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CaO-based sorbents are cost-efficient materials for high-temperature CO,
capture, yet they rapidly deactivate over carbonation-regeneration cycles due to sintering,
hindering their utilization at the industrial scale. Morphological stabilizers such as Al,O; or
SiO, (e.g., introduced via impregnation) can improve sintering resistance, but the sorbents still
deactivate through the formation of mixed oxide phases and phase segregation, rendering the
stabilization inefficient. Here, we introduce a strategy to mitigate these deactivation
mechanisms by applying (ALSi)O, overcoats via atomic layer deposition onto CaCO;
nanoparticles and benchmark the CO, uptake of the resulting sorbent after 10 carbonation-
regeneration cycles against sorbents with optimized overcoats of only alumina/silica (+25%)
and unstabilized CaCO; nanoparticles (+55%). *’Al and *’Si NMR studies reveal that the
improved CO, uptake and structural stability of sorbents with (ALSi)O, overcoats is linked to 7V " — =~ "
the formation of glassy calcium aluminosilicate phases (Ca,AlSi)O, that prevent sintering and "7 ™ % ™ 7 % 2 o 2
phase segregation, probably due to a slower self-diffusion of cations in the glassy phases,
reducing in turn the formation of CO, capture-inactive Ca-containing mixed oxides. This strategy provides a roadmap for the design
of more efficient CaO-based sorbents using glassy stabilizers.
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The CL process utilizes the reversible reaction between CaO
and CO,, viz. CaOy,) + COyy) 2 CaCOj() (AH™ = ~178
kJ mol™" for the forward reaction) whereby the CO, capture
step, i.e. the carbonation of CaO, is typically performed at a
temperature in the range of 600—700 °C using a typical flue
gas stream of a coal-fired combustion plant (~10—15 vol %
CO,). To yield a pure stream of CO, in the regeneration step,
temperatures above 900 °C are required but could be reduced

Anthropogenic emissions of carbon dioxide have increased
continuously since the Industrial Revolution and are the
principal contributor to climate change."” To mitigate climate
change and the associated rise in global average temperatures
and sea levels, CO, emissions must be reduced dramatically. In
this context, carbon dioxide capture and storage (CCS)

technologies are considered a short- to midterm solution to when regenerating in steam or (partial) vacuum.” 21 Due to
reduce global anthropogenic CO, emissions.””* The bench- the high operating temperatures of the process, CaO rapidly
mark technology for CO, capture at large point sources, such deactivates via sintering, leading to a reduction in both surface
as coal-fired power plants or chemical plants, is amine area and pore volume of the material, which are both linked
scrubbing, with capture costs in the range of approximately directly to the carbonation rate (and total gravimetric CO,
40—50 USD per ton of CO, captured.5 However, energy losses uptake) of the sorbent.”'® Therefore, recent material engineer-
arising from the heating of the solvent (water) during ing efforts have been focused on alleviating the degree of
regeneration, toxic decomposition products, and a limited Sintel‘grlg of CaO-based sorbents to lower CO, capture
long-term stability of amines are among the major disadvan- costs.™

tages of this process.”~” Thus, alternative processes for CO, To this end, intermixing CaO with high Tamman-temper-

capture have been explored including the use of cost-effective, ature, Ty, stabilizers (i.e,, Tr (stabilizer) > Ty (CaCO;) = 533

environmentally benign, and naturally abundant (in the form

of limestone) calcium oxide-based sorbents.® !¢ Owing to the August 14, 2023
high gravimetric CO, uptake of CaO of 0.78 gcos eorbent » the October 25, 2023
CO, capture costs of the so-called calcium looping (CL) October 25, 2023
process have been estimated to be in the range of 20—30 USD November 10, 2023

per ton of CO, captured, making it an attractive alternative to
amine scrubbing."’
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Figure 1. (a) Schematic representation of the use of ALD to engineer overcoats of Al,O;, SiO, or a mixture of these two oxides, (ALSi)O,, on
CaCO; NPs. (b) XRD patterns of as-prepared Ca@Si, Ca@Al and Ca@(ALSi)O,, (c) high-resolution TEM micrograph of as-prepared
Ca@(ALSi)O, visualizing the deposition of an amorphous overcoat, (d) HAADF micrograph of Ca@(ALSi)O, showing the thickness of the mixed
(ALSi)O, overcoat, (e—h) HAADF micrograph and EDX-TEM elemental mapping of Ca, Al and Si of as-prepared Ca@(ALSi)O,, (i) XRD
patterns of Ca@Si, Ca@Al and Ca@(ALSi)O, after the initial heat treatment in N, at 900 °C, (j) TEM micrograph of Ca@(ALSi)O, after the
initial heat treatment and (k—1) EDX-TEM elemental mapping of Al and Si in Ca@(ALSi)O, after the initial heat treatment.

°C) such as ALO;, ZrO,, SiO, or MgO (T = 899, 1218, 718
and 1118 °C, respectively) has been explored,'® >’ yet, it has
not been possible to fully avoid deactivation over cycling
through this approach. Further, in such stabilized materials,
deactivation can also proceed via the (gradual) formation of
mixed oxide(s) between the stabilizer and CaO, leading to the
loss of CO,-capture-active CaO. It has also been reported that
the formation of CO,-capture-inactive mixed oxide can lead to
an unfavorable, ie. heterogeneous, distribution of the
stabilizing phase in the sorbent owing to segregation and
agglomeration of the (stabilizing) mixed oxide phases upon
their formation.'”?" In such a scenario, deactivation is often
exacerbated by the inferior stabilizing properties (e.g., a lower
Tammann temperature) of the mixed oxide phase relative to
the initially added stabilizer phase.” For example, it has been
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observed that in Al,O;-stabilized CaO the mixed oxides
Ca;AlL, 04 and Caj,Al,O;; form during cycling, thereby
reducing appreciably the quantity of CO,-capture-active
Ca0.”' Further, the (Ca,Al)O, phases formed show a tendency
for surface segregation coupled with particle growth of the
mixed oxides (to several hundreds of nanometers in diameter),
reducing in turn their effectiveness in preventing the sintering
of Ca0.””*"** However, also in the case that the stabilizer
does not form a mixed phase with CaO (e.g,, MgO), surface
segregation and ag%lomeration of the stabilizer with cycling
have been reported.”” As similar deactivation routes have been
observed in ZrO,- and SiO,-stabilized CaO as well, the
described phenomena appear to be a common issue in
stabilized CaO-based sorbents, reducing their attractiveness for
potential industrial deployment.””>~**
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As indicated above, the surface area and pore volume of
CaO-based sorbents and changes thereof with cycling (and
sintering) are arguably the most important descriptors that
control their cyclic CO, uptake.*” Hence, attempts have been
made to introduce porosity into CaO, e.g., by using sacrificial
templates.”” ™' To improve the structural stability of the
morphology of sorbents and to limit segregation of the
stabilizing phases, the combination of the introduction of metal
oxide stabilizers and nanostructuring approaches such as core—
shell, hollow-shell, and yolk—shell-type architectures have been
explored.”**”*'~*® For example, a MgO-stabilized (11 wt %)
multishell-type architecture of CaO yielded a CO, uptake of
approximately 0.64 gco, Zeomene | after 10 carbonation-
regeneration cycles, which corresponds to a notable 400%
increase in CO, uptake compared to the benchmark
limestone.”” Using atomic layer deposition (ALD) to allow
for both the nanostructuring of the sorbents and the use of a
stabilizer, it has been demonstrated that nanometer-thin metal
oxide layers (e.g, AL,O;) can appreciably stabilize the cyclic
CO, uptake of CaO-based sorbents.””>” Furthermore, such
fabrication of well-defined, model, nanostructured CaO-based
sorbents has contributed to the elucidation of deactivation
mechanisms in stabilized CaO-based sorbents.””*"** That
being said, efficient measures to mitigate the segregation and
(surface) agglomeration of the stabilizer and/or mixed phases
are currently lacking, not least because we still have an
incomplete fundamental understanding of the underlying
interactions between CaO and the stabilizer phases and their
dynamics under CO, capture-regeneration conditions.

