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Abstract  
 Combined calcium-copper materials based on calcium zirconate (CaO/CuO/CaZrO3) for 

Calcium-Copper Chemical Looping (Ca-Cu Looping) have been synthesized using a scalable wet 

chemical method and characterized by powder X-ray diffraction (PXRD) with Rietveld refinement, 

temperature-programmed reduction (H2-TPR) and oxidation (O2-TPO), scanning electron microscopy 

(SEM), energy dispersive X-ray spectroscopy (EDS) and 45 - 50 cycles in a thermogravimetric analyser 

(TGA) representing realistic Ca-Cu Looping conditions. A material at 50 wt% active CuO loading and a 

CuO/CaO weight ratio of 2 deactivated due to copper migration and agglomeration, while materials with 

40 wt% active CuO loading were stable throughout TGA cycles at CuO/CaO ratios of 2 and 10. 40 wt% 

CuO loaded combined CaO/CuO/CaZrO3 materials are promising candidates for Ca-Cu Looping with a 

demonstrated tuneable and stable CuO/CaO ratio (Ó 2 [wt/wt]) that could lead to process intensification. 

The maximum CuO loading for the investigated materials is likely found in the range of [40, 50) wt%, 

subject to the constraints of Ca-Cu Looping relevant CuO/CaO ratios (Ó 2 [wt/wt]) and the performed TGA 

testing. 

 

Keywords : Ca-Cu Looping, Combined Materials, Hydrogen Production, CO2 Capture, CaO sorbent, Cu 

Oxygen Carrier. 

 

 

1. Introduction  
 

 In 2010 the research group of Abanades et al. (Abanades et al., 2010) proposed the idea of 

Calcium-Copper Chemical Looping Combustion (Ca-Cu Looping), a flexible processing concept based on 

high temperature solids looping for power and/or hydrogen production (J. Fernández and Abanades, 

2017). Ca-Cu Looping merges Calcium Looping (CaL) (P. Fennell, B. Anthony, 2015) and Chemical 

Looping Combustion (CLC) (Lyon and Cole, 2000) (Li et al., 2017a), utilizing a calcium oxide (CaO) 

based carbon dioxide (CO2) sorbent and a copper-based oxygen carrier for efficient conversion of 

carbonaceous fuel with CO2 capture. The concept has been further developed by the same group into a 

system of fixed bed reactors operating in parallel that could also be incorporated in an ammonia 

production plant (Fernández et al., 2012) (J. R. Fernández and Abanades, 2017) (Martínez et al., 2017). 

A 2018 techno-economical assessment compared Ca-Cu Looping with a typical fired tubular reformer 

reforming plant with amine capture and provided favourable results for Ca-Cu Looping (Martínez et al., 

2019). However, the high processing temperatures (Ò 900°C) and harsh operating conditions (reducing 

gases, high pressure, steam etc.) in the Ca-Cu Looping process places substantial demands on materials 

performance. Materials development is a current bottleneck for the process, though the calcination step 
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has been demonstrated at TRL 4 (Fernández et al., 2018) and materials testing is currently being 

performed in fixed bed reactors at the 80 - 100 gram scale (L. Díez-Martín et al., 2018b). Still, the need 

for further materials development is crucial for the success of Ca-Cu Looping as a viable processing 

concept. In this work, a calcium-copper material based on calcium zirconate (CaZrO3) has been 

characterized and tested as a potential candidate for Ca-Cu Looping. 

 Ca-Cu Looping utilizes three main processing steps in order to achieve hydrogen production 

from natural gas with CO2 capture: (1) Sorption Enhanced Reforming (SER) (Martínez et al., 2013) 

(Fernandez et al., 2012) (2) copper (Cu) oxidation and (3) coupled calcium carbonate (CaCO3) calcination 

and copper(II) oxide (CuO) reduction. In-depth discussions on process conditions for each step and 

reaction equations are thoroughly discussed elsewhere (Abanades et al., 2010) (Fernández et al., 2012) 

(J. R. Fernández and Abanades, 2017) (Martínez et al., 2017) (Martínez et al., 2019) and only a brief 

overview will be given here. 

 In the SER step, natural gas and steam (e.g. 1.0 ï 2.5 MPa, 650°C, 2.5 kgCH4 kgcat
-1 h-1 (L. 

Díez-Martín et al., 2018b)) are reacted over a catalyst (e.g. a Ni/Al2O3 catalyst (Navarro et al., 2017)) to 

produce high purity hydrogen while capturing evolved CO2 through exothermic CaO carbonation (CaO(s) 

+ CO2(g) Ą CaCO3(s), ЎὌЈ  = - 178.8 kJ mol-1)Ȣ  The materials in the reactor after the SER step is in a 

Cu/CaCO3 state. After the SER, an oxidation step is implemented where diluted air (5 vol% O2) oxidizes 

the elemental copper to copper(II) oxide. In the following calcination step, a reducing gas composed of 

CO/CH4/H2 is used for exothermic copper(II) oxide reduction that drives the endothermic CaCO3 

calcination. The CuO/CaCO3 material is thus reduced and calcined to Cu/CaO and the SER step can 

again be initiated. The theoretical CuO/CaO ratios required to drive the calcination to completion are in 

the range 1.8 ï 4.4 [wt/wt] (1.3 ï 3.1 [mol/mol]) (Abanades et al., 2010) (Fernández et al., 2012). The 

ratio primarily depends on the reducing gas available in the process, process heat integration and flow 

conditions. Ratios around 2.8 [wt/wt] (2.0 [mol/mol]) are typically implemented in Ca-Cu Looping process 

modelling (J. R. Fernández and Abanades, 2017). 

