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ABSTRACT: The preparation of bifunctional CaO/CuO composites with high performance is
essential for the development of the combined Ca-Cu looping process, in which the exothermic
reduction of CuO with methane is used in-situ to provide the heat required to calcine CaCOs.

However, the rapid decline in CO; uptake of CaO/CuO composites remains an important problem

1

© 2019 The Authors. Published by Royal Society of Chemistry. This is the Author Accepted Manuscript. Please refer to any applicable publisher terms of use.


e805814
Text Box
© 2019 The Authors. Published by Royal Society of Chemistry. This is the Author Accepted Manuscript.  Please refer to any applicable publisher terms of use.


e805814
Text Box
Journal of Materials Chemistry: A. Volume 7, Issue 37, October 2019, pp. 20969–21526
DOI: 10.1039/C9TA04513A



17

18

19

20

21

22

23

24

25

26

27

28

29

30

to be solved, despite their excellent redox characteristic. Herein we report a facile one-pot
template-free synthesis approach to yield CaO/CuO hollow microspheres, aimed at enhancing the
CO; capture performance of CaO/CuO composites. CaO/CuO hollow microspheres feature highly
porous shells and a homogeneous elemental distribution, and demonstrate significantly enhanced
CO; capture performance. After ten repeated cycles, CO> uptake capacity of the best-performing
CaO/CuO hollow microspheres exceeded the reference materials, i.e., CaO/CuO composites
synthesized via wet mixing or a co-precipitation method, by 222% and 114%, respectively.
Moreover, from cycle number eight onwards, the CO; uptake was very stable over the tested 20
cycles, suggesting good cyclic stability of CaO/CuO hollow microspheres. Oxidation was always
fast with conversions greater than 90%. On the basis of N> adsorption, scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) characterizations, the
significantly enhanced CO; capture performance of the CaO/CuO hollow microspheres resulted
from the unique hollow microsphere structure with highly porous shells, which remained

throughout the cyclic operations.
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INTRODUCTION

The combined Ca-Cu looping process, a modification of conventional calcium looping (CaL)
for CO; capture through CaO-based sorbents,'® has been proposed recently to reduce the energy
requirements for sorbent regeneration.” '’ In this novel process, chemical looping combustion is
integrated into the conventional CaL process by means of bifunctional CaO/CuO composites,
where CaO functions as a sorbent for CO» capture and CuO functions as an oxygen carrier. The
heat required for the regeneration of CaCOj is provided in-situ by the exothermic reaction between
CuO and a reducing gaseous fuel,'' as illustrated in Figure 1. Implementation of an energy-
intensive air separation unit (ASU) can be avoided, which is otherwise necessary to produce pure
oxygen for the oxy-fuel combustion in the calcination reactor to obtain a concentrated CO;

stream.'? A significantly reduced energy penalty (i.e., a drop in net power efficiency of the power
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plant when carbon capture and sequestration (CCS) technology is used) of 3.4% can be obtained
for the combined Ca-Cu looping process compared to an energy penalty of 7.9% for the
conventional CaL configuration.”> In addition to its application in the post-combustion CO;
capture system, the combined Ca-Cu looping process can also be used for hydrogen production,’

thus offering great potential in integration with other state-of-the-art technologies, such as

14-17

hydrogen plants, ammonia production plants,'® natural gas combined cycle power plants,'”
ydrogen p p p g Yy

20,21

steelworks,’’?! and solid-oxide fuel cells.?
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Figure 1. Schematic diagram of combined Ca-Cu looping process.

Although exhibiting vast application prospects as mentioned above, the combined Ca-Cu
looping process is very challenging from a material point of view. Thus, although CaO/CuO
composites exhibit excellent, cyclically stable Oz carrying capacity, mainly due to CaO acting as
a support for the CuO, the CO> uptake declines significantly during the cyclic operations and thus

becomes a major problem to be solved.?*2¢

For example, CaO/CuO composites prepared by a wet
granulation approach possessed a carbonation conversion of 30% after only three cycles, in spite

of using a thermally stable cement-type support.”’ In our recent work, we fabricated nanostructured

CaO/CuO composites using a solution combustion synthesis method, and observed that the CO>
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uptake increased with an increase of cycle numbers; this has been termed self-activation.”’
However, the initial carbonation conversions were relatively low (less than 40%) and still need to

be improved.