In this work, we describe the synthesis and in-depth
characterization of well-defined, model metal-oxide-stabilized
CaO-based sorbents with the aim to correlate structural
features of the stabilizing phase(s) with their effectiveness in
maintaining a high CO, uptake. To this end, core—shell
architectures in which the thickness of the shells containing the
stabilizing phase (i.e., ALOj; SiO,, or mixed (ALSi)O,) is
precisely controlled by ALD are prepared. A practically
relevant observation is that sorbents overcoated by mixed
(ALSi)O, shells feature a significantly reduced decay of the
cyclic CO, uptake over repeated carbonation-regeneration
cycles relative to sorbents that contain a single metal-oxide
(ALO; or SiO,) shell. Through *’Al and *’Si MAS NMR
studies, we were able to elucidate the structural reasons behind
the different deactivation (and stabilization) mechanisms of
the model sorbents prepared. (ALSi)O,-stabilized sorbents
contain various Al- and Si-containing phases, in particular
calcium aluminosilicate glasses and Al-substituted belite (Al—
Ca,Si0,). The presence of these metastable calcium
aluminosilicate stabilizer phases correlates with a reduced
degree of segregation, agglomeration, particle growth, and loss
of CO,-capture-active CaO when compared to the thermody-
namically stable mixed oxide phases Ca;Al,04 and Ca,SiO,
that dominate in the sorbents that are stabilized by the
respective single metal oxides. In other words, metastable
calcium aluminosilicate (glasses) stabilize the core-shell-like
morphology more efficiently, likely by decreasing the rates of
formation, segregation and growth of the thermodynamically
favored Ca;Al,O4 and Ca,SiO, phases, potentially due to
slower diffusion of the constituting cations, retarding thereby
the sintering of CaO particles and improving the sorbent’s
cyclic CO, uptake performance.
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ALD was applied to coat nanoparticles of CaCO; (Ca-NP, d,,
= 67 + 15 nm) with shells of Al,O;, SiO,, or mixtures thereof,
ie, (ALSi)O, (Figure la). Specifically, we used trimethylalu-
minum (TMA) and bis(diethylamino)silane (BDEAS) as the
ALD precursors for overcoats of Al,O; and SiO,. Furthermore,
H,0 and O; were used as the hydrolyzing reagent and oxidant,
respectively.”*® The number of ALD cycles (each ALD cycle
contains several alternating pulses of the respective ALD
precursor and H,O or O, see Experimental Section for details)
was varied between 4 and 60 cycles for sorbents with an
alumina overcoat (denoted as Ca@Al) and between 30 and 90
cycles for sorbents with a silica overcoat (denoted as Ca@Si).
In addition, sorbents stabilized by (AlSi)O, overcoats,
denoted Ca@(ALSi)O,, were synthesized by applying
alternating layers of alumina and silica. Specifically, to prepare
Ca@(ALSi)O,, we first applied S cycles of TMA/Oj; followed
by 10 cycles of BDEAS/O; and repeated this TMA-BDEAS
deposition sequence three times. The Al content in the as-
prepared Ca@Al sorbents, as determined by inductively
coupled plasma optical emission spectroscopy (ICP-OES), is
presented in Table S3. The sorbents prepared using 4, 15, 30,
and 60 ALD cycles of AL,Oj, i.e, Ca@Al(4), Ca@Al(15), Ca@
Al(30), and Ca@AlI(60) have an Al,O weight content of 6.6,
11.5, 19.4, and 25.7 wt %, respectively. Thus, there is a clear
trend between the number of ALD cycles (within the range of
4 to 60 cycles) and the weight of deposited Al (Figure Sla).
Similarly, the SiO, weight content increased from 3.7 to 5.3
and 7.2 wt % for materials prepared using 30, 60, and 90 ALD
cycles, i.e, Ca@Si(30), Ca@Si(60) and Ca@Si(90) (Figure
S1b), while Ca@(ALSi)O, contains 3.5 and 8.8 wt % of SiO,
and Al,Oj;, respectively.

The XRD patterns of all of the as-prepared sorbents and the
Ca-NP reference are shown in Figure 1b. For all sorbents, the
patterns exhibit the characteristic diffraction peaks of the
CaCO; polymorph calcite. Independent of the number of ALD
cycles applied, no diffraction peaks relating to any crystalline
phases of AL,O; or any Ca—Al mixed oxide phase (e.g,
Ca;AlL,04 or Caj,Al,O;;) were observed for Ca@Al or
Ca@(ALSi)O,. Similarly, no diffraction peaks due to crystalline
SiO, or any mixed Ca—Si oxide (e.g, Ca,SiO,) phase are
observed for Ca@Si or Ca@(AlLSi)O,. Therefore, the
deposited metal oxide overcoats were XRD-amorphous,
which was confirmed by high-resolution TEM showing, e.g.
that in Ca@(ALSi)O, crystalline CaCO; nanoparticles are
coated with an amorphous overcoat that is approximately 6—7
nm thick (Figure 1c,d). The successful preparation of an Al—Si
overcoat and its homogeneity were further confirmed by EDX-
TEM elemental mapping, demonstrating clearly a core—shell
microstructure with a homogeneous distribution of Al and Si in
the shell (Figure le—h). Furthermore, EDX-TEM character-
ization confirmed the fabrication of core—shell structures in
representative sorbents containing a SiO,, Ca@Si(60), or
ALO;, Ca@Al(1S), shell, as shown in Figure S2. In addition,
the Al 2p and Si 2p regions of the XPS spectra of as-prepared
Ca@Al(30) and Ca@Si(60) showed the successful deposition
of, respectively, Al-based or Si-based overcoats on the CaCO,
NPs (Figure S3a,b).”~*" For Ca@(ALSi)O,, both the Al 2p
and Si 2p regions of the XPS spectrum exhibit peaks due to
Al-0O/Al-OH and Si—0O/Si—OH, confirming the presence of
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Table 1. Comparison of the CO, Uptake and CaO Conversion Performance of Al,O;, SiO,, and (ALSi)O,-Stabilized Sorbents”

CaO content CO, uptake 1st

sorbent [wt %] cycle [gcon Georbent
Ca-NP >99 0.66
Ca@Al(15) 88.5 0.68
Ca@Al(30) 80.5 0.56
Ca@Al(60) 742 0.54
Ca@Si(30) 96.2 0.66
Ca@Si(60) 94.7 0.55
Ca@Si(90) 92.8 0.39
Ca@(ALSi)O, 87.7 0.57

CO, uptake 10th
cycle [gcor Guorbent ']

CaO conversion 10th

CO, uptake 10th
cycle [%]

cycle [gcos 8cao ']

0.20 0.20 25.6
0.24 0.27 34.7
0.21 0.26 33.4
0.17 0.23 29.4
0.21 0.22 28.0
0.25 0.26 33.8
0.19 0.20 26.2
0.31 0.35 453

“The CaO contents in the sorbents were determined by ICP-OES prior to their initial activation.

both Al and Si in the stabilizer overcoat in this material (Figure
S3c,d). The Ca 2p regions of Ca@Al(30), Ca@Si(60), and
Ca@(ALSi)O, show the Ca 2p,,, and Ca 2p;/, peaks of
CaCO; (calcite), indicating that, in general, the overcoat layers
of the stabilizer phase(s) are thinner than the penetration
depth of XPS, i.e. < ca. 10 nm (Figure S3e—g).">" Notably,
we did not observe any features in the N 1s XPS region of the
as-prepared sorbents relating to the possible incorporation of
nitrogen from the BDEAS precursor into the overcoat (Figure
S4), nor any significant features in the C 1s, Al 2p or Si 2p
region that would indicate the potential formation of carbides
containing Al or Si or residual carbon, which is further
confirmed by the absence of features relating to carbon in the
Raman spectrum of the sorbent after the initial heat treatment
(Ca@(ALSi)O,-0c, Figure SSa,b).

Before cyclic CO, capture experiments, the sorbents were
activated by a heat treatment at 900 °C (heating ramp of 50 °C
min~") for 5 min under a flow of N, (200 mL min~’, ca. 30
ppm of O, in N,), to transform CaCOj; into CO,-capture-
active CaO. After the initial heat treatment, the respective
materials are denoted as Ca@Al(x)-Oc, Ca@Si(x)-Oc, and
Ca@(ALSi)O,-0c, where the notation Oc indicates that the
materials were activated but not yet exposed to any
carbonation-regeneration cycles. The XRD patterns of Ca@
Al(x)-0c, Ca@Si(x)-0c and Ca@(ALSi)O,-Oc are shown in
Figure 1i. Diffraction peaks due to CaO and Ca;Al, O were
observed in all three activated sorbents of the Ca@Al-Oc
family. The relative intensity of the diffraction peaks of
Ca;AlL Oy increased notably with the number of ALD cycles.
Rietveld refinement of the respective diffractograms yields 12
and 23 wt % Ca;Al, 04 in Ca@Al(30)-0c and Ca@AI(60)-0c,
respectively. Based on ICP-OES-determined Al-content, this
implies that, respectively, 23 and 34% of the total quantity of
Al,O; deposited onto these sorbents is present in the form of
crystalline Ca;ALOg4 (Figure S6). Rietveld refinement of Ca@
Al(15)-0c was not possible due to the broad and low-intensity
Bragg diffraction peaks of Ca;Al,O4 in this material. The
formation of Ca;Al,Oq i.e. the thermodynamically stable
mixed phase between Al,O; and CaO in the conditions applied
here (650—900 °C) is in agreement with previous
reports.”*”** The crystallite size of CaO, determined via the
Scherrer equation, was 34, 32, and 29 nm in Ca@Al(15)-Oc,
Ca@Al(30)-0c, and Ca@Al(60)-0c, respectively, revealing that
there is only a minor dependency of the crystallite size of CaO
on the Al content in Ca@Al Yet it is worth noting that the
sizes of the CaO crystallites in the Ca@Al-Oc sorbents are
significantly smaller than in the Ca-NP-Oc reference (48 nm).
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Further, using the Scherrer equation, the crystallite size of
Ca;Al, 04 was estimated to be 32 and 36 nm in Ca@Al(30)-0c
and Ca@Al(60)-Oc, respectively. These crystallite sizes are
larger than the initial overcoat thickness (<10 nm) in the
respective as-prepared materials, consistent with the growth of
the Ca;Al,O4 phase during the initial activation step. For the
Ca@Si sorbent family, XRD reveals only peaks due to CaO,
while diffraction peaks due to any Ca—Si mixed oxides such as
Ca,SiO, were not observed (Figure 1i). Therefore, either the
kinetics of the solid-state reaction between CaO and SiO, are
slow (i.e., the amount of crystalline mixed oxide phases formed
is smaller than the limit of detection of our XRD setup, <1 wt
%) or the mixed oxide phases were XRD-amorphous. The
crystallite size of CaO in the Ca@Si sorbents was in the range
of 46—49 nm, which is close to the crystallite size of Ca-NP-Oc
(48 nm). For Ca@(AlLSi)0,-0c, diffraction peaks of CaO and
Ca;AlL O were identified, and the crystallite size of CaO was
33 nm (a similar value as in the Ca@Al sorbents). Using
Rietveld refinement, it was determined that Ca@(Al1,Si)O,-Oc
contained approximately 20 wt % of Ca;AL, Oy (crystallite size
of Ca;AL O of 29 nm, Figure S6¢). The formation of a Ca—Al
mixed oxide is conceivable as the first metal oxide layer
deposited via ALD onto the CaCO; NPs is alumina. In a
control experiment, changing the order of the metal oxide that
is deposited first onto the CaCOj nanoparticles from Al,O; to
SiO, to reduce the formation of Ca;Al,O4 did not have an
appreciable effect on the CO, capture performance of the
sorbent when compared to Ca@(ALSi)O, (Figure S7), and
therefore, this material will not be discussed further.