 Generally speaking there are many potential options for solid CO2 sorbents: metal-organic 

frameworks (MOFs) (Pato-Doldán et al., 2017), alkaline ceramics (e.g. lithium zirconate, Li2ZrO3 (Xiao et 

al., 2011)), zeolites (Chen et al., 2014), silicate (Vieira and Pastore, 2014) etc. One of the most studied 

solid CO2 sorbents is calcium oxide, usually supported by aluminium (Al), magnesium (Mg) and zirconium 

(Zr) oxides (Shokrollahi Yancheshmeh et al., 2016). The emphasis on CaO relative to the other sorbent 

options has mainly been low CaO cost and availability combined with a sufficiently high sorption / 

desorption (carbonation / calcination) reactivity, a high potential CO2 carrying capacity (~0.784 

gCO2/gCaO) and low health risk (P. Fennell, B. Anthony, 2015) (Shokrollahi Yancheshmeh et al., 2016) 

(Valverde, 2013). The drawback of using CaO directly as e.g. natural limestone is its proneness to 

sintering and significant loss of CO2 carrying capacity at elevated temperature through several 

carbonation / calcination cycles (Wang et al., 2010) (C. Wang et al., 2014). Sintering of CaO is an issue 

for the transient CO2 capture capacity of these sorbents since calcination of CaO requires high 

temperatures (~900°C under 1.0 bar CO2 (Valverde and Medina, 2015) (Baker, 1962)). Therefore, Al, Mg 

or Zr are often incorporated along with CaO in order to stabilize the sorbent. 

 Of special interest to the current work is the Ca/Zr sorbent system. ZrO2 has a high 

Tammann temperature of 1221°C and several studies of CaO doping has set Zr forth as the best CaO 

dopant along with Al (Lu et al., 2009) (Radfarnia and Iliuta, 2013) (Al-based sorbent alternatives, e.g. 

mayenite (Ca12Al14O33) and other calcium aluminates will not be discussed here - more thorough 

information on these materials is found elsewhere (Shokrollahi Yancheshmeh et al., 2016) (Lee and Park, 

2015) (Kazi et al., 2017) (Zhou et al., 2012) (Luo et al., 2015)). Combining Zr and Ca for sorbent 

preparation has been investigated to some extent through e.g. flame spray pyrolysis (Lu et al., 2009), the 

sol-gel method (Broda and Müller, 2014), co-precipitation (Reddy et al., 2014), deposition-precipitation 

(Reddy et al., 2014) and wet chemical mixing (Zhao et al., 2014). The optimum Zr/Ca molar ratio in these 

studies range from 0.1 - 0.5, where optimal generally represents the highest stable CaO activity 
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obtainable without observing transient loss of CO2 carrying capacity across implemented testing cycles. It 

seems evident that the stability of the capture capacity increases and the sorption capacity decreases as 

the Zr content is increased. In this work, the sorbent function of the calcium-copper material will be 

supported by CaZrO3 (Tammann temperature of 1036°C), its formation promoted by adding Zr as a 

limiting reactant and implementing appropriate calcination conditions. CaZrO3 is thermodynamically 

favourable > 610°C (Kalinkin et al., 2012). 

 Similar to CaO, Cu materials have been an active area of research in relation to high 

temperature solid looping technologies, e.g. CLC and Chemical Looping with Oxygen Uncoupling (CLOU) 

(Imtiaz et al., 2013). The low Tammann temperatures of Cu (405°C) and CuO (526°C) imply that copper-

based oxygen carriers are prone to sintering and agglomeration at high temperature and that support 

structures and/or doping is required. Common choices for improving copper based oxygen carriers are 

other pure or mixed metal oxides, e.g. Al2O3 (Chuang et al., 2008) (L. Díez-Martín et al., 2018a), MgAl2O4 

(Arjmand et al., 2012) or ZrO2. Of special interest for this work are the reported Cu/Zr systems. Cu/Zr 

oxygen carriers have been prepared through freeze granulation (40/60 wt% CuO/ZrO2) (Mattisson et al., 

2009), aqueous paste preparation (mixing) (Adánez et al., 2004), co-precipitation (Laura Díez-Martín et 

al., 2018), doping through sol-gel combustion (2 ï 10 wt% Zr) (Wang et al., 2015) and mechanical mixing 

(60/40 wt% CuO/ZrO2) (K. Wang et al., 2014). The performance of the Cu/Zr materials are promising 

though the scalability of e.g. freeze granulation and sol-gel combustion are hurdles that must be 

overcome for large scale deployment. In the case of reported co-precipitation methods, Cu/Al2O3 systems 

seem favourable relative to Cu/Zr due to formation of monoclinic ZrO2 that causes a poorer dispersion of 

Cu and Zr in the material (Laura Díez-Martín et al., 2018). A drawback of Cu/Al systems can on the other 

hand be strong Cu-support interactions that can result in reduced carrying capacities (i.e. CuAl2O3 

formation (Imtiaz et al., 2013)). As observed for CaO materials, intimate contact between reactants during 

mixing / synthesis before calcination seem to be an important parameter for material stability. 

 A general point on CaO sorbents and Cu oxygen carriers is that direct comparisons between 

materials is made difficult by varying testing conditions used by different research groups (times on 

stream, metal loadings, carbonation / oxidation / reduction / calcination step order, cycling temperature as 

well as gas composition). TGA conditions for sorbent testing are more thoroughly discussed by F. Donat 

et al. (Donat and Müller, 2018) and J. Valverde (Valverde, 2013). Tables reporting collections of sorbent 

carbonation / calcination conditions can be found in papers by M. Zhao et al. (Zhao et al., 2014) and a 

review article by M. Shokrollahi et al. [10]. For oxygen carrier testing, Li et al. 2017 is recommended (Li et 

al., 2017b). Due to differences in test conditions it is not a straightforward task to identify state-of-the art 

materials for Ca-Cu Looping. Realistic current segregated materials (i.e. separate CaO and CuO 

particles) set-ups are likely in the 60 - 70 wt% CuO loading range and 25 ï 32 wt% active CaO sorbent 

range (20 ï 25 gCO2/100g residual sorbent capture capacity). 

