software (Crystal impact, Germany).  

Scanning Electron Microscopy (SEM): The morphology of as-prepared and calcined samples 

were studied by Desktop SEM (Phenom Pharos, Thermo Scientific, inc USA.). 

5.3  Result and Discussion  

5.3.1 Calcination during thermogravimetric analysis (TGA) 

Thermal calcination of Pure, 2.5 wt.%, and 10 wt.% TM-doped CaCO3 samples (12-20 mg) 

was carried out in a TGA to evaluate weight loss behaviour, changes in the calculation 

temperature, and the effect of the calcination environment. In the next sections, calcination 

of samples performed in TGA under He and H2-Ar atmospheres will be discussed: 

i. Calcination in a helium atmosphere  

Calcination in a non-reactive atmosphere of helium was performed in a 20 slm flow (1.0 bar 

pressure) to examine weight loss behaviour and CO2 release temperature of samples. 

Weight loss curves of Pure and TM-doped (2.5 wt.% and 10 wt.%) CaCO3 samples calcined 

at 900 ⁰C is shown in . Figure 5.1 (a-b). A heating rate of 10 ⁰C/min was employed for these 

measurements. The results show a small difference between the TGA curves of the 

different samples. This is consistent with the difference in CO2 release behaviour among 

samples reported in Chapter 1 6. During thermal decomposition, the product-reactant 

interface travels from the outer surface into the material bulk. The rate of reaction depends 

on how quickly heat is supplied to the system 7. The effect of TM doping in each sample 

induces a difference in the onset of weight loss compared to Pure CaCO3. Complete 

calcination (oxide phase; weight losses were about ~44 %) was achieved in the temperature 

intervals of 720-750 ⁰C, as shown in Figure 5.1 (a-b). Samples with 2.5 wt.% Ni-and 10 wt.% 

Fe-doping showed slightly less weight loss. Comparing 2.5 wt.% and 10 wt.% Co- and Fe- 

doped samples, the increase in TM content used in sample preparation did not result in a 

significant change in the calcination behaviour of either doped sample. Figure 5.2 (a-b) 
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shows the weight loss rate profiles obtained from the first derivative of TGA curves also 

known as differential thermogravimetric (DTG) of individual carbonate samples. The 

evolution of CO2 from all the samples (Figure 5.2 (a)) started when the ramping 

temperature reached ~550 ⁰C. The rate increases with temperature until all CO2 molecules 

are removed and oxide phase is produced. In Figure 5.2 (b) three losses are evident at 

~319 ⁰C, ~406 ⁰C, and ~719 ⁰C in the case of the 10 wt.% Co-doped sample. The first two 

losses are due to dehydration of the sample and CO2 release from unincorporated pure 

CoCO3 crystallites that were decomposed at relatively low temperature.

Figure 5.1: Weight loss profile of Pure and transition metal (TM)-doped CaCO3 calcined in 
helium atmosphere of 1.0 bar. (a) Weight loss of Pure and 2.5 wt.% TM CaCO3 and (b) 
weight loss of 2.5 wt.%. and 10 wt. % CaCO3 doped with Co and Fe. The horizontal broken 
line indicates 56 wt. % of CaO phase formation at the end of calcination theoretically for 
Pure CaCO3. 
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The last loss at ~719 ⁰C was due to CO2 release that produced a complete oxide phase.  

ii. Calcination in a hydrogen-argon atmosphere 

Thermal decomposition of TM-doped CaCO3 in a thermogravimetric-mass spectrometer 

(TGA-MS) under hydrogen was first reported by Padeste 8 and co-workers. That work 

demonstrated the influence of decomposition atmosphere and the catalytic effect of TM-

doping in CaCO3. We performed calcination of Pure and TM-doped samples (4-6 mg) in a 

TGA-MS under a mixed H2 and Ar atmosphere to study the gases that evolve as a product 

from our samples. Hydrogen gas was diluted with argon to produce a H2 to Ar ratio of 3:2. 

The weight loss and differentiated profile of selected samples are shown in Figure 5.3 (a- b). 