Recently, three-dimensional hierarchical hollow microspheres have attracted great interest in
both fundamental and applied research, due to their well-defined morphologies, large surface areas
and high performance for catalysis.”®** The most widely employed method for the production of
hollow microsphere materials is the template-assisted synthesis approach using hard templates**

36 or carbon.?’ In general, this approach

such as mono-dispersed polymers,*> carbonaceous spheres,
involves four major steps: 1) template preparation; 2) surface modification of the hard template;
3) target material coating/deposition; and 4) template removal.** Ma et al.,*® Armutlulu et al.’* and

our group’®

successfully developed CaO hollow microspheres using this synthesis method,
respectively, and confirmed the superiority of hollow microsphere structures for enhanced CO>
capture performance of CaO-based sorbents. However, in order to limit the complexity and to

increase the throughput of the synthesis procedure, a favorable approach should not involve the

use of any templates, as they must be first prepared and then finally removed.

Here, we report a facile template-free synthesis approach to yield effective CaO/CuO hollow
microspheres featuring highly porous shells and a homogeneous elemental distribution without
any support material. The synthesis approach adopted here features the aforementioned desirable
one-pot characteristics. The initial and cyclic carbonation and redox characteristics were assessed
in detail and were also compared with CaO/CuO composites prepared by conventional synthesis
methods, i.e., wet mixing and co-precipitation. N> adsorption, scanning electron microscopy

(SEM) and transmission electron microscopy (TEM) confirmed the hollow microsphere structure
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and the highly porous shells, which are essential to enhance the CO: capture performance of

CaO/CuO composites.

EXPERIMENTAL SECTION

Materials and sorbent preparation. All the reagents used in the experiments were of analytical
grade and employed without further purification. In a typical synthesis, calcium nitrate tetrahydrate
(Ca(NO3)2-4H20, 0.03 mol), cupric nitrate trihydrate (Cu(NO3)2:3H20, 0.03 mol), and glycine
(C2HsNO», 0.06 mol) were first dissolved in 125 mL of deionized water, as shown in Figure 2.
After vigorous stirring for 5 min at room temperature, ammonium bicarbonate (NH4HCOs3, 0.15
mol) was added slowly to the mixed solution. A solid-liquid mixture was obtained after the
dissolution of NH4HCO3, which was then transferred into a 250 mL Teflon-lined stainless-steel
autoclave. The autoclave was kept in an oven at 180 °C for 24 h. After cooling down to room
temperature, a black powdery material was collected by centrifugation and filtration, and washed
thoroughly with deionized water three times. The filtrate was dried in an oven at 120 °C for 12 h
to remove water. The final CaO/CuO hollow microspheres were produced via calcination in a
muftle furnace at 800 °C for 1 h with a slow heating rate (i.e., 2 °C/min from room temperature to
800 °C) under an air atmosphere. For comparison, samples with the same Ca/Cu molar ratio were
also prepared by simple wet mixing of Ca(NO3)2:4H>O and Cu(NO3)2-3H>0, as well as co-
precipitation of Ca(NO3)2-4H,O and Cu(NOs3);-:3H,O using NH4HCO; as the precipitant,

respectively. These reference materials also received the same calcination treatment.
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Figure 2. Schematic illustration of the facile template-free synthesis approach developed here

to synthesize CaO/CuO hollow microspheres.

