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ARTICLE INFO ABSTRACT

Keywords: Tri-lithium borate (LisBO3) has emerged as a promising CO, sorbent for intermediate-high temperature appli-
Tri-lithium borate cations, particularly in post-combustion carbon capture processes. Its high CO uptake capacity, along with
Synthesis

improved kinetic performance when modified with additives, makes it a compelling alternative to conventional
lithium-based sorbents. Upon carbonation, Li3BO3 reacts to form lithium carbonate (LioCO3) and lithium borates,
such as LigB4Og and LiBO,, with reaction kinetics strongly dependent on CO partial pressure and temperature.
However, the fundamental high-temperature reaction dynamics governing Li3BO3 formation and carbonation
remain largely unexplored. This study employs time-resolved in situ synchrotron X-ray diffraction (XRD) to
unveil the phase transformations and reaction pathway occurring during Li3BO3 synthesis and its reaction with
CO,. Structural evolution during the heating of a mechanically milled H3BO3-LioCO3 mixture from room tem-
perature to 600 °C reveals a successful transformation to LizgBO3 via a multi-step mechanism. In situ high-
temperature synchrotron XRD measurements coupled with Rietveld refinement demonstrate that the carbon-
ation mechanism of Li3BOs is significantly influenced by CO, partial pressure. Under 10% of COq, LigB4O9 and
Li»COj3 are identified from 400 °C, followed by the formation of Liz.x)C(1—x)BxOs3 solid solution between 530 °C
and 580 °C. In contrast, under pure COq, LigB4Og forms at 350 °C, with LiBO, appearing at higher temperatures.
Notably, the temperature range of Li(a.x)C(1—xBxOs3 stabilization shifts toward higher temperatures under pure
CO>, conditions. Understanding these transformations is essential for optimizing the performance and stability of
LigBO3 in CO4 capture applications and serves as a basis for future additive optimization, contributing to the
broader development of high-temperature sorbent materials.

CO,, capture
Carbonation mechanism
X-ray diffraction

1. Introduction the various capture strategies, post-combustion CO, capture remains

particularly relevant due to its applicability to existing power generation

Anthropogenic carbon dioxide (CO2) emissions resulting from the
combustion of fossil fuels and industrial processes constitute one of the
principal contributors to the intensification of global climate change [1].
As concentrations of CO5 in the atmosphere continue to rise, there is
growing interest in developing effective carbon capture and storage
(CCS) technologies capable of mitigating these emissions [2,3]. Among
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infrastructure, such as coal-fired and natural gas power plants, as well as
industrial sectors including cement and steel manufacturing [4]. These
sectors are responsible of flue gas emissions with different CO2 con-
centrations depending on their source, with values between 3% and 8%
by volume for natural gas power plants [5,6], while the highest con-
centration are associated with coal-fired power plants (10-18% in
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volume) [5,7]. Traditionally, chemical absorption using aqueous amine
solvents has dominated commercial CCS implementations. However,
this approach suffers from several limitations, including high energy
requirements for solvent regeneration, chemical degradation, and
operational issues related to corrosion and solvent loss [8]. In response
to these constraints, considerable attention has shifted toward the
development of solid-state sorbents [9], which offer advantages such as
improved thermal stability, lower regeneration energy penalties, and
potential integration with high-temperature industrial gas streams
without extensive heat exchange infrastructure [10-13].

Within the category of high-temperature COy sorbents, lithium-
based ceramics have demonstrated promising performance character-
istics. Materials such as lithium zirconate (LizZrO3, 500-700 °C), lithium
orthosilicate (Li4SiO4, 500-700 °C), lithium aluminate (LisAlO4,
500-750 °C), and lithium cuprate (Li,CuO3, 450-700 °C) have been
widely studied for their ability to capture CO3 at elevated temperatures
[14-17]. These materials exhibit good theoretical CO, uptake capacities
and selectivity, and are typically synthesized via simple solid-state
synthesis methods [18-23], but their practical application is hindered
by slow carbonation and decarbonation kinetics, high desorption tem-
peratures, and structural degradation over repeated cycling. These
shortcomings have motivated the search for alternative lithium-based
compounds with improved performance under intermediate and high-
temperature conditions [24-26].