The weight loss curves clearly show that the combination of TM-doping and the calcination 

environment can lead to a substantial decrease in the sample decomposition temperature. 

Complete decomposition was achieved for Pure sample calcined in helium (Figure 5.1 (a)) 

at 760 ⁰C, and this temperature was reduced to 680 ⁰C under H2 calcination (Figure 5.3 (a)). 

Much larger decreases in calcination temperature are obtained for the Co-doped sample 

(~130 ⁰C) and Ni-doped (~190 ⁰C) samples. The differential curves in Figure 5.3 (b) show the 

temperatures at which the maximum mass loss of each sample occurred. These results are 

consistent with those of the earlier TGA studies that also exhibited a substantial reduction 

in the temperature required for calcination. Clearly the H2 partial pressure is a determining 

factor. The effect is much more pronounced than was observed for the decompositions in 

low pressure H2 reported in Chapter 1. 

Calcination of Pure and TM-doped CaCO3 in hydrogen not only decreases the calcination 

temperature but also results in the production of CO, H2O, and CH4 depending on TM as   

shown in Figure 5.4. Ni and Co are found to be more effective towards the production of 

Figure 5.3: Thermogravimetric analysis of samples calcined in 0.6 bar H2 and 0.4 bar Ar 
atmosphere. (a) Weight loss versus temperature and (b) Differentiated profile of samples 
obtained from first derivative of TGA curves. 
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CH4, according to Sabatier process Eq. (5.3) also known as CO2 methanation. Nickel, Cobalt, 

and Iron are known as catalysts for CO and CO2 hydrogenation 9. 

 ��� + 4�� → ��� + 2���      ∆����� = −165 ��/��� (5.3) 

 ��� + �� ↔ �� + ���      ∆����� = ±41 ��/��� (5.4) 

The selectivity of the gases released during calculation of each sample in the presence of 

TM-dopant is summarized in Table 5.2. The selectivity of Ni for CH4 production was very 

high, consistent with previous reports. Cobalt produced both CO and CH4 in which the 

production of CH4 increases rapidly when CO production dropped.  

Table 5.2: Selectivity of evolved gases during calcination of Pure and TM-doped samples in TGA-MS 
under 0.6 bar of H2 and 0.4 bar of Ar. 

Samples Selectivity Samples Selectivity 

Pure 74 % (CO + H2O), and 26 % 

CO2  

2.5 Ni-doped 84 % (CH4 + 2H2O), 14 % (CO 

+ H2O)  

and 2 % CO2 

10 Fe-doped 86 % (CO + H2O), 12 % CO2, 

and <2 % CH4  

10 Co-doped 56 % (CO + H2O), 36 % (CH4 + 

2H2O), and 8 % CO2 

 

The production CO can be explained by the r-WGS reaction (Eq. (5.4)). It is noteworthy that 

the CH4 peaks at ~3750 s for the Co-doped sample and at ~4125 s for the Fe-doped sample 

Figure 5.4: TGA-MS profile of gases evolved (CO, CH4, H2, and CO2) during calcination of 
Pure and TM-doped CaCO3 in 0.6 bar H2 and 0.4 bar Ar atmosphere. (Legend and colours 
are the same for all panels). 
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do not show a corresponding response on the water trace. The Co peak is sufficiently close 

to the falling edge of the water trace that a CH4-related H2O spike might be masked by the 

edge. In the case of Fe, the CH4 peak is well separated. The absence of H2O production at 

an equivalent time suggest that the CH4 peak may be due to the reaction of H2 with 

previously formed carbon deposits. 

5.3.2 Reverse-water-gas-shift reaction on TMs-containing oxides 

Measurements in Chapter 3 demonstrated that the oxide forms of the TM-doped samples 

had different reactivity toward CO2 recombination. We now undertake an exploratory 

evaluation of the catalytic activity of various doped CaO phases for r-WGS reaction. The 

oxide samples were initially prepared by calcining TM-doped CaCO3 at 1200 K in the 

experimental setup described in section 1.2.2 of Chapter 1. Reactivity measurements were 

then initiated by introducing a constant mixed flow of H2 and CO2 to the reaction chamber. 