 Combined materials are an alternative approach to Ca-Cu Looping where Ca and Cu 

functions are incorporated into a single powder / particle. Possible advantages are process intensification 

through a higher potential active metal loading per reactor volume, avoidance of local overheating in 

copper particles (Qin et al., 2015) and better thermal contact between CuO reduction and CaCO3 

calcination during the Ca-Cu Looping calcination step. A potential downside to combined materials is that 

the CuO/CaO ratio must be fixed during synthesis. 

 Combined calcium-copper materials for Ca-Cu Looping are a fairly recent area of materials 

research though some interesting work has already been published. The simplest procedures include 

mixing of lime, CuO powder and calcium aluminate cement (Manovic and Anthony, 2011) (45/45/10 wt% 

CaO/CuO/Al2O3, steam used during TGA testing, 600 - 800°C TGA temperature) and e.g. core-in-shell 

approaches mixing cement, lime and CuO (Manovic et al., 2011) (Ó 50 wt% CuO, Ò 40 wt% CaO particle 

configurations, steam used during TGA testing, 600 - 800°C TGA temperature). Loss of CO2 capacity has 

been observed in these cement-based materials. Kierzkowska et al. have prepared a co-precipitated 

combined material (CuO/CaO molar ratios of 1.0, 1.3 and 3.3, no support structure) (Kierzkowska and 
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Müller, 2012) and a sol-gel derived combined material  exploring Mg, Al and Mg-Al oxides as support 

(CuO/CaO molar ratios of 1.3 and 3.3, CuO content in the range 72.3 ï 46.9 wt%) (Kierzkowska and 

Müller, 2013). These materials were tested at 750°C in a TGA without steam. Loss of transient CO2 

capture capacity was also observed for these materials. A CaO/CuO/MgO material has been prepared 

through wet mixing (11.2/63.8/25.0 wt% CaO/CuO/MgO, no steam used during TGA testing, 600 ï 950°C 

TGA temperature) (Qin et al., 2012). The CO2 capacity was shown to decline in TGA tests, likely due to 

ñwrappingò of the sorbent by migrating Cu. Recently, J. Ma et al. have demonstrated a self-assembly 

template synthesis (SATS) for a core-shell structured MgO-Al2O3 supported calcium-copper material (no 

steam used during TGA testing, 750°C TGA temperature) (Ma et al., 2019) while J. Chen et al. have 

presented a solution combustion synthesis (SCS) (no support structure, no steam used during TGA 

testing, 650 - 800°C TGA temperature) (Chen et al., 2018) and a one-pot synthesis of hollow 

microspheres (no support structure, no steam used during TGA testing, 650 - 800°C TGA temperature) 

(Chen et al., 2019) showing promising results during cyclic TGA testing. 

 Another work of note is that of Qin et al. (Qin et al., 2013) where thermal pre-treatment (e.g. 

high calcination temperatures) and the effect of steam on combined particles were investigated. It was 

found that high calcination temperature and steam seamed to improve sorbent function. Our group have 

recently reported a mayenite based CaO/CuO/Ca12Al14O33 material (CuO/CaO = 2.0 [wt/wt]) prepared 

using a hydrothermal synthesis route (Westbye et al., 2018). It was found that 50 wt% CuO loaded 

materials lost oxygen carrying capacity regardless of CuO precursors while 40 wt% materials all showed 

stable cyclic TGA behaviour across 40 cycles for both CaO and Cu phases (steam used during TGA 

testing, 650 ï 870°C TGA temperatures). 

 Developing and understanding the properties of combined materials is a promising driver for 

process intensification for Ca-Cu Looping and by extension hydrogen/power production from natural gas 

with CO2 capture. This work follows the previous study on combined mayenite materials, and the main 

rationale for testing calcium-copper materials based on calcium zirconate is the higher Tammann 

temperature of the CaZrO3 support that might improve the stability of the copper phase. By utilizing the 

same testing conditions and equipment as those employed for the mayenite material, the effect of the 

support structure on combined materials behaviour can be assessed. 

 In this work, a CaO/CaZrO3 sorbent system reported by Zhao et al. (Zhao et al., 2014) has 

been modified and copper hydroxide (Cu(OH)2) has been introduced in the modified procedure as a CuO 

precursor. Two materials at 40 and 50 wt% CuO loading have been prepared using a CuO/CaO =  2.0 

[wt/wt] (1.4 [mol/mol]) and one material at 40 wt% CuO loading using a CuO/CaO = 10.0 (7.0 [mol/mol]) 

ratio. These loadings and ratios have been chosen as it is unlikely that a CuO/CaO ratio lower than 2.0 or 

higher than 10.0 is required for Ca-Cu Looping. Prepared materials have been subjected to various 

characterization techniques and 45 - 50 cyclic thermogravimetric analysis (TGA) cycles representing Ca-

Cu Looping process conditions in order to assess the transient stability of the O2 and CO2 carrying 

capacities as well as material behaviour. To the authors knowledge, this work is the first to report a 

material using a CaZrO3 support structure for combined calcium-copper materials. 

