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A solid—gas reaction rate modeling framework is applied to char-
acterize degradation in thermochemical materials induced by ther-
mal cycling. Time constants and a kinetic conversion ratio are
established for a representative carbonation-calcination reaction,
which provides insight into degradation mechanisms and reveals a
mitigation strategy by tuning reaction duration.

The intrinsic intermittency of renewable energy sources poses
challenges to the reliability and resilience of power grids."
Energy storage based on lithium-ion batteries has shown
promise over short durations, with typical discharge time
~4 hours."® However, there is a need for cost-effective storage
with discharge times from 10 to 100 hours (long duration
storage).>® Thermal energy storage (TES), particularly high-
temperature TES (>500 °C) presents a low-cost solution to
bolster grid reliability while also enabling industrial sustain-
ability through efficient use of process heat.>®

Among various types of storage media, thermochemical
materials (TCMs) that undergo reversible solid-gas reactions
offer notable advantages, such as high energy density, minimal
self-discharge, and a wide range of reaction temperatures.”® A
representative high-temperature TES is the calcium looping
reaction due to its high enthalpy (178 kJ mol ') at atmospheric
pressure, as well as the use of low-cost and abundant materials
(limestone).®° In the calcination reaction (endothermic char-
ging step), CaCO; is heated to 850 °C and spontaneously
decomposes into CaO and CO,. This is followed by the carbo-
nation reaction (exothermic discharging step) at 650 °C, in
which CaO and CO, recombine to form CaCO;.° A challenge
with this reaction is the reduction in CO, carrying capacity as
the solid material degrades with cycling.'® The capacity is
reported in terms of a molar conversion ratio, with thermo-
gravimetric analysis (TGA) being the primary analytical
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technique for characterizing multicyclic performance. Fig. 1
illustrates the conversion ratio over one cycle, which comprises
the calcination reaction followed by the carbonation reaction.
Below the decomposition temperature, CO, off-gassing may
occur which complicates analysis of the calcination reaction."*
However, calcination rapidly proceeds to completion in each
cycle (horizontal blue curve), whereas carbonation is the limit-
ing step with a two-stage process - an initial rapid reaction
(dashed red curve) governed by gas diffusion and chemical
kinetics, followed by a prolonged reaction (solid red plateau)
limited by ionic diffusion.'>'® Degradation studies thus focus
on the exponential decay in carbonation extent, which arises
from the coupling between chemical reaction and transport
(gas and ionic diffusion) that in turn is accompanied by
microstructural changes (e.g., nascent sintering and pore
blocking)."*'® While these are distinct mechanisms driven by
high-temperature densification and product layer deposition,
respectively, the main challenge arises in experimentally iso-
lating their effect on reaction conversion.

Understanding the cycling-induced degradation in TCMs is
hindered by the lack of standardized reaction completion
criteria.'” The molar conversion ratio of CaO provides a quan-
titative measure of total carbonation extent, but it is time-
dependent and increases with experimental duration. For
example, in Fig. 1, a carbonation reaction that occurs until
point C would have a higher conversion ratio compared to one
that occurs until points A or B. Conversion ratio is also strongly
dependent on reaction temperature — Criado et al. showed that
carbonation at 650 °C results in minimal contribution of the
ionic diffusion-limited region to total conversion compared to
carbonation at a lower temperature of 450 °C, where the
diffusion-limited region makes up a significant portion of the
total conversion.'® Consequently, a comparative analysis of the
same material cycled under different conditions or form factors
(powders and pellets) is not possible.

In this work, we provide a framework (standardized experi-
mental procedure and analysis method) to characterize TCMs.
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Fig. 1

Illustration of the molar conversion ratio during one charge-discharge cycle. The calcination reaction (charging) always reaches completion

(conversion ratio = 0), whereas the carbonation reaction (discharging) is rate limiting (conversion ratio <1 and increases with time). A kinetic completion
time, at which the carbonation reaction reaches a kinetic conversion ratio irrespective of experimental parameters, is established that enables direct

comparison between different TCMs under cycling-induced degradation.

The application of this framework not only provides insight
into degradation of storage materials by cycling, but it also
highlights strategies to mitigate degradation. Specifically, the
conversion extent increases after a sequence of short and long
cycles, revealing a viable pretreatment that requires only the
reaction duration to be varied. This provides a significant
advantage over mitigation approaches in the literature, such
as inert additives,'®" reducing particle size,"® or modifying
reaction conditions.**?*

Pellets were fabricated from calcium carbonate powder (99%
purity, Thermo Fisher Scientific) using a cold sintering method
described in the SI.>* A pellet with density of 2.16 & 0.03 g cm *
and 1.75 £ 0.02 mm thickness was diced into samples of ~40
mg each; all samples in this work were from the same pellet to
ensure consistency. Charge-discharge characterization was
performed with thermogravimetric analysis (TGA) using a
NETZSCH STA 449 F3 Jupiter system. Each cycle consists of a
calcination segment (charging) at 850 °C under 100 mL min "
argon, followed by a carbonation segment (discharging) at
650 °C under 100 mL min~ ' CO, at atmospheric pressure.
Mass uptake is converted into a CaO molar conversion ratio, X
using eqn (1), where m, is the initial mass (at the onset of
carbonation), m is the time-dependent mass uptake, and M is
the molar mass.