Turning now to the morphology of the overcoats after the
initial heat treatment, Figure 1j—I shows a TEM micrograph
and EDX-TEM elemental mappings of Ca, Al and Si in
Ca@(ALSi)O,-0c. During the heat treatment, the CaO
nanoparticles have sintered to larger agglomerates (Figure
1j) and the mixed (ALSi)O, overcoat that initially covered the
nanoparticles homogeneously has fragmented to some extent;
however, Al and Si remained well-dispersed on the surface of
the sorbent (Figure 1kl). On the other hand, heat-treated
Ca@AI(15)-0c exhibited Al-containing nanoparticles on the
surface of CaO particles (Figure S2c), and also Ca@S$i(60)-0c
displayed a fragmented Si-containing overcoat (Figure S2d).
As will be discussed in detail below, based on the Ca—Si—O
phase diagram, the formation of Ca,SiO, upon the initial heat
treatment is expected in Ca@Si(60)-0c. Ca,SiO, has a higher
Tammann temperature (T = 873 °C) than Ca;Al,O4 (T =
634 °C) that formed in Ca@Al, making a Ca,SiO, overcoat
potentially more sintering-resistant and allowing the sorbent to
sustain its core—shell-like morphology after the initial heat
treatment. To conclude, TEM and EDX revealed that the
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Figure 2. Cyclic CO, uptake over 10 consecutive carbonation-regeneration cycles of (a) Ca@Al, Ca-NP and Ca@(ALSi)O, and (b) Ca@Si, Ca-
NP and Ca@(ALSi)O,. The insets show the CO, uptake in the 10th carbonation cycle as a function of the respective Al,O; and SiO, contents in

the sorbents, as determined by ICP-OES.

initial heat treatment transformed the as-prepared, homoge-
neous core—shell microstructure to fragmented particles of
varying sizes on the surface of Ca@Al(15)-0Oc, while the core—
shell-type microstructure was maintained to a larger extent
(with some visible heterogeneity) in Ca@(ALSi)O,-Oc and
Ca@Si(60)-0c compared to Ca@Al(15)-Oc.

The cyclic CO, capture and release performance of Al,O;-,
SiO,-, and mixed (AlSi)O,-stabilized sorbents were evaluated
under the following conditions: the as-prepared sorbents were
first activated at 900 °C (5 min, S0 °C min™') in N, (200 mL
min™"), carbonated at 650 °C in 15 vol % CO, for 20 min and
subsequently regenerated in 80 vol % CO, balanced with N, at
900 °C for 10 min. In the first cycle the reference material Ca-
NP had a CO, uptake of 0.66 g0y Zuorbent - (see also Table 1
for a comparison of the CO, uptakes in the first and 10th cycle
of all of the materials tested), which is lower than the
theoretical CO, uptake capacity of CaO (0.78 gcoy eorbent )
implying only a partial conversion of CaO to CaCO; (~85%)
at the given carbonation conditions.

In the 10th cycle, the CO, uptake of Ca-NP decreased by ca.
70% (compared to the first first cycle) to 0.20 gcoy eorbent
(Figure 2a). The cyclic CO, uptake of the Ca@Al sorbent
family depended strongly on the alumina content (Figure 2a).
While Ca@Al(4), Ca@Al(15), and Ca@Al(30) outperformed
the Ca-NP benchmark in the 10th cycle by ca. 20, 20, and 5%,
respectively (CO, uptake of, respectively, 0.24, 0.24, and 0.21
2c02 Zsobent )y Ca@A1(60) was a poor sorbent yielding a CO,
uptake of only 0.17 gcoy eoment  after 10 cycles. The poor
CO, uptake of Ca@Al(60) is at least in part related to the high
fraction of AL,O; in this material (25.7 wt %) and, as a
consequence, the formation of a large quantity of Ca;Al,Oy4 (or
other mixed oxides) that are inactive for CO, capture and an
ineffective stabilizer against sintering due to segregation and
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agglomeration of the stabilizer phase. However, in the 10th
cycle, the CaO conversion in all of the alumina-stabilized
sorbents was higher than the CaO conversion achieved in the
reference Ca-NP (Table 1). Turning to the Ca@Si family, the
cyclic CO, uptake also showed a dependence on the fraction of
Si in the material (Figure 2b). Here, the most promising
sorbent, Ca@Si(60), yielded a CO, uptake of 0.25 gco,
Zeobent | after 10 cycles (a 25% increase compared to Ca-
NP). Interestingly, Ca@(ALSi)O, showed the lowest decay in
the CO, uptake with cycling, yielding a CO, uptake of 0.31
2C02 Zsorbent + (>45% CaO conversion) after 10 cycles, viz. an
increase of 55, 29, and 24% compared to Ca-NP and the most
promising alumina-stabilized and silica-stabilized sorbents,
Ca@Al(15) and Ca@Si(60), respectively (Table 1). The
CO, uptake of Ca@(ALSi)O, after 10 cycles normalized by the
CaO content is 0.35 gco, gcao” ', Which is higher than those of
all other sorbents studied in this work. Importantly, also the
cyclic CO, uptake of Ca@(AlSi)O, after 30 cycles was
considerably higher (i.e., ca. 44%) than the cyclic CO, uptake
of the benchmark Ca-NP (0.16 gco, gcao ', Figure S8). Note
that previous reports focusing on the optimization of the
structural and morphological properties of CaO-based sorbents
yielded high and relatively stable cyclic CO, uptakes when
MgO was used as a stabilizer. For example, multishelled, MgO-
stabilized, CaO exhibited a CO, uptake of ca. 0.65 gco,
Zsorbent | after 10 carbonation-regeneration cycles (conditions
comparable to the present work),’" and a CO, uptake of 0.44
2co2 Zsoment - after SO cycles was reported for CaO stabilized
with MgO via mechanical mixing.45

In summary, the mixed (ALSi)O,-stabilized sorbent
Ca@(ALSi)O, notably outperformed the most promising
single metal oxide-stabilized sorbents, ie, Ca@AI(1S) and
Ca@Si(60), over consecutive carbonation-regeneration cycles.
These differences in cyclic CO, uptake between the materials
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investigated here are based on differences in the CO, sorption
rates of the sorbents in the first and 10th carbonation steps
(see Figure S9). During the first carbonation step (650 °C, 15
vol % CO, in N,, 20 min) Ca-NP and the sorbents that
contain a single metal oxide overcoat, i.e. Ca@Si(30) and Ca@
Al(1S), exhibited first a fast, kinetically controlled regime of
CO, sorption that is followed by a slower, diffusion-controlled
regime (Figure S9). Such sorption kinetics are typical for CaO-
based sorbents.***° In these sorbents, the dominating part of
the CO, uptake (>0.4 gco, gcao” ') was achieved within the
first 3 min, followed by a sharp transition to the slow diffusion-
controlled regime. On the other hand, for Ca@(ALSi)O,, the
transition between the two regimes is less abrupt and more
gradual, and overall the rate of CO, sorption within the first 3
min was slower compared to the other sorbents. In the 10th
carbonation step, Ca-NP, Ca@Al(15), and Ca@Si(30) again
showed a clear transition between the two reaction regimes,
whereas for Ca@(AlSi)O, the transition between the
kinetically controlled and diffusion-controlled reaction regime
was more gradual. Overall, the rate of CO, uptake was highest
for Ca@(ALSi)O, (in particular in the diffusion-limited
regime), resulting in a significantly higher total CO, uptake
compared to the other sorbents. Thus, the carbonation rate as
well as the transition behavior between the two regimes of the
carbonation reaction are closely related to the structural (and
morphological) properties of the sorbents.