 

 

 

2. Materials and Methods  
 

2.1 Preparation of Materials 

 

 The preparation of CaO/CuO/CaZrO3 materials is based on a wet chemical method for 

CaO/CaZrO3 sorbent synthesis reported by M. Zhao et al. (Zhao et al., 2014). The method has been 

modified by introducing a copper(II) oxide precursor and by substituting ammonium hydroxide (NH4OH) 
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with sodium carbonate (Na2CO3, > 99.5 % anhydrous, Merck) in the making of an aqueous pH = 11.0 

solution. This change avoids the formation of a copper-ammonia complex (e.g. tetraamminecopper(II) 

cations, [Cu(NH3)4]2+) that prevents precipitation of the Cu species. Copper hydroxide (Cu(OH)2, technical 

grade, Sigma-Aldrich), calcium hydroxide (Ca(OH)2, > 99%, Merck), zirconium(IV) oxynitrate hydrate 

(ZrO(NO3)2 Ͻ xH2O, 99%, Sigma-Aldrich), ethanol (EtOH, 96%) and deionized water were used in the 

described procedure. A 10.0 mmol Zr basis was selected, resulting in 3.0 ï 6.5 g of product (calcined and 

oxidized) depending on the desired CuO loading and selected CuO/CaO ratio. 

 Cu(OH)2 as-received and dried (> 48 h, 110°C) Ca(OH)2 were weighed in stoichiometric 

amounts equivalent to a chosen theoretical composition of a calcined and oxidized product 

(CaO/CuO/CaZrO3). Ca(OH)2 and Cu(OH)2 were mixed together under stirring in EtOH (2.0 mL EtOH 

mmol-1 of Ca and Cu). The resulting suspension was transferred dropwise to a pH = 11.0 Na2CO3 (aq) 

solution (2.0 mL mmol-1 of Ca and Cu) while being vigorously stirred. 

 Dried (> 48 h, 110°C) ZrO(NO3)2 Å xH2O was mixed in EtOH (5.0 mL mmol-1 of Zr) in a 

separate beaker. The resulting suspension was added to a pH = 11.0 Na2CO3 (aq) solution (5.0 mL mmol-

1 of Zr) under stirring. In a final mixing step, the zirconium suspension was transferred dropwise to the 

calcium-copper suspension under vigorous stirring. The system was stirred for 30 min, left to settle for 3 h 

at ambient conditions, dried overnight (16 h, 110°C) and calcined at 950°C (1 h, 5°C min-1 heating rate). 

 Materials presented in this work are labelled as ñCuOx_Ry_Tzò, where x represents the 

theoretical CuO loading in weight percent (wt%), y denotes the CuO/CaO [wt/wt] mass ratio and z is the 

number of TGA cycles the material has been subjected to. A 40 wt% CuO loaded material prepared with 

a CuO/CaO ratio of 2.0 [wt/wt] subjected to 50 TGA cycles is thus CuO40_R2_T50. The three materials 

presented are CuO40_R2, CuO50_R2 and CuO40_R10. 

 

 

 

2.2 Materials Characterization 
 

 Materials were characterized using powder X-ray diffraction (PXRD) and Rietveld 

refinement, temperature-programmed reduction / oxidation (H2-TPR / O2-TPO), scanning electron 

microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) before and after cyclic 

thermogravimetric analysis (TGA, section 2.3). 

 Powder diffraction data was collected using a Bruker D8 Advance Diffractometer (Cu KŬ, ɚ = 

1.5460 Å, 40.0 kV / 40.0 mA) with a Göbbel mirror and a spinning flat plate or capillary configuration. A 

Rietveld refinement (Rietveld, 1969) was performed using TOPAS software (using an 8th order 

Chebyshev polynomial background function and Thompson-Cox-Hastings pseudo-Voigt Bragg peak 

description (Thompson et al., 1987)). Rietveld refinement guidelines from the International Union of 

Crystallography - Commission on Powder Diffraction (McCusker et al., 1999) have been followed as well 

as recommended practice for Rietveld refinement data presentation (Toby, 2006). Thus, the calculated 

weighted profile R-factor (Rwp) and goodness-of-fit (GoF = Rwp/Rexp, where Rexp is the expected R-factor 

(Toby, 2006)) are reported along with diffraction data, the Rietveld refinement profile and a difference 

curve. 

 Temperature-programmed desorption (TPD), reduction (H2-TPR, hereinafter referred to as 

ñTPRò) and oxidation (O2-TPO, hereinafter referred to as ñTPOò) were performed using a Micromeritics 

3Flex TCD. 300.0 mg sample was used for TPD, TPR and TPO with a 10°C min-1 heating rate and a 50°C 

min-1 cooling rate for all tests. For TPD, the sample was heated in 50 cm3 STP min-1 helium (He) at 

ambient pressure from ambient temperature to a 35 min 700°C dwell. TPR was performed in 50 cm3 min-1 

10 vol% H2 (balance N2) at ambient pressure form ambient temperature to 900°C, and TPO was 

performed in 50 cm3 STP min-1 5 vol% O2 (balance He) to 700°C, both utilizing a 30 min high-temperature 
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dwell time. In this work, temperature programmed methods have been used for studying the reduction of 

mixed calcium-copper phases (CaCu2O3 and Ca2CuO3). 

 A Thermo Fisher Zeiss Supra was used in the collection of scanning electron microscopy 

(SEM) and energy dispersive X-ray spectroscopy (EDS) data at 10.0 ï 15.0 mA and 15.0 keV using a 

detector distance of 8.0 ï 15.0 mm. 