m—my MCO
X=——-x 2

1)

my M, CO,

Initial characterization was performed with one long cycle,
comprising a 30-min calcination and a 75-min carbonation
segment. The time-dependent conversion during each segment
was used to determine the optimal duration by defining time
constants for both reactions. The calcination reaction proceeds
completely as a first-order reaction, as shown in Fig. 1. Fitting
the conversion ratio to a first-order exponential of the form
X = exp(—t/t), where 7 is the time constant and 37 corresponds
to 95% reaction completion, yielded a 10-min completion time -
this is used as the optimal duration for a “short” calcination
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reaction. This simple fitting is specific to the form factor and
calcination temperature used in this work (see SI).

The carbonation reaction was analyzed by fitting a general rate
model established for spherical particles in a solid-gas reaction.>®
As shown in Fig. 1, the reaction rate comprises two stages — an
initial fast reaction governed by chemical kinetics and gas diffu-
sion, followed by a slow reaction limited by ionic diffusion
through the solid product shell. The instantaneous reaction rate,
dXx/dt therefore comprises two terms proportional to the fraction
of unreacted CaO reactant surface area (J) and CaCO; product
layer surface area (1 — 9), as shown in eqn (2). The primary fitting
parameters are the reaction rate constant ks, surface diffusion
coefficient D, and a function f that contains the product layer
diffusion coefficient.>®> The remaining variables are geometric
functions and physical constants, which are described in the SI.

dX  kSo 1 1-9
& J(AC 2
de 11— sok (AC) x 1+ K(AC)  gp + B(AC)pp 2)

45 kZ AC

&~ D, CTTR(ABO)° 3)

Ultimately, ¢ exhibits exponential decay with time, which
can be characterized with a time constant. Again, 3t corre-
sponds to 95% completion, and we refer to this duration as the
kinetic completion time. Fitting the general rate model to the
carbonation reaction in the first cycle resulted in a kinetic
completion time of 3 minutes - this is used as the optimal
duration for a ‘“‘short” carbonation reaction. The conversion
ratio at this threshold is the kinetic conversion ratio, Xy, which
is used herein to define the cycle conversion.

To relate the cycling-induced degradation to microstructural
changes in the material, calcined pellets were sectioned with a
razor blade and imaged using a Hitachi 4800 SEM with 5 kv
accelerating voltage. Calcined pellets were imaged given their
porous microstructure that evolves with cycling. Carbonated
pellets revealed a dense material, as the product layer forms a
solid shell, which is consistent with other studies.'*'® Over
multiple cycles, degradation can be represented by a decay in

This journal is © The Royal Society of Chemistry 2025
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the cycle conversion. This is because the calcination reaction
proceeds to completion whereas carbonation is rate limited, as
shown in Fig. 1. A quantitative definition of cycle conversion is
necessary — we propose using 6(¢) from the general rate model
to calculate a standardized kinetic completion time and kinetic
conversion ratio. The general rate model for solid-gas chemical
reactions was chosen to represent the carbonation reaction as it
provides a physical basis for its two-stage nature. This model
has been validated with experimental data over a range of
conditions, but applied herein for the first time to define the
kinetic conversion ratio.>®

To quantify degradation under cycling, a baseline experi-
ment was performed with “long” reaction times comprising 30-
min calcination and 75-min carbonation segments (consistent
with the initial characterization described in Methods). The
kinetic conversion ratio under “long” cycling conditions, here-
after referred to as the baseline, provides a reference point for
evaluating other cycling durations. Two scenarios are of inter-
est that can influence degradation and boost long-term perfor-
mance: (i) varying the duration of each reaction (calcination
and carbonation), and (ii) varying the carbonation duration
sequentially. Comparing the kinetic conversion ratio in these
cases to the baseline provides insight into degradation mechan-
isms and mitigation strategies, which enables accelerated
cycling and boosts long-term performance.

Nascent sintering of CaO formed by thermal decomposition
of CaCO; is known to degrade the conversion ratio by decreas-
ing specific surface area of the reactant.”®>” As such, “short”
calcination and carbonation durations are a potential mitiga-
tion strategy that can be implemented, and two such scenarios
are studied. In one scenario, only the carbonation reaction was
reduced to 3 min (equal to the kinetic completion time, see
Methods), while maintaining the calcination duration of 30
min. In another experiment, the calcination duration was
additionally reduced to 10 min (based on the time constant
for calcination, see Methods). Despite the different timescales,
the experiments can be directly compared using the standar-
dized kinetic conversion ratio defined herein.

Fig. 2 shows that short carbonation alone has no effect on
the conversion ratio, but short carbonation along with short
calcination enhances conversion ratio by over 10% in 16 cycles.
This reveals that degradation, primarily by sintering as we show
later, occurs during the calcination step and it can be mitigated
to some extent by shortening the reaction duration using the
time constant. Interestingly, although short carbonation reac-
tions alone do not enhance the conversion ratio normalized to
the baseline value, it provides an opportunity to characterize
materials rapidly. Specifically, the same degradation behavior
can be measured over the same number of cycles in just one-
third of the experimental time.