In this work, twelve CaO/CuO composites were synthesized and investigated. For simplicity,
the abbreviation CaO/CuO(x)-y-T-t is used to denote the different CaO/CuO composites prepared
by the template-free synthesis approach, where x represents the molar ratio of CaO to CuO, y is
the molar concentration of Ca?" precursor (mol/L), T is the hydrothermal temperature (°C), and t
is the hydrothermal duration (h). Here, the abbreviations CaO/CuO(x)-y-WM and CaO/CuO(x)-y-
CP are also used for CaO/CuO composites fabricated by wet mixing and co-precipitation methods,
respectively. Table S1 in the Supporting Information (SI) summarizes all materials synthesized.
Note that the molar ratio of CaO to CuO (i.e., x) in the composites investigated in this work was
always one, although the theoretical ratio from balancing the reaction heats of the calcination of
CaCOs (Eq. 1) and the reduction of CuO with CH4 (Eq. 2) is ~0.25 and thus much lower. This is
because the practically relevant molar ratio of CaO to CuO in the composites does not only depend
on the reaction heats, but also on the extent of the carbonation reaction of CaO, which is usually

incomplete and so unreacted CaO exists after each carbonation reaction. When thermal sintering
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occurs, the CO2 uptake capacity decreases even further and so does the heat requirement to

decompose the carbonate.

CaCO, <>CaO+CO, AH,yg, =-+178k]-mol’ (1)

CH,+4Cu0—>4Cu+CO0, +2H,0 AH,gq =—170k] -mol” @)

Detailed information concerning the experimental characterization and performance testing can

be found in the SI. A schematic illustration of the fixed-bed reactor is shown in the SI, Figure S1.
RESULTS AND DISCUSSION

Synthesis of CaO/CuO hollow microspheres. It is well known that the carbonation reaction
consists of two stages: an initial rapid kinetically-controlled stage, followed by a substantially
slower diffusion-controlled stage.*'*** Considering the typically short residence time in fixed-bed
reactors, only the CO» captured during the kinetically-controlled stage is of practical relevance. As
shown in Figure 3, compared to CaO/CuO composites prepared by conventional synthesis
methods, such as wet mixing or co-precipitation, CaO/CuO hollow microspheres featuring highly
porous shells provide a larger specific surface area with numerous active sites for the occurrence
of the carbonation reaction, thus enabling rapid kinetics and a high sorption capacity. The central
void provides the required volume to buffer against the volume variations accompanied with the
repeated cyclic operations (i.e., carbonation/calcination of CaO/CaCOs3 and reduction/oxidation of
CuO/Cu, as the molar volume of CaCOs3 is more than twice as high as that of CaO, and the molar
volume of CuO is 1.7 times as high as that of Cu), thus leading to an improved cycling stability.
This advantage was experimentally confirmed by Naeem et al.,** who used in-situ TEM to observe
the morphological changes of CaO hollow microspheres during the calcination reaction, and found

although the molar volume of CaCOs3 is more than twice as high as that of CaO, the shrinkage in
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the diameter of the microsphere after calcination was determined to be <15%, which was due to
the presence of the central void within the multi-shell architecture. Moreover, the presence of
highly porous shells would allow rapid transport of CO to and from the material.***>%¢ It should
also be noted that the shells are composed of CaO and CuO (or CaO, CuO and calcium copper
oxide) nano-sized particles, among which CaO nanoparticles minimize the diffusion distance of
CO; through the freshly formed CaCOs3 product layer in the diffusion-controlled stage during the
carbonation reaction.** Furthermore, the three-dimensional hollow microsphere structures realize
a physical separation of the nanoparticles, which is expected to effectively mitigate particle/grain

agglomeration.*’
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® o ® q
0o Y P
Unreacted CaO CaO/CuO
R .
o

[o)

oo
@
.8

AL ‘_/
Ca0/Cu0
O 0 CaCOj; product layer

ﬂcwmcoycw
l/ \‘\
00 .
CaO/Cu CaO/Cu

Figure 3. Microstructure modification to enhance CO> capture performance of CaO/CuO
composites. (a) Assembly of relatively large CaO/CuO nanoparticles (i.e., prepared by the
conventional synthesis methods) which suffers from diffusion-limited CO> uptake; (b) CaO/CuO

hollow microspheres with highly porous shells.