Heating was applied by ramping the temperature from room temperature to 1100 K and 

holding at this temperature for 3 min, followed by cooling to a temperature less than 800 K 

while monitoring the evolution of the reactant and potential product species with the QMS. 

Reactivity measurements were done in a continuous fashion for 3 cycles as illustrated in 

Figure 5.5 for the case of the (Zn,Ni) dual TM-doped sample. The main responses observed 

during cycling were for masses corresponding to H2, H2O, CO, and CO2. The initial dip and 

then peak in the CO2 trace seen at the beginning of the first cycle (Figure 5.5) are the result 

Figure 5.5: The mass spectrometer profile of gases during reverse water gas shift (r-WGS) 
reaction in which the CO2 and H2 are consumed to produce CO and H2O over oxide phase 
containing (Zn,Ni) sample. 
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of thermally-driven capture and then release, respectively, of CO2 by the oxide phase. This 

process is clearly much less effective during the subsequent two heating cycles due to 

thermally-induced degradation of the material’s capture capacity.  

Figure 5.6 (a-b) shows CO and H2O responses measured during the first reaction cycle for 

TM-doped CaO samples containing 1.0 wt.% Ni, 2.5 wt.% Ni, and dual TM doped samples 

containing (Cu,Zn), (Co,Zn), (Ni,Co), and (Zn,Ni). As the temperature initially increases, the 

CO2 and H2 intensities (not shown) dropped and there was a corresponding increase in the 

CO and H2O intensities demonstrate that the r-WGS reaction became active. The intensities 

stabilize when the 1100 K plateau temperature is reached. The relative intensities 

Figure 5.6: Reverse water shift reaction (r-WGS) reaction from H2 and CO2 on 
decomposed samples in which (a) CO and (b) H2O were produced while heating the 
samples at 1100 K. The catalytic nature of different TM in the sample resulted in 
different selectivity. Legend and colours are the same for both panels. 
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illustrated in Figure 5.6 (a-b) reflect the different level of catalytic activities of various TM 

dopants. The (Zn,Ni) and (Ni,Co) doped samples are the most active. The (Cu,Zn) sample 

exhibits very low activity compared to the other samples. 

 

The CO level during sample cooling gives insight into the temperature dependency of the 

reaction. The percentage of CO produced during cooling is calculated based on the 

magnitude of the CO2 drop during cycling. Figure 5.7 shows how the fractional production 

of CO changes as the sample cools for each of the three cycles. The (Cu,Zn)-doped data has 

been excluded due to the comparatively low level of CO production. The (Co, Zn)-doped 

sample performance was relatively poor, with low reactivity below T=900 K. The other 

samples have a similar onset temperature (~750 K). The intensities of CO produced for the 

3 cycles show no change in the performance indicating that the reactivity of the samples 

was stable over this number of cycles.  

Royer et al. 10 reported CuO, Co3O4, and Fe3O4 are catalysts used for CO oxidation. This can 

explain low CO production by (Co,Zn)- and (Cu,Zn)- doped samples. Likewise, several 

reports 11–13 claims CO oxidation by Co3O4. Co3O4 is the most stable oxide between 350 C 

to 900 C and it is a very active catalyst for CO oxidation. The CO molecules and O absorbed 

on active sites of the catalysts form CO2-MO bond (M=Metal) and desorb as a CO2 molecule.  