Hence, to rationalize these findings, we turned to a detailed
analysis to identify the differences in the morphological and
structural characteristics of these sorbents.

First, we quantified the morphological parameters of key
sorbents after 10 carbonation-regeneration cycles, compared
them to the values after the initial heat treatment, and aimed to
relate the differences observed with the sorbents’ CO, uptake
after 10 cycles. For our analysis, we selected the three most
promising (by cyclic CO, uptake) sorbents for each type of
stabilizer, i.e., Ca@Al(15), Ca@Si(60), and Ca@(ALSi)O, as
well as the reference Ca-NP (Table 1, Figure 2).

Retaining a high surface area is arguably one of the most
important morphological descriptors of CaO-based sorbents to
sustain a high rate of CO, uptake.”*”** Compared to the as-
received commercial CaCOj; nanoparticles (Ca-NP, Sppr =
15.6 m* g™'), the deposition of an overcoat by ALD leads to a
comparatively small reduction of the surface area of the
materials, i.e., to 10.7, 12.4, and 12.5 m* g™* for Ca@(ALSi)O,,
Ca@Si(60) and Ca@AI(1S) (Table 2). The SEM micrographs
presented in Figure S10a—d show the as-prepared sorbents,
which consist of small primary particles (<100 nm) that form
larger agglomerates (several ym), with no significant differ-
ences between the sorbents. SEM analysis confirms that the

Table 2. BET Surface Area of Selected Sorbents at Different
Stages Determined via N, Physisorption

surface area [m” g™']

as- after initial heat treatment  after 10 cycles

sorbent prepared (0c) (10c)
Ca-NP 15.6 3.5 <2.5
Ca@AI(15) 12.5 46 25
Ca@Si(60) 124 38 25
Ca@(ALS)O, 107 53 25
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deposition of metal oxide overcoats had no significant effect on
the size and morphology of the CaCOj; nanoparticles.

On the other hand, the initial heat treatment in N, results in
a more pronounced decrease in surface area. Ca@(AlSi)O,-0c
(5.3 m? g7') features the highest surface area when compared
to Ca@Al(15)-0c, Ca@Si(60)-0c and Ca-NP-Oc (Sppr = 4.6,
3.8, and 3.5 m® g7!, respectively). SEM micrographs of the
sorbents after the initial heat treatment (Figure S10e—h)
showed the smallest degree of sintering for Ca@(AlSi)O,,
when compared with the other sorbents. After 10 carbonation-
regeneration cycles, SEM (Figure S10i—1) confirms heavy
sintering that is also reflected in surface areas <2.5 m* g for
all of the sorbents tested.

To further characterize the morphology (and changes
thereof) of the sorbents, the materials were analyzed by
TEM and EDX-TEM after their exposure to 10 carbonation-
regeneration cycles. It is observed that Ca@AI(1S5)-10c is
composed of sintered agglomerates (Figure 3ab) that are
notably larger than the CaO nanoparticles obtained after the
initial heat treatment (Ca@Al(15)-0c, Figure S2). EDX-TEM
also reveals the formation of Al-containing nanoparticles of ca.
100—150 nm in diameter located on the surface of the large
Ca-rich agglomerates (Figure 3b,c). Selected area electron
diffraction (SAED) (Figure 3d) on one of the segregated
nanoparticles (Figure 3c) exhibits a single crystalline
diffraction pattern consistent with the [3 0 0] (d = 2.56 A),
[303](d=178 A), and [4 1 4] (d = 1.32 A) planes of
crystalline Ca;Al,O4. Comparing the EDX-TEM maps of Ca@
Al(15)-0c and Ca@AI(15)-10c, it can be concluded that with
cycling there is an increasing degree of segregation of Ca;Al, O
(Figures 3a,b and S2e(f, respectively). During cycling, the
Ca;AL Oy particles transformed from a relatively small size of
<50 nm in Ca@AI(15)-0c to dendrite-shaped particles of >150
nm in length in Ca@AIl(15)-10c (Figure S2e). The continuous
formation of Ca;ALOg (see *’Al NMR section) with cycling
leads to a loss of CO,-capture-active CaO and growth of the
Ca;AL O particles on the surface of CaO. Hence, the Ca@Al
sorbents deactivate by a combination of a continuous
reduction of the fraction of CaO (see below) and the
formation of increasingly large and heterogeneously distributed
Ca3ALOf4 particles that are not effective in mitigating the
sintering of CaO.”" Furthermore, the dendritic shape of the
Ca;AlL O particles is consistent with the outward diffusion of
Ca®* ions into the AL O, overcoat.*’ ™'

Turning now to the Ca@Si material family, Figure 3i;
shows, respectively, a TEM image and an EDX elemental map
of Ca and Si in Ca@Si(60)-10c (regenerated state). Ca@
Si(60)-10c is composed of sintered CaO particles with small
Si-containing nanoparticles decorating their surface, ie., the
initially homogeneous Si-containing overcoat transformed into
small, distributed nanoparticles during cycling. Due to the
small size of these nanoparticles and their low TEM contrast
when compared to CaO, we were not able to identify the
respective phase via electron diffraction (*Si MAS NMR was
required for the phase identification as discussed in the
following Section on **Si NMR).

With regard to CaO stabilized by a mixed oxide layer, it is
noteworthy that the CaO nanoparticles in Ca@(ALSi)O,-10c
have sintered to a lesser extent compared to Ca@Al(15)-10c
and Ca@Si(60)-10c (Figure 3e—h). Although we cannot
validate this inference by N, physisorption owing to the overall
low surface area of the cycled materials (and given the low
sample weight used in TGA experiments), it generally agrees
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Figure 3. (a) TEM image and (b) EDX-TEM elemental mapping of Ca@Al(15)-10c (regenerated state), (c) high resolution TEM image and (d)
SAED pattern of a nanoparticle on the surface of Ca@Al(15)-10c; () HAADF TEM image and (f—h) EDX-TEM elemental mapping (Ca, Al, Si)
of Ca@(ALSi)O,-10c (regenerated state), (i) TEM image and (j) EDX-TEM elemental mapping (Ca, Si) of Ca@Si(60)-10c (regenerated state)
and (k) (Al+Si) content normalized by the atomic ratio of the metal stabilizer(s) (Al Si) to Ca after the st (1c) and 10th (10c) cycle obtained by

fitting the XPS survey spectra.

with the observation of a slightly larger (by ca. >15%) surface
area of Ca@(ALSi)O,-0c compared to Ca@Al(15)-0c and
Ca@Si(60)-0c. Further, we observed a high dispersion of Al
and Si on the surface of Ca@(Al,Si)O,-10c, similar to that in
Ca@(ALSi)O,-0c (Figure 1k)l), which notably contrasts the
presence of distinct Al- or Si-containing nanoparticles in Ca@
Al(15)-10c and Ca@Si(60)-10c, respectively. It is important to
note that Al and Si-containing areas overlap in Ca@(ALSi)O,-
10c (Figure 3h), consistent with the formation of Al-Si (or
Ca—Al-Si) mixed oxides (see the Section on *’Al NMR).
Relating the morphological characteristics of the series of
sorbents with their CO, sorption rate (Figure S9) it is found
that sorbents that contain a single metal oxide overcoat (Ca@
Al(15) and Ca@Si(30)) exhibited a less homogeneous coating
of the CaO nanoparticle surface which results in a larger
fraction of CaO being directly exposed to the gas atmosphere
compared to Ca@(ALSi)O,, which exhibits a more homoge-
neous overcoat (even after cycling). These differences yield a
very pronounced transition between the kinetically and
diffusion-controlled reaction regimes for Ca@AI(1S) and
Ca@Si(30), whereas in Ca@(ALSi)O, the transition between
the two reaction regimes is more gradual. This observation
points to an earlier onset of the diffusion-limited stage of the
carbonation reaction in materials in which a CaO core is
covered by a homogeneous, yet CO,-penetrable, metal oxide
overcoat, which is more effective at stabilizing the sorbent
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against sintering. Nonetheless, in such materials, the apparent
CO, uptake rate (and thus the rate of CO, diffusion through
the overcoat) appears to be higher, leading in turn to higher
CO, uptakes.