In order to obtain the optimal synthesis parameters, their effects, such as concentration of
calcium and copper precursors, hydrothermal duration and hydrothermal temperature, on the
microstructures of CaO/CuO composites, were investigated in detail. Figure 4 shows the SEM

images of CaO/CuO composites synthesized under different hydrothermal conditions. When the



157

158

159

160

161

162

163

164

165

166

167

168

169

molar concentration of Ca?" was 0.04 mol/L, CaO/CuO composites showed irregular
morphologies, where CaO and CuO grains were connected with each other and agglomerated
(Figure 4a). The agglomeration of CaO and CuO grains became more severe as the molar
concentration of Ca?* was increased to 0.08 mol/L; however, a fraction of CaO/CuO composites
exhibited morphologies of approximate microspheres (Figure 4b). With the continuous increase of
the molar concentration of Ca®" to 0.24 mol/L, CaO/CuO composites yielded microsphere
morphologies featuring highly porous shells (Figure 4c, d). Figure 5 shows a typical STEM image
of CaO/Cu0O(1)-0.24-180-24 (i.e., a material that was synthesized at a hydrothermal temperature
of 180 °C for a hydrothermal duration of 24 h), which confirmed the hollow interiors clearly by
the electron-density difference between the dark edge and the pale center. Moreover, the particle
size and the shell thickness of CaO/CuO hollow microspheres became larger when the molar

concentration of Ca?" was greater than 0.24 mol/L (Figure 4e, f, Figure 5 and SI, Figure S2).

10
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Figure 4. SEM images of CaO/CuO composites synthesized under different hydrothermal
conditions. (a) CaO/CuO(1)-0.04-180-24; (b) CaO/CuO(1)-0.08-180-24; (c) CaO/CuO(1)-0.24-
180-24; (d) high resolution of the red marked area in (c); (), (f) CaO/CuO(1)-0.4-180-24; (g)
CaO/Cu0(1)-0.24-180-6; (h) CaO/Cu0O(1)-0.24-180-12; (i) CaO/CuO(1)-0.24-180-18. The green

dotted circles indicate the presence of microspheres.

In addition, when the hydrothermal duration was 6 h, there were no CaO/CuO hollow
microspheres formed, as shown in Figure 4g. However, CaO/CuO hollow microspheres were
present once the hydrothermal duration was increased to 12 h (Figure 4h). The number of
CaO/CuO hollow microspheres increased further as the hydrothermal duration was increased
(Figure 4c, 1). Furthermore, it was found that hydrothermal treatment, the presence of glycine, as
well as a high hydrothermal temperature, were essential for the hollow microsphere structure
development. Without hydrothermal treatment, CaO/CuO composites exhibited irregular
morphologies, rather than microsphere morphologies (SI, Figure S3). Similar observations were
also made in the absence of glycine (SI, Figure S4) or at a low hydrothermal temperature of 120

°C (SI, Figure S5).

Consequently, with the accurate control of the aforementioned synthesis parameters, it is
relatively simple to scale up this synthesis approach to prepare CaO/CuO hollow microspheres
featuring highly porous shells. Moreover, it is also noteworthy that, compared to chemical

compounds used in conventional template-assisted synthesis approaches for the development of

36

hollow-structured materials, such as carbonaceous spheres,*® sulfonated polystyrene,*® resorcinol

49

and formaldehyde,” all of the precursors utilized in this template-free synthesis approach were

relatively inexpensive and environmentally benign.