Tri-lithium borate (Li3BO3) has recently gained recognition as a
particularly promising sorbent, exhibiting a high gravimetric COy up-
take capacity of over 11 mmolg ™!, approximately 50 wt%, at 520 °C
under pure COy [27], positioning it among the most efficient lithium-
based solid sorbents reported to date. In addition to its high capacity,
LisBO3 modified by additives displays excellent reversibility and rela-
tively fast reaction kinetics during both carbonation and decarbonation
cycles, making it an attractive candidate for post-combustion capture
systems operating within the 500-650 °C temperature window [27-29].
In particular, Li3gBOs-based sorbents modified with a low content of
NaOH [29], are a highly attractive alternative for CO» capture in post-
combustion processes when compared to other solid sorbents like
CaO, LisSiO4 and LisZrO3. Among the most competitive advantages of
Li3BO3 based sorbents compared with CaO, Li4SiO4 and LiZrO3 are the
high CO; capture capacity, reaching up to 36-37 wt% under low CO»
concentrations; the low energy consumption for the capture process, as
indicated by the lowest enthalpy of reaction values (120 + 7 kJ/mol)
and the high carbonation rate (37 wt% in 1000 s at 525 °C) [29].
Furthermore, Li3BO3 sorbent modified with 0.25 mol of NaOH maintains
a high capture capacity of 36 wt% over 20 cycles at a moderate tem-
perature of 525 °C under low concentration of CO3, which addresses a
key challenge faced by other sorbents. All these attributes make Li3BO3-
based sorbents suitable for CO5 capture from flue gas in post-combustion
scenarios, such as fossil fuel-fired power plants, natural gas combined
cycle power plants and other industrial flue gas streams. Recently, a
more detailed analysis of the main intrinsic and operational properties
of LigBO3 compared with other sorbents for CO, capture has been re-
ported [27-29]. Moreover, tri-lithium borate has demonstrated prom-
ising properties as a material for battery technology [30-33]. In fact,
Li3sBO3 has been selected as a key additive in the composite electrode
production due to its low-melting and high lithium-ion conductivity,
which increase the concentration of Li™ in the contact layer with the
solid electrolyte.

The carbonation of LigBO3 proceeds via a solid-gas reaction that
results in the formation of lithium carbonate (LioCO3) and LigB4Og9 as a
lithium borate byproduct. The overall reaction is expressed as [27]:

4 LizBOg3 Ohs 3 CO, (g)_)S Li,CO3 Ohs LigB4Og (s)

The enthalpy change of the LizBO3 carbonation to LigB4Og (AH = 58
+ 5 kJ/mol) and the relationship between equilibrium CO, partial
pressure and temperature for Li3sBO3 has recently been determined [28].
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This relationship primarily governs the working capacity of the material
and the energy required for regeneration, both of which are critical for
large-scale operations. The carbonation of Li3BOg initiates with CO4
chemisorption on lithium cation sites, followed by nucleation and
growth of Li,COj3 at the surface of the particles. The process can become
diffusion-limited due to the formation of a passivating product layer,
which impedes further access of CO to the reactive core. A potential
solution involves the use of alkali metal additives such as nitrates, as
they have shown to enhance carbonation kinetics by promoting the
formation of molten phases [28,29]. Also, recent studies indicate that
Li3sBO3 carbonation may follow distinct pathways based on the CO,
concentration [29], with different borate phases stabilizing depending
on partial pressure conditions. Such behaviour underscores the need for
comprehensive mechanistic studies capable of resolving phase-selective
reaction dynamics.

While thermogravimetric analysis (TGA) and ex situ X-ray diffraction
(XRD) studies have provided valuable insights into the carbonation
performance of this material, they offer only limited temporal and
structural resolution. In contrast, in situ time-resolved synchrotron XRD
enables real-time monitoring of phase transformations during both
synthesis and carbonation, offering a powerful method to unveil the
kinetic and thermodynamic parameters governing these processes
[34-39]. In fact, time-resolved in situ synchrotron X-ray diffraction (SR-
XRD) is a highly powerful technique for studying complex, multi-step
solid-gas reactions such as the carbonation of LizBOs, primarily
because its exceptional sensitivity and temporal resolution can resolve
phenomena that remain invisible to conventional laboratory-based XRD
(Lab-XRD) [34-37,40-42]. The reaction kinetics often involve the rapid
formation of intermediate or transient phases and a passivating product
layer, where crucial phases might only exist for seconds, or appear in
very low concentrations (below the typical 2% detection limit of Lab-
XRD). The high brilliance and intensity of synchrotron radiation allow
for extremely fast data acquisition times, enabling the monitoring of
these dynamic changes in real-time, thus capturing fleeting intermediate
species and subtle structural shifts (e.g., lattice parameter variations).
Moreover, the high signal-to-noise ratio and superior resolution of SR-
XRD patterns mean that minor crystalline components, which produce
peaks too weak or broad to be reliably detected with Lab-XRD, are
clearly identifiable. This capability is particularly vital for mechanistic
studies exploring different reaction pathways under varying partial
pressures, providing a comprehensive understanding of the reaction
dynamics that traditional XRD simply cannot achieve.