 

 

 

2.3 Cyclic Thermogravimetric Analysis (TGA) 
 

 The cyclic TGA testing and the TGA equipment have been reported in detail by our research 

group in a previous article (Westbye et al., 2018). The implemented testing regime (Table 1) simulates 

representative Ca-Cu Looping conditions. All materials have been tested for 45 ï 50 cycles where each 

cycle has a 159 min duration (50 cycles equals 5.5 days of continuous testing). Synthetic air (21 vol% O2, 

79 vol% N2, 6.0, Praxair), CO2 (5.0, Praxair), steam (H2O(g), deionized), H2 (6.0, Praxair) and N2 (5.0, 

Praxair) are available to the experimental set-up. The TGA is operated with a 500 mL STP min-1 total flow 

and 9.0°C min-1 and 3.5°C min-1 heating and cooling rates, respectively. Carbonation is performed at 

650°C with steam in 15 vol% CO2, and oxidation is performed at 650°C using 5.3 vol% O2. CO2 is 

introduced in the oxidation step to limit calcination during oxidation. Reduction and calcination are 

performed in a carbonaceous environment (40 vol% CO2) at 870°C using hydrogen.  

 
Table 1. Conditions for cyclic TGA testing. The total flow is 500 mL STP min-1 with heating and cooling rates of 9.0°C min-1 and 

3.5°C min-1, respectively. 

 Time 
[min]  

T 
[°C] 

CO2 
[vol% ] 

N2 
[vol%]  

H2O 
[vol%]  

H2 
[vol%]  

Air  
[vol%]  

1. Carbonation  35 650 15 60 25 0 0 

2. Oxidation  25 650 75 0 0 0 25 

3. Heating  25 650 to 870 80 0 10 0 10 

4. Calcination  8 870 40 35 25 0 0 

5. Reduction  3 870 40 15 25 20 0 

6. Cooling  63 870 to 650 0 70 25 5 0 

 

 In a TGA test, 25 mg sample is heated in a calibrated alumina crucible in 400 mL STP min-1 

synthetic air and 100 mL STP min-1 N2 to 870°C, flushed for 3 min in pure N2 and subjected to the 

described calcination, reduction and cooling steps (Table 1, steps 4 ï 6). The material is thus calcined 

and reduced before the cyclic testing is initiated. After the 50th cooling step the test is stopped, and the 

material is cooled to room temperature in 500 mL STP min-1 synthetic air. All materials where in a 

calcined and oxidized state during characterization. CO2 and O2 carrying capacities are reported on a 

100.0 g CaO/Cu/CaZrO3 basis as gCO2/100g and gO2/100g. Compositional estimates are given on a 

CaO/CuO/CaZrO3 basis in wt%. 

 The expected theoretical TGA capacity for the three synthesized materials are 17.1 

gCO2/100g and 8.7 gO2/100g for CuO40_R2 (20/40/40 wt% CaO/CuO/CaZrO3), 21.8 gCO2/100g and 

11.2 gO2/100g for CuO50_R2 (25/50/25 wt% CaO/CuO/CaZrO3) and 3.4 gCO2/100g and 8.7 gO2/100g 

for CuO40_R10 (4/40/56 wt% CaO/CuO/CaZrO3). 
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3. Results and Discussion  

 

3.1 Combined Calcium Zirconate Materials with a CuO/CaO Ratio of 2 [wt/wt] 

 

3.1.1 Materials Characterization Prior to TGA Testing  
 

Powder X-ray Diffraction Data (PXRD) 

 

 All Bragg peaks have been accounted for and identified as CaO, CuO, CaZrO3, CaCu2O3 

and Ca2CuO3 in the X-ray diffraction data collected for CuO40_R2 and CuO50_R2 (Figure 1). Mixed 

calcium-copper phases were expected as they have been observed in combined materials based on 

mayenite (CaO/CuO/Ca12Al14O33) (Westbye et al., 2018). For mayenite materials, these mixed phases 

segregated into separate CaO and CuO phases during cyclic TGA testing. Mixed phases are more 

thoroughly investigated using temperature-programmed methods (Figure 4). The Rietveld refinements, 

backgrounds and difference curves are deemed acceptable (Figure 1). Reported Rwp values and GoF 

(Table 2) are within a reasonable range for Rietveld refinement. No sodium (Na) compounds were 

identified though amorphous species cannot be excluded. Non-crystalline species are, if at all present, 

only expected in trace amounts and are considered insignificant for the presented results.  

 By comparing the diffraction patterns of CuO40_R2 and CuO50_R2 (Figure 1) it is evident 

that the same Bragg peaks are found in both samples though the relative peak intensities are different. In 

the pattern for CuO40_R2, peaks related to CaZrO3 are more intense relative to those of mixed calcium-

copper phases and CuO. The opposite is true for CuO50_R2. These observations are in line with the 

theoretical compositions of the synthesized materials, as CuO50_R2 has the highest calcium and copper 

loading while CuO40_R2 has a higher Zr content. 

 Qualitative observations from the graph of PXRD patterns are reflected in Rietveld 

refinement data (Table 2). The CuO50_R2 material has a higher weight fraction of CuO and a lower mass 

content of CaZrO3 relative to CuO40_R2. Calcium is predominantly present in the mixed phases Ca2CuO3 

and CaCu2O3 in both samples. Zirconium is solely found in the CaZrO3 phase, an indication that the 

selected calcination conditions (950°C, 1 h) are appropriate for CaZrO3 formation. Expected material 

compositions in calcined and oxidized states calculated from Rietveld refinement data, assuming that all 

Ca and Cu present as CuO, CaO, CaCu2O3 and Ca2CuO3 will be available for sorption, are as follows: 

16.6/42.8/40.6 wt% CaO/CuO/CaZrO3 for CuO40_R2 with 14.3 gCO2/100g and 9.4 gO2/100g expected 

sorption capacities and 24.9/55.2/19.9 wt% CaO/CuO/CaZrO3 for CuO50_R2 with 21.2 gCO2/100g and 

12.7 gO2/100g expected carrying capacities. This is in good agreement with the compositions expected 

from the syntheses. 
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Figure 1. Diffraction patterns (black), Rietveld refinement profiles (grey) and difference curves (black, dotted) for calcined CuO/CaO 

= 2.0 [wt/wt] powders before TGA testing. Data was collected using a spinning flat plate configuration. Identified phases: CaO (ƺ), 

CuO (ǒ), CaZrO3 (æ), CaCu2O3 (ƴ) and Ca2CuO3 (Ǐ). 