11
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Characterization of CaQ/CuO hollow microspheres. To evaluate the homogeneous
elemental distribution of CaO and CuO in the CaO/CuO hollow microspheres, a feature that is
critical to ensure excellent heat and mass transfer during the repeated calcination/reduction,
oxidation and carbonation cycles, HAADF-STEM with EDX analyses, as well as SEM with EDX
analyses, were conducted. Figure 5 and SI, Figure S6 show the elemental mappings of Ca, Mg and
O of a CaO/CuO hollow microsphere, respectively. Both figures confirm that Ca and Cu elements
were dispersed homogeneously either on the surface or within the structure of the hollow
microspheres, revealing that the template-free synthesis approach ensured the compositional

homogeneity between CaO and CuO in the CaO/CuO hollow microspheres.

Figure 5. HAADF-STEM and EDX characterization of CaO/CuO(1)-0.24-180-24.

Figure 6 shows XRD diffractograms of CaO/CuO composites prepared by the template-free
synthesis approach under different hydrothermal conditions. It was interesting to find that the main
components of CaO/CuO(1)-0.24-180-6 and CaO/CuO(1)-0.24-180-12 were Ca>CuO3 and CuO.
However, with the increase of hydrothermal duration, along with Ca;CuO3 and CuO, CaO was

also detected. Although Ca;CuOs, a solid solution of CaO and CuO, has been commonly reported

12
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in CaO-CuO pseudo-binary systems,”’>! Ca,CuOs present in CaO/CuO composites does not
consume any “active CaO” and would subsequently decompose into CaO and CuO during the
calcination/reduction stage. This conclusion was experimentally confirmed by Chen et al.,* who
observed the phase evolution of CaO/CuO composites during the entire process (i.e., repeated
calcination/reduction, oxidation and carbonation cycles) using in-situ XRD. Moreover, it seemed
the concentration of the calcium precursor and the hydrothermal temperature had negligible effects
on the composition of the CaO/CuO composites when the hydrothermal duration was as long as
24 h. The main components of the composites were always CaO, Ca;CuO3 and CuO. The presence
of Ca(OH); in CaO/CuO(1)-0.24-120-24 was probably due to adsorbed moisture (as shown in Eq.
3) when the sample was transferred to the XRD measurement. The calcination temperature used
in the material synthesis process (i.e., 800 °C) was high enough for complete decomposition of
Ca(OH); (~550 °C),>? even if Ca(OH), did exist in the synthesis process before the calcination

step.
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Figure 6. XRD diffractograms of CaO/CuO composites prepared by the template-free

synthesis method under different hydrothermal conditions.

Assessment of carbonation and redox characteristics of CaO/CuO hollow microspheres.
Compared to CaO/CuO composites prepared via the conventional synthesis methods, an entirely
different structure, i.e., CaO/CuO hollow microspheres featuring highly porous shells and
homogeneous elemental distribution, was obtained in this work. To the best of our knowledge, this
unique structure is being reported for the first time in material synthesis for the combined Ca-Cu
looping process. As the structure of the sorbents plays a critical role for high sorption capacities
[1][2],%*** the carbonation and redox characteristics of CaO/CuO hollow microspheres should be

investigated in detail.

It is well known that the reaction conditions also have significant effect on the sorption capacity
of CaO-based sorbents.”>® Thus, we first explored the effect of reaction conditions on the
carbonation and redox characteristics of CaO/CuO hollow microspheres. Figure 7 gives typical
carbonation and oxidation curves of CaO/CuO(1)-0.4-180-24 under different carbonation and
oxidation temperatures, respectively. It was found the carbonation temperature played a critical
role in CO; uptake capacity. As the carbonation temperature increased, the CO uptake increased
first, reaching a maximum carbonation conversion of 59.5% at 650 °C, and then it decreased to
47.1% at 700 °C (Figure 7a). However, it seemed the oxidation temperature had a negligible effect
on the Oz carrying capacity. With the increase of oxidation temperature, there were no obvious
changes in the measured O> carrying capacity, and the oxidation was always fast with conversions

larger than 90% (Figure 7b).

14
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Figure 7. (a) Carbonation and (b) oxidation curves of CaO/CuO hollow microspheres
(CaO/CuO(1)-0.4-180-24) during the initial carbonation and oxidation stages in a fixed-bed

reactor, respectively.