The primary goal of this investigation is to establish a rigorous
baseline understanding the carbonation of pristine Li3BO3 using in situ
time-resolved synchrotron X-Ray diffraction measurements combined
with Rietveld analysis, which is currently lacking in the literature. The
complex phase transformations occurring during both synthesis and
carbonation of pure LisBO3 needed to be systematically elucidated
before additional variables could be meaningfully studied. In particular,
we investigate the CO, capture behaviour of LigBO3 under two distinct
gas flow conditions: (i) 10% CO- balanced with an inert gas, selected to
closely replicate post-combustion flue gas environments relevant to real-
world carbon capture applications, and (ii) pure CO2 (100%), used to
evaluate the material's intrinsic reactivity and maximum uptake ca-
pacity. These distinctive atmospheres enable a detailed assessment of
how CO,, partial pressure influences key performance metrics, including
the carbonation onset temperature, reaction kinetics, product phase
composition, and process reversibility. By elucidating the coupled ef-
fects of temperature and CO, partial pressure on phase evolution and
reaction dynamics, this work provides fundamental insights of Li3sBOg
carbonation mechanism, which is essential for the rational design and
operation of this promising sorbent material for high-efficiency carbon
capture applications.
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2. Experimental
2.1. Synthesis of tri-lithium borate

The starting materials are lithium carbonate (LioCOs, Cicarelli pro
analysis) and boric acid (H3BO3, Anedra ACS). The synthesis of Li3sBO3
involves two steps, according to a procedure reported elsewhere [28].
First, a mixture of 3:2 molar ratio of LioCO3:H3BO3 was weighted and
placed in a stainless-steel mill chamber. This starting mixture was ball
milled in air for 30 min at 400 RPM using a planetary mill (Fritsch
Pulverisette 6) and a ball to powder mass ratio of 40:1. In the second
step, the as-milled sample was heated at 5 °C/min from r.t. to 600 °C and
kept at this temperature during 1 h.

2.2. Thermal and microstructural characterization

Thermal behaviour of the as-milled 3Li;CO3-2H3BO3 mixture during
heating in air (50 mL/min of synthetic air, 5 °C/min) was followed by
simultaneous Differential Scanning Calorimetry and Thermogravimetry
techniques (DSC-TG, Linseis PT-1600) coupled to a mass spectrometer
(MS, ThermoStar Pfeiffer). Morphology and particle size of Li3sBO3 were
examined after synthesis and at the end of the carbonation reaction
using Scanning Electron Microscopy (SEM, SEM-FIB, Zeiss, Crossbeam
340). The non-conductive powders were dispersed on a carbon tape and
coated by gold sputtering to avoid charging effects. The elemental
composition was determined by Energy Dispersive X-ray Spectroscopy
(EDXS). Elemental mappings of the powders were obtained to charac-
terize the carbon distribution.

2.3. COy sorption properties

Thermogravimetry (TG) combined with differential scanning calo-
rimetry (DSC) were used to analyse the non-isothermal reaction of
LigBOj3 in CO; flow using 10 vol% or 100% CO» (Linseis STA PT-1600).
The low CO, concentration was selected to simulate real-world condi-
tions in post combustion applications. Isothermal carbonation and
regeneration curves of LisBO3 were obtained using TG (TG-HP50, TA
Instruments) in COy/inert flow at 600 °C. First, a non-isothermal
carbonation was performed from r.t to 600 °C under pure CO,. Sec-
ond, at constant temperature, the gas was switched to an inert gas and
the regeneration step was measured (not shown). After that, successive
carbonation/regeneration cycles at a fix temperature were performed in
COy/inert atmosphere up to complete 10 cycles.

2.4. In situ synchrotron X-ray diffraction

In situ synchrotron XRD experiments were conducted at the BMO1 of
the Swiss-Norwegian beamline (SNBL) of the European Synchrotron
Radiation Facility (ESRF). Both Li3sBO3 synthesis and its carbon capture
performance were studied using the experimental setup previously
described by the authors [43]. Powder samples were thoroughly mixed
and loaded into quartz capillaries with an inner/outer diameter of 0.9/
1.0 mm. The capillaries were then mounted horizontally on a goniom-
eter head connected to a spinning stage, enabling continuous sample
rotation between 0 and 180°, and inserted in a horizontal furnace
available at the beamline [44].