 
Table 2. Quantitative data from Rietveld refinement for CuO/CaO = 2.0 [wt/wt] materials prior to TGA testing. Data are given on a 

weight percent (wt%) basis, Rwp [%] is the weighted R-factor and GoF [-] is the profile goodness-of-fit. 

 CuO 
[wt%]  

CaO 
[wt%]  

CaZrO3 
[wt%]  

CaCu2O3 
[wt%]  

Ca2CuO3 
[wt%]  

Rwp / GoF 

CuO40_R2 23.9 1.5 40.6 15.1 18.9 12.85 / 2.13 

CuO50_R2 31.8 2.7 19.9 13.9 31.7 10.71 / 1.79 

 

 

 

Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDS) 

 

 The elemental dispersion of Ca, Cu and Zr in CuO40_R2 (Figure 2) and CuO50_R2 (Figure 

3) before TGA testing is rather homogeneous. The Cu distribution in CuO50_R2 is slightly more clustered 

relative to that of CuO40_R2. This could be expected due to the higher CuO content of CuO50_R2 (Table 

2). In the CaO/CaZrO3 sorbent prepared by Zhao et al. (Zhao et al., 2014), cuboids of CaZrO3 were 

observed in SEM / TEM. These cuboids have not been observed in the combined material powders in this 

work. This can indicate that the implemented procedure, using Na2CO3 while introducing copper, either 

hinders or severely limits CaZrO3 cuboid formation. 
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Figure 2. A surface SEM image and elemental EDS mapping (Zr, Cu and Ca) for CuO40_R2 (15.0 keV, 8.5 mm detector distance, 

5.00 KX magnification). 
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Figure 3. A surface SEM image and elemental EDS mapping (Zr, Cu and Ca) for CuO50_R2 (15.0 keV, 8.5 mm detector distance, 

5.00 KX magnification). 

 

 

 

 

 

Temperature-Programmed Reduction and Oxidation of CuO40_R2 

 

 There is limited data on mixed calcium-copper phase reactivity reported in literature, though 

some physical data has been reported (Fouad et al., 2012) (Hess et al., 2007). In order to further 

investigate the CaCu2O3 and Ca2CuO3 mixed phases observed in the combined material, and to ensure 

that an 870°C reduction temperature is indeed sufficient for the complete reduction of mixed phases, the 

CuO40_R2 material was subjected to three consecutive TPR / TPO measurements. A TPD was 

performed prior to these measurements in order to remove volatile contaminants (e.g. H2O from potential 

traces of Ca(OH)2) that could interfere with TPR / TPO data interpretation. A PXRD pattern was recorded 

after the third TPO for examination of the phase composition. TPR results are given along with a CuO 

powder H2-TPR reference pattern superimposed on the data (Figure 4). TPO results and the PXRD 

pattern are provided in the Supporting Information (Figure S1 and Figure S2, respectively).  
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Figure 4. Results for three TPR experiments with initial TPD and intermediate TPO. TPR was performed using a 50 cm3 STP min-1 

10 / 90 vol% H2 / N2 flow, a 10°C min-1 heating rate from ambient conditions to 900°C and a 50°C min-1 cooling rate. Approximately 

130 cm3 STP H2 g
-1 was consumed in all three TPR experiments. Peak positions from left to right: TPR 1 (268°C, 300°C, 418°C), 

TPR 2 (242°C, 294°C, 309°C, 427°C), TPR 3 (235°C, 290°C, 304°C, 429°C) and CuO reference (331°C) 

 

 

 It is evident from TPR data (Figure 4) that the sample is completely reduced at 418 - 429°C 

for all three TPR runs. The hydrogen consumption was approximately 130 cm3 STP H2 g-1 in each test, in 

good agreement with the expected copper content (the oxygen consumption during TPO tests was ca. 73 

cm3 STP O2 g-1, in agreement with the H2 consumption). The PXRD data after the third TPO (Supporting 

Information, Figure S2) revealed that only CuO, CaO and CaZrO3 phases were present in the sample. 

This implies that mixed calcium-copper phases can be expected to completely reduce at high 

temperature (> 430°C) and that only separate CaO and CuO phases are formed upon subsequent 

oxidation. The presence of mixed phases in the synthesized material is therefore not expected to affect 

the cyclic performance of the material as all processing steps during TGA testing (and Ca-Cu Looping) 

are above 430°C. TPO data (Supporting Information, Figure S1) along with the measured O2 

consumption suggests the sample is completely oxidized at 650°C. 