Figure 8 gives carbonation and redox characteristics of CaO/CuO hollow microspheres over the
tested cycles. CaO/CuO(1)-0.4-180-24 exhibited a slightly lower carbonation conversion than
Ca0O/Cu0O(1)-0.24-180-24 (i.e., 59.5% vs. 65.5%), and the transition point of CaO/CuO(1)-0.4-
180-24 (i.e., from the kinetically-controlled stage to the diffusion-controlled stage of the
carbonation reaction) was present later than that of CaO/CuO(1)-0.24-180-24. This was due to the
higher CO; diffusion resistance resulting from the increased shell thickness of the microspheres
(as shown in Figure 5 and SI, Figure S2). More importantly, CaO/CuO(1)-0.24-180-24 possessed
an initial carbonation conversion of 65.5% within a carbonation duration of 5 min, whereas a
carbonation conversion value of 51.9% was obtained within the first minute, contributing to 79.2%
of the initial CO2 uptake capacity. This result suggests that the CaO/CuO hollow microspheres
possessed good CO» sorption kinetics, which is important given the rather short residence times in
a real process. After ten repeated cycles, the carbonation conversion of CaO/CuO(1)-0.24-180-24

declined to 45.4%, still retaining 69.3% of its initial CO. uptake capacity (Figure 8b). An

15
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additional test covering 20 cycles was conducted for the best material, i.e., CaO/CuO(1)-0.24-180-
24. From cycle number eight onwards, the CO; uptake was very stable (Figure 8a), implying the
good cyclic stability of the CaO/CuO hollow microspheres. In terms of O, carrying capacity,
CaO/CuO hollow microspheres possessed excellent, cyclically stable O carrying capacity (Figure

8c, d), as has often been observed in previous work. >
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Figure 8. Carbonation and redox characteristics of CaO/CuO hollow microspheres in a fixed-
bed reactor. (a) Carbonation conversion as a function of cycle number; (b) Corresponding
carbonation curves in the first and 10 cycle (the vertical dashed line corresponds to a

carbonation time of 60 s.); (c) Oxidation conversion as a function of cycle number; (d)
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Corresponding oxidation curves in the first and 10 cycle. Reaction condition:
calcination/reduction stage: 20 vol.% CH4 (N bal.), 850 °C, 10 min; oxidation stage: 21 vol.%

O2 (N2 bal.), 650 °C, 5 min; carbonation stage: 15 vol.% CO2 (N2 bal.), 650 °C, 5 min.

In a real process the objective is to capture CO, during carbonation and generate a pure stream
of COs suitable for sequestration in the calcination process step. To achieve this, thermodynamics
for the system CaO-CaCOs dictate that the temperature in the calcination reactor must be greater
than ~ 900 °C (assuming an atmosphere containing 100% CO; at 1 atmosphere).”® Under these
harsh conditions, the CO, uptake capacity decreases much more rapidly than under mild
conditions, where the calcination is performed at lower temperatures in an environment free of
CO,. We, therefore, ran experiments under extremely harsh conditions (i.e., the
calcination/reduction reaction was performed for 10 min at 940 °C in an atmosphere of 20 vol.%
CH4 (CO; balance)), aiming to emulate a real process as closely as possible and thus assess the
real carbonation and redox characteristics of the materials. As shown in the SI, Figure S7,
CaO/CuO hollow microspheres (CaO/CuO(1)-0.24-180-24) still possessed a carbonation
conversion of 60.1% initially, and 37.5% after ten repeated cycles, whereas the oxidation
conversion was always larger than 89%. These results confirmed that CaO/CuO hollow

microspheres still exhibited good CO» capture performance and excellent redox characteristics.