Different heat treatments were applied to the samples. For the syn-
thesis study, a powder mixture consisting of LiB;Og-5H20-LisCO3, which
was produced by the milling of HsBO3 and LipCO3 powder reagents as
described in Section 2.1, was subjected to a heating ramp of 5 °C/min
from r.t until 600 °C. The dynamic CO5 capture and thermal behaviour
of Li3gBO3 were examined under two different CO, flows (10 vol% or
100% CO,, 10 cm>/min), heating the sample up to 800 °C at a heating
ramp of 5 °C/min.

The raw diffraction data obtained during the in situ experiments are
available via the ESRF data portal [45]. The measurements were
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performed using a monochromatic X-ray beam (0.720 A wavelength)
with a beam size of 300 pm x 300 pm. Diffraction data were collected
using a Dectris Pilatus 2 M photon-counting area detector, acquiring one
frame every 30 s with an exposure time of 5 s per frame. Pictures of the
experimental setup are shown in Fig. S1 of the Supplementary Material.
Calibration was conducted using LaBg powder standard. The 2D XRD
data were integrated using the Dioptas software [46], and posterior
sequential Rietveld refinements were carried out using the FullprofApp,
a FullProf-based software [47,48].

3. Results and discussion
3.1. Synthesis Of LisBO3 ﬁ'OTTl Li,CO3 + H3BO3 mixture

3.1.1. Thermal analysis studies and morphological changes during LizBO3
formation

In our previous investigation, we reported the synthesis of LigBO3
from LipCO3 and H3BO3 powder mixture by a two-step procedure in air
[28]. This method consists of a first step of mechanical milling (MM) of
3Li»C03:2H3BO3 mixture for 30 min, followed by a second step of
thermal treatment (TT) for 1 h at 600 °C. The overall reaction is rep-
resented by:

3 Li,CO3 )+ 2 H3BO; (s)—>2 Li3BO3 Ohs 3 CO, gt 3 HQO(g) (€8]

In the first step, the XRD pattern obtained reveals the presence of
peaks corresponding to unreacted Li;COs, as well as the most intense
reflections of LiB5Og-5H20 (Fig. S2a), indicating its formation during
milling. Considering that the starting mixture of LioCO3 and H3BO3 has a
molar ratio of 3:2, an amount of Li,CO3 remains unreacted. The mech-
anochemical processing favors both the mixing and chemical interaction
of the precursors. In fact, the formation of LiBsOg-5H20 is clearly
established after milling of 3Li,CO3:2H3BO3 according to reaction (2),
while the synthesis Li3gBO3 occurs during the heating step via reaction
(3) [28]:

0.2 Li»CO3 )+ 2 H3BO3 (s)_’0-4 LiBsOg-5 HzO(S) + 0.2 CO, (g)
+Hy04) @)

0.4 LiBsOg-5 HyO04) +5 HyOq +2.8 Li,CO3 (5—2 LizBOs ()
+ 2.8 CO, g + 7 HzO(g) 3)

Our synthesis of LisBOs by a two-step method involves a short
milling time (30 min at room temperature) and a short thermal treat-
ment at moderate 600 °C (1 h). These conditions are milder than those
reported in previous studies [49,50]. In addition, the combination of
milling and heat treatment results in an efficient method for producing
LisBO3 based sorbents: is sustainable (avoiding the use of chemical
solvents), energy-efficient, scalable and flexible, due to its easily transfer
from the laboratory to bulk production and adaptability to different raw
materials [51-53].

Thermal analysis of the pre-milled mixture (Fig. 1) shows that the
formation of Li3BO3 during heating up to 600 °C is a multi-step process.
This can be inferred from the three stages of weight loss as well as
multiple endothermic peaks upon heating observed in the TG-DSC
curves. The first weight loss stage (step 1) correlates with the endo-
thermic peak ending at 200 °C, which are associated with partial
dehydration of LiBsOg-5H20 [54]. This observation is in agreement with
the MS signal corresponding to water detected in this temperature
range. Next, between 200 °C and 420 °C (step 2), a slow weight loss is
ascribed to the evolution of strongly bonded water between 200 °C and
300 °C, and the simultaneous CO3 evolution from 250 °C (see MS sig-
nals). Finally, in the 420-600 °C temperature range, a sudden weight
loss is observed (step 3) due to the complete reaction of Li;CO3 and
residual Li-B-O compounds. In this temperature range, the formation of
different borates of the Li;O-B;O3 system is possible, with progressive
CO; evolution [55]. The observation of multi endothermic peaks, which
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Fig. 1. TG-DSC-MS curves of 3Li»CO3-2H3BO3 pre-milled mixture during
heating in air flow (ramp 5 °C/min) from r.t. to 600 °C. MS signals correspond
to m/z = 18 (H,0) and m/z = 44 (CO,).

correlate with COy MS signal, reinforces the idea of the occurrence of
multiple reactions. Thermal treatment of the pre-milled mixture for 1 h
at 600 °C is sufficient to synthesize LizBO3 as a single-phase product, as
shown in Fig. S2b.