Next, we compared the (Al+Si)/Ca atomic ratios, obtained
by XPS, in the near-surface layer of the as-prepared materials in
the sorbents that have undergone one or ten carbonation-
regeneration cycles (carbonated state). Normalizing the (Al
+Si)/Ca atomic ratio in the as-prepared materials to unity, we
observe a notable decrease of the Si/Ca ratio in Ca@Si(60)
and the Al/Ca ratio in Ca@AI(30) over cycling, ie., to 0.04
and 0.0 in the first and 10th carbonation-regeneration cycle for
Ca@Si(60) and to 0.04 and 0.10 for Ca@Al(30) (Figure 3k).
These results demonstrate the Ca content in the outer layer of
the sorbents that is probed by XPS increased significantly. This
is explained by the formation of Ca-containing mixed oxides
near the surface and, likely, the fragmentation of the originally
homogeneous stabilizing overcoat, leading to a surface
exposure of Ca-containing phases. Unlike Ca@Al(30)-10c
that retains surface Al, in Ca@Si(60)-10c, the surface Si
content becomes negligible, yet surface Si is detected in Ca@
Si(60)-1c, indicating that the process is gradual (Figure S11).
In contrast, in Ca@(ALSi)O, a notably higher (Al+Si)/Ca
ratio is observed, i.e., 0.15 and 0.23 for Ca@(Al,Si)O,-1c and
Ca@(ALSi)O,-10c, respectively. This appreciably higher
stabilizer to Ca ratio in Ca@(ALSi)O, compared to Ca@Si
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Figure 4. Si CPMG MAS NMR experimental (black) and simulated (red) spectra acquired at 7.0 T for (a) Ca@Si(60)-1c, (b) Ca@Si(60)-10c,
(c) Ca@(ALSi)O,-1c, and (d) Ca@(ALSi)O,-10c. The simulated data are shown in color, and the fitted values (isotropic chemical shift, relative

fraction) are listed in Table 3. All spectra are recorded from materials in their carbonated state.

and Ca@Al correlates with an improved stabilization of the
CO, uptake in Ca@(ALSi)O,. To summarize, XPS analysis
provides evidence that the content of stabilizer phases at the
surface of Ca@(ALSi)O,, i.e., the sorbent with the best cycling
stability, is sustained to a larger degree during cycling
compared to Ca@Al and Ca@Si sorbents, in line with the
(EDX-)TEM data. In the following, we explore the element-
specific local structure of the stabilizing phases and rationalize
the differences in the cyclic CO, uptake performance of the
sorbents discussed above from a (micro)structural point of
view.

¥Si MAS NMR was used to investigate the local structure of
the Si atoms in Ca@(ALSi)O, and Ca@Si(60). To this end,
we studied sorbents after the first and 10th carbonation cycles
(carbonated state). The carbonation conditions (20 min 1S vol
% CO, balanced with N, at 650 °C) were chosen to limit the
interaction of CaO with ambient humidity, which otherwise
could lead to the formation of Ca(OH), and hence a potential
restructuring of the sorbent. *Si Carr—Purcell-Meiboom—
Gill (CPMG) MAS NMR spectra were acquired for Ca@
Si(60c)-1c and Ca@Si(60c)-10c and contrasted with those for
Ca@(ALSi)O,-1c and Ca@(ALSi)O,-10c. We note that
attaining a high signal-to-noise ratio in *°Si spectra is
challenging due to the relatively low content of Si in the
studied materials (<8 wt % SiO,, Table S3 and Figure S1b)
that is further exacerbated by the low natural abundance of the
isotope °Si (4.7%).>> The recycle delay was optimized to
ensure all potential sites can be observed in the spectra (see
Figure S12).

The *Si CPMG MAS spectrum of Ca@Si(60)-1c displays
resonances between ca. —69 and —75 ppm (Figure 4a) with
the respective fitting parameters (G, % contribution) for these
two peaks reported in Table 3.°%** Such downfield *Si
resonances are commonly found in materials that contain SiO,
tetrahedra with a low degree of condensation.> Therefore, the
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Table 3. Si NMR Resonances Obtained by Fitting the Data
of Ca@Si(60)-1c/10c and Ca@(Al,Si)O,-1c/10c”

Relative fraction (%)

Assignment Siso (ppm) 1c 10c
Ca@Si(60)
a-Ca,Si0, —70.4 76 37
a-Cay(Si0,)(OH), -72.6 24 63
Ca@(Al1,Si)O,
Al-Sub $-Ca,Si0, —69.8 34 16
a-Ca,Si0, ~70.4 7
B-Ca,SiO, —715 47 9
a-Cay(Si0;)(OH), —726 5 54

—74.2 7 7

“ACS (ppm) was set to 2.3 for all simulated features.

resonances in carbonated Ca@Si(60)-1c likely correspond to
isolated SiO, tetrahedra (Q, sites) or two connected SiO,
tetrahedra sharing one oxygen atom as the apex (Q; sites).
Indeed, the deconvolution of the spectrum of Ca@Si(60)-1c
revealed two unique *’Si resonances at chemical shifts of
8.50(¥Si) = —=70.4 (major, ca. 76%) and —72.6 ppm (minor, ca.
24%, Figure 4a). These two peaks are indicative of an a-
Ca,Si0, phase, previously reported to have a ,,,(*’Si) = —70.3
ppm,54 and, in a likely minor amount, the respective hydroxide
a-Ca,(Si03) (OH),, 6,,(¥Si) = —72.4 ppm. ° The hydration-
induced formation of a-Ca,(SiO;)(OH), may have occurred
during exposure of the sample to ambient conditions while
handling the materials prior to the NMR experiment. At the
high temperatures used for CO, capture and sorbent
regeneration, only the Ca,SiO, phase is expected to be
present, which is in line with previous studies on SiO,-
stabilized CaO-based sorbents that have reported the
formation of both a- and f-Ca,SiO, polymorphs, depending
on the applied temperature (the phase transformation from a
to  polymorph occurs around 720—730 °C).””** After 10
cycles, Ca@Si(60)-10c displays the same NMR features, i.e.
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Figure $. Quantitative 1D ’Al MAS NMR experimental spectra (black) acquired at 20.0 T and simulated (dotted red) spectra of (a) Ca@AI(30)-
1, (b) Ca@Al(30)-10c, (c) Ca@(ALSi)O,-1c, and (d) Ca@(ALSi)O,-10c. The various components used to fit the experimental NMR spectra are
shown in color, while the corresponding fitted NMR parameters are listed in Table 4. All spectra are recorded from materials in the carbonated

state.

the two resonances due to a-Ca,SiO, and a-Ca,(SiO;)(OH),
are observed, but their ratio changes from a-Ca,SiO4: a-
Ca,(Si0;)(OH), = 76:24 in Ca@Si(60)-1c to 37:63 in Ca@
Si(60)-10c, indicating a larger degree of hydration in Ca@
Si(60)-10c (Figure 4b), possibly due to reduced carbonate
formation, acting as a protective layer, in the 10th carbonation
cycle. Importantly, *Si MAS NMR does not show any
resonances due to crystalline or amorphous SiO, phases (such
as Q, sites with J,,(*Si) in the range of —100 to —110 ppm).
These NMR results suggest that the Si-containing nano-
particles in Ca@Si observed in our EDX-TEM analysis are
composed of phase a-Ca,SiO,.

In contrast to the Ca@Si sorbent family, the *’Si CPMG
MAS spectrum of carbonated Ca@(ALSi)O,-1c exhibited a
broader resonance (Figure 4c). Assuming the presence of a-
Ca,Si0, and a-Ca,(SiO;)(OH), as in Ca@Si(60)-1c, we can
use three additional peaks to fit the overall *°Si signal. These
three additional peaks constitute >88% of the total Si peak
intensity of Ca@(ALSi)O,-1c and are located at &;,(**Si) =
—69.8, —71.5, —74.2 ppm, with a relative fraction of ca. 34, 47
and 7%, respectively (Figure 4c and Table 3). The peak at
—71.5 ppm can tentatively be attributed to -Ca,SiO,, whereas
the downfield resonance at —69.8 ppm is attributed to SiO,
tetrahedra in the vicinity of alumina sgecies (see also
discussion below) according to literature.””*” Importantly,
the total relative fraction of these additional peaks decreases
from ca. 88% in Ca@(ALSi)O,-1c to ca. 32% in Ca@(AlSi)-
O,-10c, suggesting an evolution of the additional Si-containing
species toward the a-Ca,SiO, phase with increasing number of
carbonation-regeneration cycles (Figure 4d).

Concerning the interpretation of the *’Si MAS NMR data,
the substitution of SiO, by AlO, in aluminosilicates typically
leads to a downfield shift of §,,(*’Si), as observed here for
Ca@(ALSi)O,-1c/10c, which suggests the formation of Al—Si
mixed oxide phase(s) in Ca@(ALSi)O, and their gradual
transformation to Ca,SiO, during cycling.”> Unfortunately,

3119

various (calcium) aluminosilicate phases can display reso-
nances similar to the ones observed here, making a robust
assignment of the exact phases present challenging when
relying only on *Si NMR data. Therefore, to understand
better the composition of the Al—Si mixed oxide phases in
Ca@(ALSi)O, and their dynamics with cycle number, we
performed complementary *’Al MAS NMR experiments.

Al solid-state MAS NMR spectroscopy has been instrumental
for the identification of Al-containing species in a variety of
inorganic materials ranging from cements to Ca—Al—Si mixed
oxides (calcium aluminosilicates and their respective hydrates)
and numerous other substituted or disordered materials.”*~**
In what follows, we describe the structural insight that was
obtained from *’Al MAS NMR studies of Ca@Al(30) and
Ca@(ALSi)O, that have been exposed to either one or ten
carbonation-regeneration cycles (as in the **Si NMR experi-
ments, the sorbents were analyzed after the carbonation step).