Structure-performance relationship of the CaO/CuO composites tested. Figure 9 compares
the carbonation and redox performance of CaO/CuO composites fabricated by different synthesis
methods over ten repeated cycles. The decline in CO> uptake capacity of CaO/CuO composites
was observed for all samples; however, it was clear that CaO/CuO hollow microspheres exhibited
significantly enhanced CO; capture performance compared to CaO/CuO composites fabricated by

wet mixing and co-precipitation methods (Figure 9a). As shown in the SI, Table S2, the initial
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310

carbonation conversion of CaO/CuO(1)-0.24-180-24 was 65.5%, exceeding that of CaO/CuO(1)-
0.24-WM by 44.3% and that of CaO/CuO(1)-0.24-CP by 24.3%, respectively. After ten repeated
cycles, the final carbonation conversion of CaO/CuO(1)-0.24-180-24 was 45.4%, exceeding that
of CaO/CuO(1)-0.24-WM by 222% and CaO/CuO(1)-0.24-CP by 114%, respectively. Moreover,
the decline in CO> capture performance was significantly suppressed by CaO/CuO hollow
microspheres. The decline rate in CO; uptake capacity for CaO/CuO composites prepared by wet
mixing or co-precipitation was larger than 60% over the ten repeated cycles. However, CaO/CuO
hollow microspheres still maintained approximately 60% of their initial CO> uptake capacity.
Furthermore, although different synthesis methods were used to fabricate CaO/CuO composites,
the oxidation conversions of all the composites were greater than 90% over the ten repeated cycles
(Figure 9b). This result suggested the excellent redox characteristics of CaO/CuQO composites,

irrespective of the synthesis method used.
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Figure 9. (a) Carbonation conversion and (b) oxidation conversion of CaO/CuO composites
prepared by different synthesis methods over the tested cycles in a fixed-bed reactor,
respectively. Reaction condition: calcination/reduction stage: 20 vol.% CH4 (N2 bal.), 850 °C, 10

min; oxidation stage: 21 vol.% Oz (N2 bal.), 650 °C, 5 min; carbonation stage: 15 vol.% CO:
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(N2 bal.), 650 °C, 5 min.

Figure 10 and Figure 11 show SEM images of the CaO/CuO composites prepared by different
methods when they were collected at different stages of the repeated calcination/reduction,
oxidation, and carbonation cycles, respectively. Hollow microsphere structures featuring highly
porous shells were obtained only when the template-free synthesis approach was used, whereas
irregular morphologies were obtained when wet mixing or co-precipitation methods were used. It
can be seen that the shells of CaO/CuO hollow microspheres possessed an appreciable degree of
porosity even in their carbonated state (Figure 10b). Moreover, CaO/CuO hollow microspheres
still retained their hollow microsphere structures with porous shells, despite undergoing ten
repeated cycles (Figure 10d, Figure 11b, SI, Figure S8 and SI, Figure S9). However, CaO/CuO
composites fabricated by wet mixing or co-precipitation methods exhibited greater changes in their
morphologies after ten repeated cycles. Significant agglomeration is observed in Figure 11d, f,
mainly due to the lack of well-defined structures; i.e., hollow microsphere structures featuring
highly porous shells, which enabled a physical separation of the nanoparticles and, thus, mitigated

particle/grain agglomeration effectively.**

mn As-synthesized s w15 carbonation messs w5t calcination/reduction mes s 10% calcination/reduction mem

(@)

S um

Figure 10. Morphological changes of CaO/CuO(1)-0.24-180-24 at different stages of repeated

calcination/reduction, oxidation and carbonation cycles. Reaction conditions:
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329 calcination/reduction stage: 20 vol.% CH4 (N2 bal.), 850 °C, 10 min; oxidation stage: 21 vol.%

330 Oz (N2 bal.), 650 °C, 5 min; carbonation stage: 15 vol.% CO2 (N2 bal.), 650 °C, 5 min.

s As-synthesized ssss= == 10% calcination/reduction s

331

332 Figure 11. Morphological changes of CaO/CuO composites prepared by different synthesis
333 methods at different stages of repeated cycles. (a), (b) CaO/CuO(1)-0.4-180-24; (c), (d)
334 CaO/Cu0(1)-0.24-WM; (e), () CaO/CuO(1)-0.24-CP. Reaction conditions:

335 calcination/reduction stage: 20 vol.% CHa (N2 bal.), 850 °C, 10 min; oxidation stage: 21 vol.%

336 02 (N2 bal.), 650 °C, 5 min; carbonation stage: 15 vol.% CO> (N2 bal.), 650 °C, 5 min.