5.3.3 Structural investigation of selected samples 

The XRD patterns of as-prepared and calcined 5.0 wt.% (Co,Zn)-, (Cu,Zn)-, and (Zn,Ni)- TM-

doped samples are shown in Figure 5.8 (a-b). The XRD patterns of the (Ni,Co)-doped sample 

are presented in Figure 5.9 (a-b). In general, we observed that doping of CaCO3 with 

different transition metals results in the growth of different phases of CaCO3 (calcite, 

vaterite, and aragonite) during precipitation. The (Co,Zn) sample was pure calcite while 

(Cu,Zn) was predominantly calcite with a minority vaterite fraction. The (Zn,Ni) sample was 

also majority calcite but also contained both vaterite and aragonite phases. The (Ni,Co) 

sample was the most unusual, comprised of a majority aragonite phase with lesser vaterite 

and calcite fractions. Calcite, which is the most thermodynamically stable phase, was the 
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smallest of the three components in this sample. The percentage of each phase in the four 

samples is summarized in Table 5.3. 
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Figure 5.8: XRD pattern of CaCO3 samples doped with two TMs of 5 wt.% of each. (a) XRD of 
as-prepared samples containing different phased of CaCO3 (* calcite, + vaterite, and χ 
aragonite). (b) XRD of samples decomposed at 1200 K. The crystals phases produced are 
α=CaO, ∆=ZnO, and β= (Zn0.85 Co0.15) O. 
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Table 5.3: Calcium carbonate precipitated phases and their percentage. 

CaCO3 

phases 

(Cu,Zn)-doped 

% 

(Co,Zn)-doped 

% 

(Ni,Co)-doped 

% 

(Zn,Ni)-doped 

% 

Calcite 70.6 100 17.5 56.2 

Vaterite 29.4 - 31.3 28.4 

Aragonite - - 51.2 15.4 

 

Table 5.4: The quantitative analysis of calcined samples containing two TMs calcined at 1200 K in 

which the percentage of CaO formed, crystallite sizes of the main peaks of CaO in hkl indices of [111], 

[200], and [202], and percentage of TM oxides formed are tabulated. 

 

The calcined samples were mainly CaO with a minor residual calcite component as shown 

in Figure 5.8(b) and Figure 5.9 (b). The result of quantitative analysis (percentage of CaO 

and TM oxide) formed and the crystallite sizes of CaO in different orientations are given in 

Table 5.4. Zinc oxide phases were evident in all samples containing Zn. Other TM oxides 

phases were not detected for these samples. 

SEM micrographs of as-prepared (Cu,Zn)-, (Co,Zn)-, (Ni,Co)-, and (Zn,Ni)-doped samples are 

shown in Figure 5.10 (a-d). TM doping introduces different morphologies and results in 

precipitations of different phases of CaCO3. The three main structural morphologies are 

rhombohedral-shape (calcite), spheroidal-shape (vaterite), and an elongated rod-like 

structure (aragonite) crystals 14,15 with a different range of particle sizes. Qualitatively, the 

distribution of phases identified by the XRD measurements are identifiable in the SEM 

images. (Cu,Zn)-doped sample had calcite and vaterite, (Co, Zn)-doped sample is entirely 

calcite, while both (Ni,Co)-doped and (Zn,Ni)-doped samples have all three phases.  

 

Samples CaO phase  

quantity 

(%) 

CaO crystallites in hkl orientation TM oxide 

(%) 

d111 (nm) d200 (nm) d202 (nm)  

(Cu,Zn)-doped 90.4 54.0 58.2 87.7 2.9 {ZnO} 

(Co,Zn)-doped 83.2 52.2 51.2 55.8 1.4 {Zn0.85 

Co0.15 O} 

(Ni,Co)-doped 92.4 42.0 41.2 38.3 - 

(Zn,Ni)-doped 87.3 39.0 37.7 40.6 1.6 {ZnO} 
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Table 5.5: Elemental composition analysis of TMs of two selected samples performed by energy-

dispersive X-ray spectroscopy (EDX) showing the concentration of Cu, Zn, Ni, and Co in the samples.  