In a second scenario, the baseline experiment was extended
to 32 “long” (L) cycles. The resulting kinetic conversion ratio
shown in Fig. 3 exhibits a monotonic decay from 73% to 11%.
This is analyzed with an empirical fit eqn (4) that captures
exponential decay in the conversion ratio due to sintering,
using a deactivation constant (k) and residual conversion (X;)

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Kinetic conversion ratio (X,) normalized to the Xy value of the
baseline experiment with 30-min calcination and 75-min carbonation
segments (solid blue line). “Short carbonation” refers to cycles with 3-min
carbonation segments. “Short carbonation and calcination” refers to cycles
with 10-min calcination and 3-min carbonation segments. Symbols and
error bars represent mean and standard deviation across three samples.
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Fig. 3 Change in kinetic conversion ratio as a function of cycle count with
sequences of short (S) followed by long (L) carbonation segments of 3-min
and 75-min, respectively. A fixed calcination time of 30-min is used in all
these experiments.

as fitting parameters.'® Residual conversion represents the
plateau in storage capacity in carbonate TCMs from 50 to 500
cycles. Applying this to the 32L case with a constant cycle time
yields a residual conversion of 5.2% and a deactivation constant
of 0.51; these values are in agreement with previous reports."®
This reveals that there is a significant reduction in residual
storage capacity with cycling, which can be predicted based on
the conversion ratio for the first 32 cycles (N is cycle count).

1 -1
= + + 4
Xk L X kN} X, (4)

To decrease the extent of degradation, the carbonation time
was varied sequentially as 4, 8, and 16 “short” (S) cycles of 3-
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Fig. 4 Electron micrographs showing representative microstructural
comparison of pristine and cycled CaO pellets.

min carbonation followed by 16 “long” (L) cycles of 75-min
carbonation. A fixed calcination of 30 min was used to isolate
the effects of carbonation duration. Fig. 3 shows that samples
subjected to short carbonation cycles have the same perfor-
mance as the baseline experiment, but subsequent long cycles
increase the conversion ratio. For example, the case with 16S
followed by 16L cycles (black diamonds) exhibits the same
degradation as the baseline (blue circles) over the first 16
cycles. However, subjecting that sample to an additional 16L
cycles results in 80% higher conversion than the baseline. The
enhancement effect is amplified as the number of short cycles
increases, suggesting that this can be used as a pretreatment
strategy to boost the long-term performance of TCMs. This is
consistent with prior findings for carbon capture applications.*®
Since only the carbonation duration is being varied and
sintering does not occur at these temperatures, we hypothesize
that pretreatment based on alternating cycle times enhances
performance by mitigating pore plugging. This is qualitatively
confirmed with SEM images of pellet samples in the calcined
state — Fig. 4 compares the microstructure of the 16S-16L and
32L cycled samples to that of pristine CaO. The pristine pellet
shows a porous microstructure (comprising micron and sub-
micron pores) throughout, whereas the cycled pellets have
densified regions that are indicative of the loss of reactant
surface area (by sintering of nascent CaO), resulting in the
observed decay in conversion ratio with cycling. A reduction in
connected porosity through the pellet slows down the kinetic-
limited reaction; this is confirmed by comparing CO, uptake in
pellets and powder samples that exhibit the same kinetic
conversion ratio but at different durations of 3 min and 16 s,
respectively (see SI). With cycling, repeated formation and
decomposition of the CaCO; product layer causes CaO agglom-
eration, which restricts gas diffusion pathways to the unreacted
surface. This pore blockage introduces significant transport
resistance, which effectively lowers the available reactant sur-
face area during the kinetic-limited reaction. The 16S-16L
experiment thus retains more porous regions than the 32L
experiment, enabling the gas to diffuse to the unreacted surface
area during the kinetic reaction. Ultimately, the duration and
number of initial cycles impact the final conversion ratio,
thereby making thermal pretreatment (alternating S and L
cycles) a viable strategy to mitigate degradation in TCMs.
Overall, this work advances the understanding of cycling-
induced degradation in carbonates through: (i) a standardized
kinetic conversion analysis framework enables direct compar-
ison across different experimental conditions using a reaction
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time constant, (ii) degradation in the form of sintering is shown
to occur during the high-temperature calcination reaction,
which can be mitigated by ~10% using short calcination
cycles, and (iii) thermal pretreatment by alternating the carbo-
nation duration is shown to enhance energy storage capacity by
80% by mitigating pore plugging. The outcome is that the
experimental time for charge-discharge cycling is reduced by
one-third, while also providing physical insight into different
degradation mechanisms at play. Future work should apply this
framework to other TCMs that exhibit a two-stage reaction (e.g.,
metal oxides and hydroxides), with modified rate models and
experimental validation. New techniques for rapid and high-
throughput characterization of TCMs over 1000 s of cycles are
also needed for practical applications.
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