 The discrepancies between TPR 1 and TPR 2 / TPR 3 patterns have been attributed to the 

presence of mixed phases in TPR 1 and their absence during TPR 2 and TPR 3. The peak positions for 

TPR 2 and TPR 3 are (from left to right, TPR 2 / TPR 3): 242°C / 235°C, 294°C / 290°C, 309°C / 304°C 

and 427°C / 429°C. The difference between TPR 2 and TPR 3 profiles is a slight shift towards lower 

temperatures in TPR 3 relative to TPR 2. This indicates that the sample is more easily reduced after 

exposure to consecutive TPR / TPO runs. The general shapes of the TPR 2 / TPR 3 patterns in the 

approximate range 235 ï 305°C correspond well with other TPR patterns for supported copper materials 

reported in literature (Cabello et al., 2016) (Zhou et al., 1999). Of special note is the reported peak at 

241.2°C for a mixed CuO-Cu2O-Cu phase by Y. Zhai et al. (Zhai et al., 2015), similar to the TPR 2 / TPR 

3 peaks located at 242°C / 235°C. The peaks located around 300°C could also be attributed to CuO 

reduction, as the profile overlap between the reference H2-TPR CuO powder match well with the TPR 2 / 

TPR 3 profile shape. The reference H2-TPR CuO pattern is in line with that reported for CuO in literature 

(L. Díez-Martín et al., 2018a) (Laura Díez-Martín et al., 2018). It is of note that a significant portion of 

copper present in the combined material is seemingly more easily reduced than the CuO reference 
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powder. The exact reasons for the ease of reduction of the prepared material relative to pure CuO 

requires further dedicated investigation and is out of the scope of this paper (e.g. in situ XRD studies). 

However, there have been reports that Zr doping can improve CuO reactivity (Wang et al., 2015) and the 

particle size and presence of mixed oxides during reduction could affect the reducibility of copper. 

 The last TPR peak located at 418 ï 429°C for all TPR tests has been attributed to mixed 

calcium-copper phases as the total peak area decreases significantly from TPR 1 to TPR 2 / TPR 3. The 

418°C peak area is a substantial fraction of the TPR 1 pattern, but it is only responsible for 3.9 ï 4.0 cm3 

STP H2 g-1 consumption out of 130 cm3 STP H2 g-1 for TPR 2 and TPR 3. In order to support this claim, a 

fourth TPR was performed using the same experimental conditions but halting the reduction at 340°C and 

cooling the sample in pure N2 to avoid further reduction (not shown). In the PXRD pattern of this TPR 4, 

Cu, CaO and CaZrO3 peaks were found, with minute contributions from mixed phases. Given that no 

mixed phases were found in the oxidized sample following complete reduction and the H2 consumption 

for all TPR runs were the same with the 420 ï 430°C TPR peak found in all samples, it could be possible 

that mixed phases form in small amounts during the 235 ï 305°C range reduction, and that these formed 

mixed phases are not completely reduced until a temperature of 418 ï 429°C is reached. This interaction 

is however not deemed particularly significant as (1) there are only trace amounts of mixed phase being 

formed (2) the Ca-Cu Looping reduction is performed at 870°C, and (3) in the Ca-Cu Looping process Ca 

will be present as CaCO3 during oxidation and partially so during reduction, thus the potential for CaO-

CuO interaction is more limited. 

 

 

 

3.1.2 Evaluation of Material Performance in Cyclic TGA Testing 

 

 Cyclic TGA results for CuO40_R2 and CuO50_R2 are given in Figure 5. The CO2 and O2 

carrying capacities for CuO40_R2 were stable at 13.6 gCO2/100g and 8.2 ï 8.6 gO2/100g throughout 

cycling, resulting in an observed active composition of 16.0/39.6/44.4 wt% CaO/CuO/CaZrO3 (Table 3) at 

full oxidation and carbonation (i.e. including kinetic- and diffusion-controlled CaO carbonation). This 

compositional estimate from cyclic TGA is in good agreement with that expected from Rietveld refinement 

(16.6/42.8/40.6 wt%) and synthesis stoichiometry (20/40/40 wt%), implying that most of the Cu and free 

CaO in the sample are involved in gas sorption. 

 The carbonation and oxidation profiles of CuO40_R2 (Figure 6 (a)) have a slight increase in 

total sorption capacity from cycle 5 to 25. Profile shapes and carrying capacities are unaltered from the 

25th cycle and throughout the remaining 50 cycles. The observed CaO carbonation is typical for CaO 

based sorbents, characterized by an initial linear weight increase (kinetic regime) followed by a 

progressively diminishing rate of carbonation (diffusion regime) resulting in a curved weight change 

profile. Copper oxidation in CuO40_R2 is dominated by a kinetic regime even at a low 5.3 vol% O2 

fraction in the gas phase at 650°C. This oxidation behaviour occurs in spite of CaCO3 being present in the 

combined material which could potentially reduce the powder sample porosity. A significant observation is 

that both CO2 and O2 carrying capacities are stable from the first cycle. Stable and predictable active CuO 

and CaO loadings in synthesized combined materials are of great importance as they affect the Ca-Cu 

Looping energetics through the CuO/CaO ratio. Combined materials must be synthesized using a pre-

determined CuO/CaO ratio, implying that stable and predictable capacities are vital for tailoring these 

materials towards various Ca-Cu Looping process configurations and/or feedstocks. 

 CuO50_R2 is losing O2 carrying capacity throughout cycling (Figure 5). Inspecting the 

carbonation and oxidation curves of CuO50_R2 (Figure 6 (b)), it is clear that the O2 capacity is 

decreasing already from cycle 5, while the CO2 capacity is slightly increasing until the 25th cycle and 

deactivates as the oxygen carrying function decays further. This initial slight increase in CO2 sorption 
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could be caused by physical changes in the powder or possibly due to a slight increase in active CaO 

content caused by gradual disappearance of mixed Ca-Cu phases during the first cycles (traces of mixed 

phases were detected in CuO50_R2 after 10 TGA cycles, section 3.1.3, Figure 7). It was shown in 

section 3.1.1 that mixed calcium-copper phases are expected to completely reduce, however, this is only 

valid if all material is completely exposed to the reducing gas. The higher copper loading and mixed 

phase content in the CuO50_R2 sample could to some extent hinder gas diffusion, resulting in a more 

gradual disappearance of mixed phases. In any case, the eventual decline in both CO2 and O2 carrying 

capacities can be attributed to severe copper migration and agglomeration (section 3.1.3).The general 

curve shapes for carbonation and oxidation are similar for CuO50_R2 and CuO40_R2 (Figure 6). The 

compositional estimate for CuO50_R2 from TGA testing based on maximum carrying capacities of 22.0 

gCO2/100g and 11.3 gO2/100g is 25.1/50.6/23.3 wt% CaO/CuO/CaZrO3 (Table 3). This compares well 

with the Rietveld refinement estimate of the composition of the calcined and oxidized material 

(24.9/55.2/19.9 wt%) and that expected from synthesis stoichiometry (25/50/25 wt%). 