Figure 5a,b presents quantitative 1D >’Al MAS NMR spectra
of Ca@Al(30)-1c and Ca@Al(30)-10c. Importantly, fitting the
1D and 2D spectra (presented in detail in Figures S13—16 in
the Supporting Information) simultaneously allowed us to
decipher accurately the complex phase composition of the
materials. Ca@Al(30)-1c displays four unique Al resonances
between 100 and 50 ppm and an additional weak resonance at
Siso (FAl) = 12.1 ppm. The latter peak can be attributed to a
hydrated six-coordinate aluminum (AI'") environment, likely
resulting from the exposure of the sorbents to the humidity of
air during handling. This assignment is consistent with *’Al-
{'"H}-D-HMQC experiments that confirm the close proximity
between hydrogen and this specific AI'! environment as well as
the progressive increase of this resonance with an increased
duration of the exposure of that sorbent to ambient conditions
(Figure S17). Turning now to the resonances between 100 and
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Table 4. *’Al NMR Parameters Based on the Fitting of the Respective Sorbents after the 1st and 10th Cycles (Carbonated

States)”
Assignment Color code Site 80 OF O (ppm)
Ca@AI(30)
Ca;AlL 04 Dark blue ALY 79.7
CaALO, Light blue AlY 83.5
Caj,Al 4053 Green ALY 76.8
Hydrated species Al 12.1
Ca@(ALSi)O,
Ca;Al,04 Dark blue A 79.7
Al-sub $-Ca,SiO, Orange ALY 92.6
CaAl,0, Light blue ALY 83.5
Ca/Al/Si Dark purple AlY 779
Ca/Al/Si Light purple AlY 66.5
Ca/Al/Si Pink AlY 45.5
Hydrated species A 12.1

Relative fraction (%)

Cq* or EQ (MHz) nQ* or ACS (ppm) 1lc 10c
8.8% 0.4* 34 77
7.7 5.0 22 3
4.6 3.0 37 16
3.3 6.1 7 4
8.8% 0.4* 39 67
5.5 6.4 8 3
7.7 5.0 7 2
6.9 8.7 36 17
5.9 10.0 3 4
5.8 4.2 1 1
33 6.1 6 6

“Bis0 » Cqy and 7 correspond to the isotropic chemical shift, the quadrupolar coupling constant and the quadrupolar asymmetric parameter,

respectively, used for fitting a crystalline resonance. &, Cq, and ACS are the average isotropic chemical shift, the most probable quadrupolar
coupling constant, and the chemical shift distribution used with the Czjzek model.

50 ppm, we observed three four-coordinated Al' environ-
ments with chemical shifts at 5, (*’Al) = 76.8, 79.7, and 83.5
ppm.®* The two resonances at lower fields, i.e., at 5,,(*’Al) =
76.8 and 79.7 ppm, can be attributed to Al sites in crystalline
Ca;,Al,O3; and Ca;Al Oy, respectively, whereas the resonance
at §,,(*’Al) = 83.5 ppm is likely due to either crystalline
CaAL O, or a glassy (i.e., likely amorphous) mixed CaO-AL O,
oxide.”"*%® These assignments are in line with previous
studies on the formation of both Ca;,Al;,0;; and Ca;Al,O4 in
alumina-stabilized CaO-based sorbents using a combination of
in situ XRD and dynamic nuclear polarization surface
enhanced Al NMR for their identification.”’ However, to
the best of our knowledge, the formation of CaAl,O, has not
yet been observed in alumina-stabilized CaO-based sorbents.
Note that both CaAl,0, and Caj,Al;,O;; are metastable
phases in the CaO-AlL,O; system at 900 °C, indicating that the
structure of Ca@Al(30)-1c has not reached phase equili-
brium.** Therefore, the dendritic structures that have been
observed by TEM for Ca@Al(15)-10c (Figure 3a—d) could, in
addition to crystalline Ca;Al,O4 (identified also via SAED),
also contain the poorly crystalline calcium aluminates observed
by NMR.

With regard to the phase evolution in Ca@Al(30) with cycle
number, fitting of the Al MAS NMR spectrum of Ca@
Al(30)-1c yields that CaAl,0,, CajAl,O¢ and Caj,Al 04
comprise, respectively, 22, 34 and 37% of all Al sites in this
material (Table 4), while in Ca@AI(30)-10c 77% of Al sites
are contained in crystalline Ca;Al,O4, whereas (likely)
amorphous CaAl,O, and crystalline Ca;,Al;,O3; contribute
merely 3 and 16%, respectively. According to the phase
diagram of the CaO-Al,O; system, the phase equilibrium of
Ca@Al(30) in the temperature range 650—900 °C is a mixture
of CaO and Ca;AL 04" Hence, the results of our 1D Al
MAS NMR experiments are in agreement with phase
equilibrium arguments in that the metastable CaAl,O, and
CapAl 4055 phases transform to Ca;Al,O4 over repeated
carbonation-regeneration cycles (which is also in general
agreement with the XRD and TEM analyses discussed above).
Comparing the Ca:Al ratios in these phases, the transformation
of metastable CaAl,O, (Ca:Al = 0.5) and Ca;,Al;,05; (Ca:Al
= 0.86) to Ca;Al,04 (Ca:Al = 1.5) leads to a loss of reactive
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CaO as the Ca content per stabilizer atom (Al) in the mixed
oxide phase increases. Taking also into account the CO,
uptake performance of the Ca@AIl sorbents, we conclude
that (i) surface-segregated particles of Ca;Al, Oy are ineffective
in preventing the sintering of CaO/CaCO;, and (ii) the
increasing relative fraction of Ca;Al,O4 leads to a decreasing
amount of CaO available for reaction with CO, (see Figure 2
and discussion below).”?%%®

Turning now to the material containing an (AlSi)O,
overcoat, the Al MAS NMR spectrum of Ca@(ALSi)O,-1c
(carbonated state) exhibited six resonances between 100 and
50 ppm as well as the previously discussed Al environment at
Sio(PAl) = 12.1 ppm (Figure 5c). In Ca@(ALSi)O,-1c
crystalline Ca;Al,O04 (5,(*’Al) = 79.7 ppm) and CaAl,O,
(6150 (*’Al) = 83.5 ppm) comprise, respectively, 39 and 7% of all
of the Al sites in the material. Noteworthy, the Al site due to
Ca,Al;,0;; was not observed in Ca@(ALSi)O,-1c. When
compared to Ca@Al(30), four additional resonances are
present in the spectrum of Ca@(AlSi)O,-1c. These
resonances feature o,,(*’Al) 77.9, 92.6, 66.5, and 45.5
ppm and contain 36, 8, 3, and 1% of all of the Al sites in the
material, respectively (Table 4). The resonances below 80 ppm
can be attributed to glassy calcium aluminosilicate phases of
varying composition (mixed phases of CaO/SiO,/ALO;, see
below) that account for ca. 40% of all of the Al sites.”” The 2D
*AILMQMAS spectra provided further evidence for the
presence of such additional calcium aluminosilicate phases in
Ca@(ALSi)O, and their absence in Ca@Al(30) (see Figures
S13—16). The presence of calcium aluminosilicate phases in
Ca@(ALSi)O,-1c and Ca@(ALSi)O,-10c is consistent with
our ?Si NMR analysis, as discussed previously.

To further elucidate the formation of calcium aluminosili-
cate phases, 1D dipolar-based 2°Si—*’Al heteronuclear NMR
sequence experiments were conducted for Ca@(ALSi)O,-1c
(Figure 6, the sequence was optimized in previous reports for
the calcium aluminosilicate anorthite).”” Two different
recoupling times were used (7. = 3.2 and 6.4 ms). With
varying recoupling times, we can assess the Al—Si interactions
at different distances from the central Al site, i.e., an increasing
recoupling time allows us to assess contributions from larger
distances. The obtained spectra clearly display the presence of
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Figure 6. YAl{*Si} 1D D-HMQC SR4; MAS NMR spectra of
Ca@(ALSi)O,-1c acquired at 17.6 T for two recoupling times, 7, of
3.2 and 6.4 ms. The fitting of the orange and purple components
relies on the NMR parameters used for the quantitative fitting of the
ID YAl MAS spectra. Atop are the experimental (black) and
simulated (red) *’Al one pulse quantitative MAS spectra of
Ca@(ALSi)O,-1c.

AlO, tetrahedra in the vicinity of SiO, tetrahedra, confirming
that Al'" environments with simulated chemical shifts at
8io(PAl) = 66.5,77.9, and 92.6 ppm are close to Si atoms, very
likely through a shared oxygen atom. Such a close vicinity of
A" and Si atoms is expected in calcium aluminosilicate phases.
It is important to reiterate that the three *’Al resonances
recorded here are only observed in Ca@(ALSi)O,-1c but do
not appear in Ca@Al(30)-1c (Tables 3 and 4), which is in line
with our assignment of resonances at J,,(*’Al) = 66.5, 77.9,
and 92.6 ppm to calcium aluminosilicates. The “Czjzek” line
shape for those three resonances also shows that they belong to
disordered phases, likely glasses, which hence are very difficult
to evidence using X-ray diffraction techniques. Notably,
compared to the material after the initial heat treatment
(Ca@(ALSi)O,-0c), the XRD pattern of Ca@(AlSi)O,-10c,
i.e, the respective sorbent after 10 cycles (regenerated state)
shows an increase in the crystallite size of Ca;ALO; (ie., a
crystallite size of 47 nm as estimated from the Scherrer
equation compared to 29 nm after the initial heat treatment,
Figure S18). Yet, the other metal oxide phases in the cycled
sorbent, such as Ca,SiO,, are not clearly identifiable by XRD,
due to either their small quantities or amorphous nature.