Samples Dopant 

As-prepared 
After calcination and r-WGS 

reaction 

Atomic conc. 
(%) 

Weight conc. 
(%) 

Atomic 
conc. 
(%) 

Weight conc. 
(%) 

(Cu,Zn)-doped Cu 0.72 2.31 1.25 3.20 

Zn 1.03 3.41 0.04 0.11 

(Ni,Co)-doped Ni 0.36 1.14 1.66 3.20 

Co 0.21 0.65 1.88 3.62 

(Co,Zn)-doped Co 0.59 1.53 1.16 2.81 

Zn 0.99 2.84 0.35 0.93 

After the r-WGS reactivity studies, the (Cu,Zn)-, (Co,Zn)-, (Ni,Co)-, and (Zn,Ni)-doped 

samples were removed from the reaction vessel and analysed with SEM. Figure 5.11 (a-d) 

shows significant differences in the morphology the samples after  calcination and reaction

Figure 5.10: SEM micrograph of as-prepared samples containing two transition metals. (a) 
Ca(Cu,Zn)CO3, (b) Ca(Co,Zn)CO3, (c) Ca(Ni,Co)CO3, and (d) Ca(Zn,Ni)CO3. All images have the 
same scale bar and magnification. 

a) b) 

c) d) 

8 μm 
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 cycling process. Never-the-less, features that relate to the morphologies of the as-

prepared samples are still identifiable in the images. In general, the calcined surfaces 

exhibited a very porous structure with a much higher surface area compared to as-prepared 

samples.  

Elemental composition analysis of TM-doped samples in as-prepared and after r-WGS 

reaction was performed on selected samples with Energy Dispersive X-ray (EDX) 

spectroscopy. The values of atomic concentration and weight concentration are given in 

Table 5.5. Since CO2 is released during calcination, the TM atomic concentration is expected 

to increase relative to the as-prepared sample if all elements are included in the 

quantification. Notably, the Zn concentration is found to decrease after calcination and r-

WGS reaction in (Cu,Zn)- and (Co,Zn)-doped samples indicating loss during thermal cycling. 

Inductively coupled plasma spectroscopy measurement performed on Zn-doped CaCO3 

calcined in hydrogen 6 also showed a decrease in the concentration of Zn in the sample. The 

a) b) 

d) c) 

Figure 5.11: SEM micrograph of calcined samples at 1200 K and reverse –water-gas-shift (r-
WGS) reaction was performed for 3 cycles. (a) Ca(Cu,Zn)CO3, (b) Ca(Co,Zn)CO3, (c) Ca(Ni,Co)CO3, 
and (d) Ca(Zn,Ni)CO3. All images have the same scale bar and magnification. 

8 μm 
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melting point of ZnO is ~1974 ⁰C. However, the melting point of ZnOx (x<1) is reported to 

be only ~420 ⁰C 16, similar to that of pure Zn. (Partial) reduction of ZnO in a H2-containing 

atmosphere will allow evaporation during thermal cycling, which can account for the 

observed loss. 

 

5.4  Conclusions 

Calcination of Pure and TM (Fe, Co, Cu, and Ni)-doped samples in TGA under He atmosphere 

of 1.0 bar showed a small change in calcination temperature for TM-doped samples 

compared to Pure, which is around 20 ⁰C decrease in temperature. The release of CO2 from 

TM-doped samples started earlier compared to Pure. When calcination was performed in 

TGA-MS under H2 atmosphere, a significant decrease in calcination temperature was 

observed. The decrease in temperature of ~ 190 ⁰C for 2.5 wt.% Ni-doped sample, ~130 ⁰C 

for 10 wt.% Co-doped sample, and ~70 ⁰C for Pure sample compared to calcination in 

Helium. In addition, calcination in H2, resulted in the production of different stable 

molecules such as CO, H2O, CO2, and CH4. The main products of interest are CO and CH4. 

CO was formed from Pure, 10 wt.% Fe-, and 10 wt.% Co-doped samples, while CH4 was 

formed from Ni-, Co-, and Fe-doped samples. The highest selectivity for CH4 was obtained 

for Ni-doped sample. Such conversion of CO2 released to CO and CH4 in H2 is promoted by 

the catalytic properties of TM doped in the samples. 