 Other combined materials reported in literature have displayed the opposite trend to that 

presented here with sorbent deactivation and copper stability being more commonly observed (Manovic 

and Anthony, 2011) (Manovic et al., 2011) (Kierzkowska and Müller, 2012) (Kierzkowska and Müller, 

2013). The reason for this observation is not clear at this point, though the rather harsh testing conditions 

used in this work and the use of steam during carbonation and calcination / reduction can play significant 

roles. In general, and as mentioned in the introduction, it is not straight forward to directly compare the 

presented combined material and other combined materials due to the varying testing conditions 

employed. However, it is interesting to note that the described behaviour of the CaO/CuO/CaZrO3 40 and 

50 wt% CuO loaded materials CuO40_R2 and CuO50_R2 are similar to those obtained for mayenite 

based materials (CaO/CuO/Ca12Al14O33) at a CuO/CaO = 2.0 [wt/wt] observed in our previous work 

(Westbye et al., 2018), where 50 wt% CuO loaded materials deactivated regardless of CuO precursor 

(CuO powder, Cu(OH)2 and Cu(NO3)2) while 40 wt% loaded materials remained stable throughout 

cycling. 

 
Figure 5. Sorption capacities during cyclic TGA testing of CuO50_R2 and CuO40_R2. Capacities are given in gram per 100.0 gram 

(g/100g) calcined and reduced material (CaO/Cu/CaZrO3). Testing conditions are given in Table 1. 
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Figure 6. Carbonation (5 min mark) and oxidation (40 min mark) profiles for materials during cyclic TGA testing. (a) CuO40_R2. (b) 

CuO50_R2. Sample weight is normalized using the reduced and calcined (CaO/Cu/CaZrO3) weight before cycle initiation for each 

cycle. 

 
Table 3. Results from cyclic TGA testing for CuO40_R2 and CuO50_R2 powders. Subscript ñmaxò: highest recorded carrying 

capacity. Subscript ñ50ò: Carrying capacity in the 50th cycle. Carrying capacities are given per 100.0 grams of reduced and calcined 

material (CaO/Cu/CaZrO3). 

 CuO40_R2 CuO50_R2 

[gCO2/100g] max 13.6 22.0 

[gO2/100g] max 8.6 11.3 

(CaO/CuO/CaZrO3)max wt% 16.0/39.6/44.4 25.1/50.6/23.3 

[gCO2/100g] 50 13.6 3.7 

[gO2/100g] 50 8.2 18.6 

(CaO/CuO/CaZrO3)50 wt% 16.0/37.8/46.2 22.2/17.7/60.1 

 

 

3.1.3 Materials Characterization After Cyclic TGA Testing 

 

Powder X-ray Diffraction Data (PXRD) 

 

 During a preliminary screening of combined materials, 10 TGA cycles were performed on 

samples from the CuO40_R2 and CuO50_R2 batches prior to 50 TGA cycles (Figure 7). In line with what 

was observed in PXRD data prior to TGA testing (Figure 1), the relative intensities of CaZrO3, CaO and 

CuO are different for CuO40_R2_T10 and CuO50_R2_T10, where CaZrO3 is more pronounced in the 

former and CuO and CaO are more pronounced in the latter. No mixed phases were observed in the 

PXRD diffraction data (Figure 7) for CuO40_R2_T10 - the mixed phases had segregated into separate 

CaO and CuO phases as expected from TPR data (Figure 4, section 3.1.1). Trace amounts of CaCu2O3 

were observed for CuO50_R2_T10 (Figure 7). Gradual disappearance of mixed calcium-copper phases 

can be an explanation for the slight increase in CO2 capacity for CuO50_R2 (Figure 5, section 3.1.2) 

during the first 25 cycles. A PXRD was performed (not shown) on the CuO50_R2_T50 to check for mixed 

phases. No mixed phases were present, indicating that the mixed phases had completely segregated 

after 50 TGA cycles. 
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Figure 7. Diffraction patterns of CuO/CaO = 2.0 [wt/wt] powders after 10 TGA cycles. Data was collected using a spinning flat plate 

configuration. Identified phases: CaO (ƺ), CuO (ǒ), CaZrO3 (æ) and CaCu2O3 (ƴ). 

 

 

 

Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDS) 

 

 From the SEM images and EDS analysis for the samples after 10 and after 50 TGA cycles 

(Figure 8 and Figure 9) it seems evident that there has been copper migration and agglomeration in both 

materials. The agglomeration is severe for CuO50_R2_T50. Copper migration can explain the significant 

loss of CO2 and O2 carrying capacities for CuO50_R2 during cycling (Figure 5). For both materials the 

segregation of well dispersed mixed phases (Figure 2 and Figure 3) is evident after 10 cycles where both 

CuO40_R2_T10 and CuO50_R2_T10 are similar with respect to the elemental distributions of Ca, Cu and 

Zr. However, while CuO40_R2_T10 and CuO_R2_T10 have comparable copper distributions, there is 

clear copper sheet formation in CuO50_R2_T50 not present in CuO40_R2_T50. 

 