In Ca@(ALSi)O,-1c, the relative fraction of the calcium
aluminosilicate phase(s) totaled approximately 48% of all of
the Al sites in the material (Table 4). With carbonation-
regeneration cycles, the Al-containing phases transform into
the thermodynamically stable Ca;Al,Og4 phase, the fraction of
which increases from 39% in Ca@(ALSi)O,-1c to 67% in
Ca@(ALSi)O,-10c while simultaneously the fraction of the
calcium aluminosilicate phase with &,,(*’Al) = 77.9 ppm
decreased to 17% (from 36% in Ca@(AlLSi)O,-1c).
Furthermore, the relative fraction of the calcium aluminosili-
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wo(Al) = 92.6 ppm
decreases to 3% in Ca@(AlSi)O,-10c (from 8% in
Ca@(ALSi)O,-1c), such that only about 24% of the Al is
found in calcium aluminosilicates in Ca@(AlLSi)O,-10c.
Therefore, while a complex mixture of phases is present both
in Ca@(ALSi)O,-1c and Ca@(AlSi)O,-10c, the phase
composition evolves toward higher fractions of the thermody-
namically stable phases of Ca;Al,O4 and Ca,SiO, during
cycling (see our ’Si NMR results in Figure 4).”"

Having established the presence of resonances due to
calcium aluminosilicates in both the *°Si and ’Al NMR spectra
of Ca@(ALSi)O,, and relating the presence of these two
phases to an improved morphological and CO, capture
performance stabilization, we endeavored to identify the
specific calcium aluminosilicate phases present. Based on
previous works, several calcium aluminosilicate glasses exhibit
resonances in 2’Al NMR similar to the ones observed here.”’
For example, it was reported that the CA12.44 glass (12 mol %
Si0,, 44 mol % Al,0; and 44 mol % CaO) displays signals for
AV at 6,,(*’Al) = 77.9 ppm (Cq = 6.6 MHz and ACS = 10.3
ppm) and for Al" at 44.2 ppm (Cq = 5.3 MHz and ACS = 10.0
ppm).%” These resonances are very close to those observed for
Ca@(ALSi)O, (A" at 6,,(¥Al) = 77.9 ppm and Al at 45.5
ppm). In addition, a CaS0.40 phase (ie., 40 mol % SiO,, 10
mol % AL,O;, and 50 mol % CaO) with 5,,,(*’Al) = 66.5 ppm
has been reported, which coincides with the AlO, resonance
we observe for Ca@(ALSi)O,. These NMR signatures confirm
that glasslike calcium aluminosilicates are formed in
Ca@(ALSi)O, and such glasses contribute to approximately
40% of all of the Al sites in Ca@(ALSi)O,-1c. Interestingly,
previous computational studies suggested that the self-diffusion
coeflicients of Ca, Al, and Si in calcium aluminosilicate glasses
(at temperatures above 1000 °C) depend on the relative Si and
Al contents, e.g., in glasses with a high Al content (close to a
Ca—Al mixed oxide), the self-diffusion coefficients decrease
with an increase in the Si content.”””® Notably, the self-
diffusion coefficients already decrease significantly when small
amounts of Si or Al are present in an Al-rich or Si-rich glass.
Based on these findings, it can be argued that the improved
morphological and CO, uptake stability in Ca@(ALSi)O,
(when compared to Ca@Si and Ca@Al) is due to lower self-
diffusion coeflicients in such glasses leading in turn to a
reduced degree of phase segregation, surface restructuring, and
sintering/agglomeration. Yet these stabilizing effects become
weaker due to a gradual phase transition to the thermodynami-
cally favorable phases (Ca;ALO; and Ca,SiO,) with cycling.

Resonances of Al"Y environments rarely exceed 90 ppm, yet
here we observed an A" resonance at &;,(*’Al) = 92.6 ppm. It
has been reported that an Al'"Y resonance in an Al-substituted
belite material (3-Ca,SiO, with Si positions substituted by Al)
resides at 9,,(*’Al) = 96.1 ppm.”* The presence of such an
AlO,-substituted Ca,SiO, material agrees with our *’Si NMR
results for Ca@(ALSi)O, (Figure 4), wherein a higher
chemical shift results from shorter Al-O bond lengths (Al—
O = 1.61-1.65 A) in the crystal lattice of belite compared to
most calcium aluminates (Al—O = 1.73—1.81 A).”* Therefore,
we attribute the feature at &,,(*’Al) = 92.6 ppm to AlO,
species in the vicinity of SiO, tetrahedra in a Al-substituted
belite. The decrease of the relative fraction of AlO,-substituted
Ca,Si0, with cycling is also in line with our **Si NMR data,
indicating that this phase is metastable at our operating
conditions and it transforms to CazAl,Og4 Similarly, the
decrease of Al sites in calcium aluminosilicates with cycling is

cate species with a resonance at o
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paralleled by an increase of Si sites in a-Ca,SiO, with cycle
number, as observed by **Si NMR.

Using the NMR-derived phase composition of the sorbents,
we can now quantify the loss of CO,-active CaO due to its
interaction with the stabilizer phases. To this end, we calculate
the Ca:(Al+Si) ratios of the stabilizer phases in a specific
sorbent (evidenced by NMR) and weigh their contribution by
the total amount of Al and Si sites in the material. Specifically,
the Ca content in the stabilizer phases in Ca@Al(30)-1c and
Ca@AI(30)-10c increases from 0.94 to 1.31 (Ca:Al), indicative
of an appreciable loss of CO, capture-active CaO during
cycling owing to the formation of calcium aluminates with a
higher relative Ca content (e.g, Ca;Al,O4 compared to
CaAl,0,). For Ca@Si(60)-1c and Ca@Si(60)-10c, the Ca
content in the mixed oxide stabilizer phases is constant during
cycling, viz. Ca:Si = 2.0, as only Ca,SiO, (and the respective
hydrate) are formed. The complex phase composition in
Ca@(ALSi)O, leads to a reduced Ca content in the stabilizer
phases, ie., Ca:(Al+Si) = 0.98 and 1.19 in Ca@(ALSi)O,-1c
and Ca@(ALSi)O,-10c, respectively. In Ca@(ALSi)O, the
quantity of CO,-capture-active CaO decreases with cycling,
but after 10 cycles the relative content of Ca in the respective
stabilizer phases in Ca@(ALSi)O, remains lower than in Ca@
Al(30) and Ca@Si(60), leading to a reduced loss of CO,-
capture-active CaO during cycling compared to the other
sorbents. Hence, the superior stability of the cyclic CO, uptake
of Ca@(ALSi)O, can be explained by both an improved
stabilization of the overcoat and the morphology of the
sorbent, leading to a reduction of the loss of CO,-capture-
active CaO during the phase transformation of the stabilizing
phases. These results highlight the potential of an unexplored
material design route, ie., the design of (glassy) stabilizer
phases with low self-diffusion coefficients, thermodynamic
stability, and low Ca content.

In this work, we compared the stabilization of the cyclic CO,
uptake of CaO-based sorbents that were coated via ALD with
an overcoat of Al,O;, SiO, or a mixed (ALSi)O, overcoat.
While the AlL,O;- and SiO,-stabilized sorbents outperformed
the cyclic CO, uptake of the unstabilized CaO nanoparticle
benchmark by ca. 25% (after 10 carbonation-regeneration
cycles), the cyclic stability of the (ALSi)O,-stabilized sorbent
showed a ca. 50% improvement compared to the CaO
benchmark.

Using Al NMR, we show that Al,O;-stabilized CaO
nanoparticles initially contain the phases Ca;Al,O4 CaAl,O,
and Caj,Al,Oj; yet with cycling, the thermodynamically
favored Ca;Al,O4 phase becomes dominant. Increasing the
number of CO, capture-regeneration cycles further, the
formation of large dendritic structures of Ca;Al,O4 at the
surface of CaO particles is observed. Such structures are
ineffective in preventing the sintering of CaO and hence lead
to a decreasing cyclic CO, uptake (in combination with the
formation of Ca-richer, CO,-capture-inactive stabilizing phases
during cycling).