CaCO3 samples doped with a single and dual TM subjected to reverse-water gas shift 

reaction after calcined at high temperature, showed different catalytic properties in which 

(Zn,Ni)-, (Ni,Co)-, and Ni- doped samples were very active for gas conversion. Sample doped 

with (Cu, Zn) performed poorly. SEM analysis of these samples after the r-WGS reaction 

cycling showed very porous structures with high surface areas. Elemental composition 

performed on Zn containing sample showed a decrease in the concentration of Zn after the 

3 cycles suggesting evaporation of Zn at a higher temperature. 
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Summary 
 

Evaluation of (Plasma-assisted) Decomposition of Transition 

Metals Doped CaCO3 for CO2 Capture and Conversion 

Anthropogenic emission of CO2 linked to climate change, arising from a global economy 

that relies heavily on fossil fuel-based energy, is one of the primary concerns for humanity 

in the 21st century. Increasing global energy demand is associated with increasing emissions 

and rising global temperature. Several options, such as CO2 capture and storage, CO2 

utilization, and usage of low carbon fuels have been proposed to mitigate climate change 

associated with CO2 emissions. One of the most feasible means to realise short- to mid-

term emissions mitigation is carbon capture from flue gases and other industrial point 

sources. Captured CO2 can be sequestered or used as raw material (carbon source) for the 

production of synthetic fuels or value-added chemicals via different methods. 

There are a number of technologies that capture CO2 such as amine-based chemical 

solvents (industrially mature and available technology and very effective) for low-pressure 

streams, zeolites, and metal-organic framework (MOF) for low temperature, and metal 

oxides for high-temperature. The inherent drawback of the solvent scrubbing for CO2 

capture technology includes degradation of sorbents at elevated temperature, reaction 

with oxygen, low CO2 carrying capacity, and high corrosion rates. In addition, handling and 

disposal of large quantities of degraded solvent raise environmental, health and safety 

concerns. CO2 in flue gases released from power plants can be captured and re-released as 

pure CO2 using the reversible Calcium looping (CaL) process. CaL is a relatively cost-effective 

and well-established technology for in-situ CO2 capture from emission-intensive industries 

at high temperature. It uses low cost, abundant, and environmentally benign calcium 

carbonate (CaCO3) as its base material. CaO, which is obtained through decomposition of 

CaCO3 at ~900 C, captures CO2 at ~650 C to reform CaCO3. To be reliable, this cycle should 

run repeatedly for multiple times. The main challenges of CaL are deterioration of capture 

capacity of CaO over a number of cycles due to pore closer, high-temperature sintering, 

and incomplete decomposition of CaCO3. 

The overall aim of this thesis is the evaluation of CaCO3 doped with transition metals (Fe, 

Co, Zn, Cu, and Ni) and calcined under different gas environments (Ar, H2O vapor, H2, H2O 

plasma) in order to explore the possibilities to improve the CO2 release process, to decrease 

the onset temperature of calcination, and to convert released CO2 to CO. The samples were 

synthesized by precipitation methods. The morphology, crystal structure, and transition 

metals concentration of synthesized and calcined samples were characterized by scanning 
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electron microscopy (SEM), X-ray powder diffraction (XRD), and X-Ray Photoelectron 

Spectroscopy (XPS) respectively. 

Calcination in Ar is a representative case of an unreactive gas. In this case, differences 

between the decomposition profiles of various samples can be attributed exclusively to the 

effects of the TM-additives. Under this condition, all TM-doped samples performed better 

than Pure CaCO3 in terms of early release of CO2. Calcination of TM-doped samples under 

H2O vapour resulted in CO2 release at ~50 K lower temperature as compared with the 

calcination in Ar. Calcination in H2 produced H2O and CO from the reaction of H2 with 

released CO2. Transition metals mixed in the samples act as internal catalysts during 

calcination in H2 atmosphere. TM-doping improved the performance in all case, with Cu 

having the greatest effect and Fe the least. 