3.1.2. In situ synchrotron diffraction studies during LisBO3 formation

To determine the LisBOs3 synthesis pathway from the pre-milled
3Li»CO3-2H3BO3 mixture, the reaction was studied in situ via synchro-
tron X-ray diffraction. The aim of this study is to identify in real time the
phases that are formed and the reaction intermediates, contributing to a
better understanding of the system and the relative stability of the
phases in this complex reaction system. Contour plots of Fig. 2a show the
evolution of a selected 26 region of the XRD patterns during the syn-
thesis reaction. At the beginning of the thermal treatment, the previ-
ously mentioned Li,CO3 and LiBsOg-5H20 are clearly observed in the
XRD patterns. As the temperature increases, the reflections corre-
sponding to LiBsOg-5H50 gradually weaken and vanish around 170 °C,
in agreement with the known dehydration behaviour of hydrated bo-
rates. Meanwhile, Li;COs3 reflections remain unchanged. This behaviour
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correlates with the first weight loss step due to dehydration process
(Fig. 1).

In the mid-range temperature region, up to 450 °C, no significant
changes are evidenced. This stage coincides with the second weight loss
step (Fig. 1), where both water and CO; releasing were detected. Ac-
cording to Rousse et al. [56], other lithium borate phases such as
LigB1101s, LizB4O7, or LisB;0s could potentially crystallize in this
compositional and thermal window, particularly from the boron-rich
region of the Li;O-B,O3 phase diagram. However, in the present
study, no additional crystalline phases are detected during this interval,
indicating that the reaction proceeds through either amorphous or
nanocrystalline intermediates that remain undetectable by XRD. Be-
tween approximately 450 °C and 500 °C, new reflections appear in the
diffraction patterns that do not match any known lithium borate or
carbonate phases. The precise identification of this intermediate phase
observed between 450 and 500 °C remains a challenge, as it emerges
transiently and overlaps with coexisting phases, which makes is unam-
biguous identification extremely challenging. Under these conditions,
the available data do not provide sufficient resolution or phase purity to
reliably assign a space group or fully solve the crystal structure. The
presence of this phase highlights the intricate reaction kinetics of the
Li3BO3 system, a finding not previously observed in conventional ex situ
studies, and represents an exciting avenue for future, highly specialized
investigations. In addition, the emergence of this intermediate suggests
a complex multi-step reaction mechanism, involving not only amor-
phous transformations but also a distinct crystalline precursor to the
final product.

The formation of LigBOjs is first evidenced by the appearance of its
characteristic reflections at approximately 500 °C, as seen in the upper
section of the contour plot in Fig. 2a. These reflections increase steadily
in intensity with temperature, indicating a progressive crystallization
process. The corresponding thermal profile shown in Fig. 2b confirms
that the formation of LisBOs3 occurs during the high-temperature
segment of the experiment, consistent with the thermally activated na-
ture of the final step in the solid-state reaction. The complex structural
evolution observed in the temperature range between 450 °C and 600 °C
is in agreement with the results obtained from the TG-DSC-MS study
(Fig. 1), where the occurrence of multiple reactions is also inferred.

gg b
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Fig. 2. (a) Contour plot showing the evolution of in situ synchrotron XRD patterns during the solid-state synthesis of Li3BO3 from a ball-milled Li,CO3 and H3BO3
mixture, with labelled reflections corresponding to LiBsOg-5H>0, Li,CO3, and LizBOs3. (b) Corresponding temperature profile applied during the experiment, indi-

cating the onset of LizBOs crystallization.
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3.2. Carbonation studies of LisBOs under CO> gas flow

3.2.1. Thermal analysis studies during LisBOs carbonation

Dynamic carbonation/decarbonation of the as-synthesized LisBO3
was carried out using TG-DSC to compare the performance under
different COy pressures. Two different experimental conditions were
selected based on their practical relevance: 10% CO, representative of
post-combustion flue gas, and 100% CO5, which provides the maximum
driving force and then the upper benchmark for uptake capacity. The
weight change curves were obtained by heating from r.t. to 650 °C under
pure COz and 10% of CO3 (Fig. 3a). An initial slight weight gains from r.
t. to 450 °C is observed for LigBO3 sorbent due to superficial CO5 sorp-
tion. This stage is followed by a sharp weight gain due to Li3sBOg3
carbonation, with the maximum CO; uptake shifting to higher temper-
atures with increasing CO» pressure (546 °C and 587 °C for 10% of CO,
and pure COq, respectively). As expected, both the carbonation rate and
the total CO, uptake are significantly enhanced under pure COs,
reaching ~40 wt% compared to ~9 wt% under 10% COs.