29Si NMR reveals that the SiO,-stabilized sorbents contain
dispersed Ca,SiO, nanoparticles rather than dendritic
structures, yet also in this material, appreciable sintering of
CaO was observed. Both Al,O; and SiO,-stabilized sorbents
lose their initial core—shell morphology due to the
fragmentation of the stabilizing film during cycling, preventing
an effective stabilization of the CaO nanoparticle morphology.
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Sorbents stabilized by mixed (AlSi)O, overcoats showed the
highest cyclic stability among all sorbents tested and this is
attributed to a complex, nonequilibrium composition of mixed
oxides, specifically the presence of calcium aluminosilicate
glasses and Al-substituted belite (Ca,SiO,) in addition to low
amounts of Ca—Al and Ca—Si mixed oxides. This complex
phase composition prevented the formation of segregated
surface nanoparticles and/or dendritic structures, likely due to
the lower diffusion coefficients of Ca, Al and Si in calcium
aluminosilicate glasses, which reduces the mobility of the
stabilizer phases and their migration. Thus, a homogeneous
distribution of the stabilizing phase is maintained in
Ca@(ALSi)O, to a larger extent when compared to Ca@Al
and Ca@Si, leading to a lower degree of sintering and hence
the initial CaO morphology is conserved to a larger extent as
well. In addition, the complex phase composition of the
stabilizing phases in Ca@(ALSi)O, led to a reduced loss of
CO,-capture-active CaO when compared to that of Ca@Al
and Ca@Si sorbents, further contributing to its improved CO,
capture performance. Nonetheless, the phase composition and
therefore also the stabilizing effect is currently kinetic in
nature, that is, the phase composition in Ca@(ALSi)O, also
evolved with cycling toward the thermodynamic equilibrium
composition (i.e, a mixture of Ca;AL,O4 Ca,SiO, CaO),
which is associated with segregated stabilizer phases and the
sintering of CaO.

The deposition of Al,O; and SiO, overcoats onto CaCOj; nano-
particles (>97.5%, SkySpring Nanomaterials, used as received) was
performed in a commercial atomic layer deposition setup (Sunale
R200, Picosun) using 200 mg of CaCO; nanoparticles for deposition.
To grow Al,O; overcoats, trimethylaluminum (TMA, Strem
Chemicals, min 98%) was used as the Al precursor (source
temperature of 25 °C) and deionized water to hydrolyze the
deposited Al-based species. In a typical deposition process, S pulses of
TMA (0.15 s, 1S s purge with N,) were followed by S pulses of DI
water (0.15 s, 15 s purge with N,) at a reaction chamber temperature
of 300 °C for up to 60 deposition cycles, yielding a deposition rate of
~1 A per cycle.***” For the growth of SiO, films, bis(diethylamino)-
silane (BDEAS, Strem Chemicals, 97%) was used as the precursor
(source temperature 60 °C). During deposition, S pulses of BDEAS
(0.4 s, 15 s purge with N,) were followed by S pulses of ozone (0.2 s,
15s purge with N,) at a chamber temperature of 200 °C for up to 90
cycles.”>’® For the mixed AL,O,—SiO,-stabilized sorbents, injections
of TMA and BDEAS were alternated 3 times (TMA/ozone: S cycles,
S pulses per cycle, 0.15 s TMA, 0.2 s ozone, 15 s purge with N,;
BDEAS/ozone: 10 cycles, S pulses per cycle, 0.4 s BDEAS, 0.2 s
ozone, 1S s purge with N,). After the deposition, the materials were
stored in glass vials sealed with paraffin.

Powder XRD analysis was conducted on a PANalytical Empyrean
diffractometer using Cu K, radiation with a wavelength of 4 = 1.5418
A. Measurements were carried out in the 20 range of S—90° with a
step size of 0.0016°, resulting in a measurement time of approximately
60 min per sample. Before the measurement, the materials (~10 mg)
were placed on zero-background holders. Rietveld refinement was
performed using the FullProf Suite software.””

The morphology and the elemental distribution within the prepared
sorbents were analyzed via an FEI Talos F200X microscope operating
in scanning transmission electron microscopy (STEM) mode using an
operating voltage of 200 kV. For compositional analysis, a large
collection-angle energy-dispersive X-ray (EDX) detector was used.
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Before the measurement, the sorbents were deposited onto a carbon-
coated Cu grid.

The initial heat treatment and cyclic CO, uptake experiments were
conducted in a thermogravimetric analyzer (DSC 3+, Mettler
Toledo). For the initial heat treatment, ca. 10 mg of material was
placed in a Pt crucible (70 L) and heated to 900 °C with a heating
ramp of 50 °C min~" under a 200 mL min™" flow of N,. After holding
for 10 min at 900 °C, the specimen was cooled down to 25 °C (50 °C
min~', 200 mL min~" N,), recovered, and stored in a sealed glass vial.
For cyclic CO, uptake experiments, ca. 10 mg of the specimen was
placed in a Pt crucible and activated as described above. Subsequently,
the specimen was cooled down to 650 °C and carbonated in 15 vol %
CO, (balanced with N,, total flow rate of 200 mL min™") for 20 min.
The carbonated material was then regenerated at 900 °C for 10 min
in 80 vol % CO, balanced with N,.”® These carbonation-regeneration
cycles were repeated up to 30 times. The cyclic CO, uptake (CCOZ) in

each cycle was calculated according to eq 1, where m,,; is the
specimen mass at the end of the ith carbonation step and m,, is the
mass of the specimen after the initial heat treatment in N,.

m

mcarb, i T Mact

Cco2 =
m

(1)

act

Nitrogen physisorption experiments were conducted using a Nova
800 analyzer (Anton Paar). Before the physisorption experiment, the
materials (~100 mg) were outgassed for 3 h at 300 °C. N, adsorption
and desorption were performed at —196 °C using liquid nitrogen
cooling, and the surface area was determined using the Brunauer—
Emmett—Teller (BET) model using the Kaomi software package
provided by Anton Paar.

Experiments were performed on Bruker 750 Avance III (17.6 T) and
Bruker 850 Avance NEO (20.0 T) spectrometers operating at *’Al
Larmor frequencies of 195.4 and 221.5 MHz, respectively. Materials
were packed in 2.5 mm zirconia rotors and spun at 33.3 kHz using
double-resonance probes on both spectrometers. All spectra were
referenced with respect to a 1 M solution of Al(NO;); and to
tetramethylsilane (TMS) for 'H. Quantitative 1D spectra were
recorded by using a flip angle of less than 7/18, i.e., with an excitation
pulse length of 0.5 ys (radio frequency field vyg = 50 kHz).”® Recycle
delays (0.015 X T,) were chosen after estimation of the longest spin—
lattice relaxation time T; (~500 ms) using a saturation-recovery
experiment on the most sensitive sample (ie, Ca@Al(30)). All
experimental NMR parameters are presented in Table S1 and 1D and
2D simulations were performed using the Dmfit software after
baseline correction using an iterative baseline correction algo-
rithm.*>®' The Gaussian isotropic model (GIM — Czjzek, d = 5)
was used for most of the 2’Al resonances.’® Double-resonance
YAl{1H} and *’Al{*Si} D-HMQC experiments were performed at
17.6 T using 2.5- and 4-mm probes spinning at 33.3 and 15.0 kHz,
respectively, and applying SR47 recoupling schemes; see Table S1 for
more details. Double-frequency sweeps (DFS) were used for both
experiments.gz’83

CPMG experiments were carried out on a Bruker Avance 300
spectrometer (7.0 T) operating at a *Si Larmor frequency of 59.6
MHz using a 4 mm Bruker MAS probe. A recycle delay of 10 s and a
spinning speed of 10 kHz have been used for all *Si experiments, and
chemical shifts are referenced to TMS at 0 ppm. All relevant
experimental NMR parameters are summarized in Table S2.

ICP-OES (Agilent 5100 VDV) was used to determine the Ca and Al
contents in the sorbents. The specimens were dissolved in aqua regia
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prior to their characterization. The Si content in the sorbents was
assessed by the Pascher Mikroanalytik Laboratory (Germany).

XPS analysis was conducted using a PHI Quantera SXM (ULVAC-
PHI, Chanhassen, MN, USA) equipped with a monochromatic Al
Kalpha source (1486.6 €V) and a beam diameter of 200 ym. The
analyzer worked in constant-analyzer-energy (CAE) mode, and for
the acquisition of survey spectra a pass energy of 280 eV, a step time
of 20 ms, and a step size of 1.0 eV was used. Narrow scans in high
resolution were acquired with a lower pass energy of 55 eV and a step
size of 0.1 eV. For all experiments, a low-voltage argon ion gun/
electron neutralizer was used. For calibration, the high-resolution
spectra were calibrated using Au 4f7/2 at 84.0 eV with gold foil and
subsequently using the C 1s peak at 248.8 eV of surface adventitious
carbon species (C—C, sp’) in every sample. The spectra were fitted by
using the software package CasaXPS version 2.3.25PR1.0. Subtraction
of the background was performed according to Shirley whereby
atomic sensitivity factors according to Scofield were used to estimate
the atomic composition.***> The ratios of the metal oxide stabilizer
phases to the Ca-containing phases in the surface layer were derived
by fitting the areas under the respective peaks in the survey spectra of
the as-prepared and cycled sorbents.

Fourier-transform infrared spectroscopy was conducted using an
Alpha II spectrometer (Bruker) in a MBraun glovebox with H,O and
O, levels <1 ppm using self-supported pellets.

Measurements were performed at room temperature using a 455 nm
excitation laser (full range grating, 100—3500 cm™}, 1200 lines per
millimeter) on a DRX 2 Raman microscope (Thermo Fischer).

All data of the main manuscript will be deposited into a public
data repository.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.3c00475.

Details on NMR experimental conditions and results,
ICP-OES, EDX-TEM, FTIR, Raman spectroscopy,
cyclic assessment, SEM, and XRD (PDF)
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