In-situ evaluation of the samples (recapture characteristics) was performed on a cross-

comparison basis to identify improved or deteriorated performance in given calcination 

environments (water vapour and water plasma). Each sorbent has significantly different 

recapture characteristics. Zn-doped samples exhibited the most consistent rapid recapture 

of CO2 and the behaviour persists over multiple cycles. The amount of released CO2 after 

each recapture drops for all sorbents. The performance of the Zn-doped samples was 

dependent on the precursor wt.%. samples derived from both 1.0 wt.% Zn and 5.0 wt.% Zn 

performed worse than the 2.5 wt.% Zn sample. The performance of all of the Zn-doped 

samples improved in the case of H2O plasma calcination. This was evident from 

improvements in terms of the rate and temperature of CO2 uptake and the amount of CO2 

recaptured. The effects were most pronounced in the case of the 1.0 wt.% and 5.0 wt.% 

samples. The improvement was less dramatic in the case of the 2.5 wt.% Zn sample which 

already exhibited the best CaL performance during calcination under H2O vapour. 

Thermal calcination of Pure and TM-doped samples in 0.6 bar H2 and 0.4 bar Ar resulted in 

a decrease in calcination temperature from ~70 to ~190 ⁰C relative to calcination in He. 

Calcination in H2 not only decreases calcination temperature but also results in the 

production of CO, CO2, CH4, and H2O depending on the TM dopant. Ni and Co are found to 

be more effective towards the production of CH4, and the selectivity of Ni for CH4 was very 

high.  

(Plasma-assisted) thermal calcination of samples under H2O plasma with simultaneous 

monitoring of the time/temperature dependence of gas (CO2, CO) evolution during 

decomposition was performed. Direct conversion of released CO2 during the calcination in 

hydrogen is an interesting prospect from CO2 utilization concept. However, this method is 

not desirable since it consumes fuel (H2) which has higher energy content (in MJ/kg). In-situ 

generation of hydrogen from water vapour using electricity (plasma) for converting CO2 
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released to CO is more appealing. From the perspective of the energy content of the various 

reactants and products, this fulfils the requirement of solar fuels in terms of storing energy 

in the form of chemical bonds. Calcination of Pure and TM-doped CaCO3 was carried out in 

low-pressure H2O plasma with input powers in the range 0-200 W. Plasma-assisted thermal 

decomposition processes simultaneously crack released CO2 and H2O molecules into CO 

and H2 respectively as the main products of interest. The amount of CO produced increased 

with input power as a result of dissociation of CO2 molecules as well as the reduction of CO2 

by H2 produced from H2O plasma over TM oxide surfaces. The addition of TM-dopants to 

CaCO3 samples was generally counter-productive at an elevated temperature when 

combined with exposure to plasma-activated H2O. In particular, the oxide forms of the TM-

doped samples tended to promote the recombination of H2 and O2 to reform plasma-

dissociated H2O. Co- and Cu-dopants were particularly effective in this respect, while the 

Zn-dopant was most similar in behaviour to the Pure CaCO3 sample. TM-dopants also acted 

to reduce CO2-to-CO conversion. This occurred, to differing degrees, for all doped samples 

over the entire calcination region. The Co- and Cu-doped samples were the most active in 

promoting CO2 recombination, with the oxide form being the most active phase in both 

cases. The overall CO2 conversion for each sample increased with input power and 

maximum conversion of ~35-50 % was achieved at 200 W. 

The concept of calcination of transition metals doped CaCO3 under plasma (renewable 

hydrogen) is that catalytic properties of transition metals facilitate the conversion of 

released CO2 into CO and CH4. The initial step to synthesize carbon-based fuels is through 

plasma cracking of CO2 and H2O to CO and H2. These products can be processed further to 

carbon-containing fuels, e.g. through Fischer-Tropsch process. In this way, intermittent and 

excess renewable electricity can be stored in chemicals that could be further processed to 

high energy density green fuel (Solar fuels) and chemical precursors (alkanes, alcohols, etc.) 

for industries. Thus, plasmas generated by solar or wind produced electricity could provide 

a new gas-phase based pathway to obtain a cost-effective and energy-efficient means of 

CO2 and H2O conversion. If CO2 emitted upon subsequent burning of synthetic fuel is 

recaptured the entire process closes the carbon cycle and becomes CO2 neutral.
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