Following the carbonation peak, a decarbonation step is observed in
both conditions. The faster CO, desorption rate under 10% CO; is
consistent with the predicted shift in the equilibrium decomposition
temperature based on CO; partial pressure. According to the equilibrium
analysis of gas-solid reactions, such as those developed for LizSiO4-
based systems [57], the decomposition of carbonate phases is favoured
at lower CO, partial pressures, where the chemical potential of CO5 is
reduced. These are the most common experimental conditions for sor-
bent regeneration in post-combustion scenarios, which generally
involve high temperatures and a controlled CO; stream, being possible
to select different CO, concentrations and temperatures depending on
the thermodynamic of the sorbent [57-60]. Alternatively, instead of COy
flow an inert purge gas like N3 could be used.

The thermal phenomena observed in the DSC curves (Fig. 3b) have a
good correlation with the carbonation/decarbonation processes identi-
fied by TG, although some differences are identified. As carbonation
progress, an increasing heat flow slope with apparent peaks at 485 °C
and 520 °C (525 °C and 567 °C) for 10% of COy (pure CO3) were
observed due to the carbonation process. Beyond ~520 °C (557 °C), a
stronger endothermic peak at ~569 °C (630 °C) is evident for 10% of
CO3 (pure CO3), which is associated with the CO5 release. Although TG
curves indicate that the carbonation is a progressive and continuous
reaction, thermal behaviour shows more than one exothermic peak. This
observation can be related with the occurrence of an endothermic event
whose characteristic peak overlaps with the exothermic peak of the
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Fig. 3. a) TG and b) DSC curves of as-synthesized Li3BO3 during heating under
pure CO, and 10% of CO; flow (ramp 5 °C/min) from r.t. to 700 °C.
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carbonation. Experimental evidence suggests that the endothermic peak
is due to the formation of a molten phase at the surface. In a previous
study on the carbonation of un-doped LisSiO4, a similar thermal
behaviour was observed and attributed to the presence of a molten phase
[61].

The cyclic reversibility of Li3BOg is possible under different experi-
mental conditions based on the relationship between CO4 equilibrium
pressure and temperature [28]. Successive cycles of carbonation of
LisBO3 and regeneration at 600 °C were measured under pure COy/inert
gas flow (Fig. S3). It can be inferred that as the cycling progresses, a
reduction in the CO4 capture capacity is observed, decreasing from 38 wt
% to 35 wt% after 10 cycles.

The morphology of the as-synthesized LigBOs (Fig. 4a—c) and as-
carbonated LisBOs under 10% of CO, and pure CO. (Fig. 4d-i) was
examined using SEM. Although both Li;CO3 and H3BO3 powders pre-
cursors have very different initial sizes and shapes (platelets versus
grains, see Fig. S4), the mechanochemical processing produces an inti-
mate and homogeneous mixture of them forming LiB5;O0g-5H50 (Fig. S5).
In fact, mechanical milling favors the interaction between the reagents
both during milling and further solid-state reaction upon heating. For-
mation of Li3BOs as final phase generates a new microstructure which
looks like a porous network slightly intertwined (Fig. 5b), probably
promoted by the evolution of gaseous species during heating and the use
of low temperature/short time of thermal treatment. This inter-
connected structure is composed of small and rounded grains of ~1 pm
(Fig. 4c), with a smooth surface and a macropore size that would
facilitate CO5 sorption. After carbonation at 530 °C and 570 °C (Fig. 4d
and g, respectively), the interconnected structure looks sintered and
seems to be held together by a liquid phase. Detailed examination of the
surface reveals faceted crystals with straight edges and sizes ranging
from 100 nm to 1 pm, which are related with Li;CO3 phase (Fig. 4e, f, h
and i). The higher degree of carbonation reached at 570 °C with pure
CO, promotes the growth of LioCO3 crystals forming a framework of
macropores. The elemental mapping of C, B and O shows homogeneous
distribution of Li-B-O and Li,CO3 compounds at the surface, as it can be
inferred by comparison of carbon and boron distribution (Fig. S6).
Successive sorption cycles at 600 °C induce grain sintering and crystal
growth of LipCO3 (Fig. S7). These microstructural changes could be
considered the main reason of the deterioration in the CO, capture ca-
pacity with cycling. These observations are in agreement with the
microstructural features reported after sorption cycles of undoped-Li
based sorbents [27,28,34].