337 In order to shed light on the structure-performance relationship of the materials, specific surface
338 area and pore volume were measured using N» adsorption (Table 1 and SI, Figure S10). CaO/CuO
339  hollow microspheres possessed higher surface areas and pore volumes than the CaO/CuO

340  composites prepared by wet mixing or co-precipitation methods, which can be ascribed to the
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inherent advantages of well-defined structures, i.e., hollow microsphere structures featuring highly
porous shells. After ten repeated cycles, there were substantial drops in both surface area and pore
volume for all the CaO/CuO composites due to the thermal sintering. However, CaO/CuO hollow
microspheres still possessed higher surface areas than the reference materials, as the well-defined
structures were largely retained after the repeated cycles (as shown in Figure 10, Figure 11, SI,
Figure S8 and SI, Figure S9). The surface areas of the CaO/CuO composites decreased in the
following order: CaO/CuO(1)-0.24-180-24 > CaO/Cu0O(1)-0.4-180-24 > CaO/CuO(1)-0.24-CP >
Ca0O/Cu0O(1)-0.24-WM, which was in agreement with their cyclic CO; capture performance. In
terms of pore volume of the composites after ten cycles, CaO/CuO(1)-0.24-180-24 possessed the
highest while CaO/CuO(1)-0.24-WM possessed the lowest. CaO/CuO(1)-0.4-180-24 and
CaO/Cu0O(1)-0.24-CP possessed roughly the same pore volume after cyclic operations, although
the former exhibited a much better CO> capture performance than the latter. In light of these
observations, it can be concluded that both the hollow microsphere structures and the highly porous
shells were essential characteristics to maintain cyclically high CO; capture performance of

CaO/CuO composites.

Table 1. Porosity characterizations of CaO/CuO composites before and after repeated cycles

After ten cycles

As-synthesized (calcined/reduced state)

Sample
Surface area  Pore volume Surface area  Pore volume
(m?/g) (cm’/g) (m?/g) (cm’/g)
CaO/Cu0(1)-0.24-CP 16.7 0.027 4.6 0.019
CaO/Cu0(1)-0.24-WM 14.7 0.023 2.1 0.013
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CaO/Cu0O(1)-0.24-180-24 33.9 0.031 7.8 0.024

Ca0O/Cu0O(1)-0.4-180-24 24.0 0.043 6.6 0.019

Further, the phase evolutions of the CaO/CuO hollow microspheres during the
calcination/reduction, oxidation and carbonation cycles were investigated by XRD (Figure S11).
As mentioned above, the main components of the as-synthesized CaO/CuO(1)-0.4-180-24 were
CaO, CuO and CaCuOs;. However, only CaO and Cu were detected after the first
calcination/reduction reaction, indicating Ca;CuQOs; decomposed to CaO and Cu and was thus an
active component for the combined Ca-Cu looping.”*>> Moreover, Cu was not detected and only
CuO and CaO were present after the subsequent oxidation reaction, indicating the complete
oxidation of Cu. After the carbonation reaction, CaCO3 was present, which confirmed the
occurrence of the carbonation reaction between CaO and CO,. However, CaO, together with CuO,
was still present, indicating the incomplete carbonation of CaO/CuO hollow microspheres, in
agreement with the results from the fixed-bed experiments. Hence, it can be concluded that there
were no side reactions between CaO/CaCO; and CuO/Cu during the combined Ca-Cu looping

process, which was of great importance for this promising technology.
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