3.2.2. In situ synchrotron diffraction studies during LisBO3 carbonation
under 10% CO gas flow

The evolution of the diffraction patterns during the carbonation of
Li3sBO3 under a 10% CO5 atmosphere and the corresponding tempera-
ture profile are displayed in Fig. 5a and b, respectively. At the beginning
of the experiment, the pattern is dominated by reflections from the
initial LisBO3 phase. Upon heating, the first indications of carbonation
are observed at approximately 350 °C, where weak reflections corre-
sponding to LioCO3 begin to appear. The amount of Li;CO3 remains low
up to about 450 °C, suggesting that the carbonation reaction proceeds
slowly at this stage under limited CO, partial pressure. This first stage
correlates with the superficial carbonation identified in TG measure-
ments (Fig. 3a).

Above 450 °C, the intensity of LipCO3 reflections increases. In this
same temperature range, new peaks attributed to LigB4Og9 become
visible around 520 °C, indicating the formation of lithium borate by-
products as secondary reaction products. The phase fraction of
LigB40g increase progressively with the carbonation, with a maximum at
580 °C before the beginning of decarbonation. Additionally, a third
crystalline phase emerges, corresponding to a lithium boron carbonate
solid solution of general formula Li(2x)C(1—x)BxO3. This phase grows in
parallel with LioCO3 and becomes increasingly prominent above 530 °C,
likely indicating partial boron incorporation into the carbonate matrix
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Fig. 4. SEM micrographs of: (a—c) as-synthesized LizBOg; (d—f) LizBO3 after carbonation under 10% CO., at 530 °C; (g-i) LizBOs after carbonation under 100% CO5

at 570 °C.
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Fig. 5. a) Contour plots of in situ synchrotron XRD patterns collected during the carbonation of Li3BO3 under 10% of COs, b) corresponding temperature profiles.

or the formation of a structurally disordered boron-containing carbonate
phase. To the authors' knowledge, this is the first time that the solid
solution Liy;x)C(1-x)BxO3 was detected during carbonation of LizBOs.
Although other phases are simultaneously present with the
Li(21x)C(1-x)BxO3 solid solution, its crystal structure is distinct enough to
be clearly identified and the signal quality is sufficient to achieve a high
quality of fit of the XRD pattern.

Fig. 6 displays the evolution of crystalline phases during the
carbonation of LigBOs under 10% of CO,, as determined by in situ
synchrotron XRD and Rietveld analysis. The diffraction pattern collected
at 200 °C (Fig. 6a) confirms the presence of unreacted LizBOs with
negligible signs of product formation. At 540 °C (Fig. 6b), the emergence

of reflections corresponding to LioCO3 and LigB4Og9 marks the progres-
sion of carbonation, with these phases coexisting with the parent borate.
Further heating to 580 °C (Fig. 6¢) results in a complex pattern featuring
LipCO3 and LigB4Og, while signatures of the mixed carbonate-borate
solid solution Lic:xC1—x)BxO3 are clearly detected. At 620 °C
(Fig. 6d), the diffraction pattern shows a pronounced decrease in Li3BO3
intensity and dominance of LipCOs, indicating mnear-complete
decarbonation.

The corresponding phase fraction plot (Fig. 6e) reveals that Li;CO3
formation initiates at approximately 350 °C, and its fraction remains
below 5% up to 450 °C. A more pronounced growth is observed at higher
temperatures, reaching around 15% at 550 °C. LigB4Og appears at
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Fig. 6. Selected in situ XRD patterns during Li3zBO3 carbonation under 10% CO at (a) 200 °C, (b) 540 °C, (c) 580 °C, and (d) 620 °C, with corresponding Rietveld
refinements. (e) Phase fraction evolution as a function of temperature, derived from sequential Rietveld analysis.

400 °C and increases steadily, peaking near 580 °C, indicating its role as
a major intermediate product during carbonation. Its persistence over a
broad temperature range suggests a stable transformation pathway
under 10% COs. In contrast, the Li(2x)C1-xBxO3 solid solution emerges
at around 550 °C and reaches its maximum fraction near 580 °C. The
temperature-dependent evolution of LigB4Og and Li(2x)C(1—xBxO3 in-
dicates that carbonation under 10% CO; does not follow a single reac-
tion pathway but rather proceeds through a complex sequence involving
competitive and possibly sequential formation of multiple crystalline
products. These observations support the occurrence of the following
reactions during dynamic carbonation:

4 LisBOj (5) + 3 CO (5 =3 LisCOs (5) + LisB4Oy (5) (400-580 °C) @

(5)

These results highlight the significant impact of CO; partial pressure

x LigBOs () + (1 — x) LisCO3 () =Li@2:xC1_xBxOs () (530-580 °C)

on the reaction mechanism. Under 10% CO», the carbonation of Li3BO3
is incomplete, and the product distribution indicates the coexistence of
multiple reaction networks, likely governed by kinetic limitations and
phase metastability within the temperature range studied. As tempera-
ture increases above 580 °C under 10% of CO,, desorption of CO; is
favoured from Li»CO3 and Li(2;x)C(1-x)BxO3 with the simultaneous for-
mation of LigBOj3 via the reverse reactions (4) and (5). The progressive
formation and consumption of the Lic2x)C(1-x)BxOs3 in the temperature
range from 530 °C to 610 °C, demonstrates that the solid solution can be
regenerated.

3.2.3. In situ synchrotron diffraction studies during Li3BO3 carbonation
under pure COz flow

To analyse the effect of the partial pressure on the structural changes
that occurs during carbonation, in situ synchrotron XRD studies were



M.J. Orozco et al.

also performed under pure CO,. The contour plot of Fig. 7a shows the
evolution of XRD patterns during the carbonation of Li3sBO3 under a pure
CO, flow, together with the corresponding temperature evolution
(Fig. 7b). In contrast to the behaviour observed under 10% COs, the
reaction proceeds more rapidly and begins at a significantly lower
temperature. Reflections corresponding to LioCOs3 appear already at
approximately 300 °C, indicating an earlier onset of carbonation. Be-
tween 300 °C and 400 °C, the LioCOg phase fraction increases gradually,
suggesting that even at low temperatures, the high CO5 partial pressure
effectively drives the initial stages of the reaction.

Fig. 8a—d presents selected in situ synchrotron XRD patterns and
Rietveld refinements collected during the dynamic carbonation of
LisBO3 at temperatures representative of key stages of the reaction. At
200 °C, LigBOg the predominant phase, with minor reflections attrib-
utable to Li,CO3, indicating incipient surface carbonation. Upon heating
to 450 °C, the formation of LigB4O9 becomes evident, surpassing LioCO3
in phase fraction, thus confirming its role as a major carbonation
product at intermediate temperatures. At 550 °C, a more complex
multiphase mixture is observed, with LigBOs3, Li;COs, LigB4O9, and
LiBO5 coexisting. Notably, LiBO, appears as a secondary product at
elevated temperatures and persists throughout further heating. At
580 °C, the diffraction data reveal the emergence of a lithium boron
carbonate solid solution, denoted as Lip,xC;_xBxOs3, characterized by
partial substitution of carbonate by borate and the incorporation of
excess lithium.

Fig. 8e summarizes the evolution of all crystalline phases as a func-
tion of temperature. It can be clearly observed that Li,CO3 content in-
creases sharply above 400 °C, reaching nearly 35% phase fraction at
550 °C. Simultaneously, weaker reflections emerge corresponding to
secondary products such as LigB4Og9 and LiBOj, both of which exhibit
more limited evolution compared to the dominant Li;CO3 phase. While
LigB4Og is detected from 300 °C, the formation of LiBO, is identified
above 490 °C. The relative intensity of these by-products together with
the increasing fraction of Lio,CO3 compared to the 10% CO- case, sug-
gests a higher degree of selectivity toward complete carbonation under
pure CO; conditions. The parent phase, LigBOs, begins to decline
steadily after 300 °C and is nearly fully consumed by 600 °C. This
complete conversion aligns with the stabilization of Li;COg as the pre-
dominant crystalline product, preceding the appearance of an amor-
phous halo above 600 °C in the contour plot (Fig. 7a). The emergence of
Lit21x)C1—x)BxO3 is also detected above 550 °C, though it is less pro-
nounced than in the low CO, experiment, indicating that boron
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incorporation into the carbonate matrix is less favoured under high CO4
partial pressure. These results indicate that the carbonation of LizBO3
proceeded by the following reactions:

41i3BOs (5 + 3 COz (=3 LizCOs (5) + LigB4Oo () (350-600 °C) 6
x LisBOs ) + (1 — X) LisCOs ()=Li(245Ca_xByOs s) (550-600°C)  (7)
Li3BO; (5 + CO; (4 —LizCOs (5) + LiBO; (5) (490-600 °C) ®
LigB4Oy (5) + CO5 (g —LinCOs (5) + 4 LiBO, (5 (490-600 °C) ©)

The formation of LiBOy from 490 °C could occur through two
alternative routes represented by the reactions (8) and (9). From a
structural point of view, the sequence LisBO3 — LigB4Og — LiBOg is
highly probable [56].

The phase evolution presented in Fig. 8e confirms that carbonation
under pure CO; proceeds more efficiently, with a lower onset temper-
ature, faster kinetics, and higher final conversion compared to the re-
action under diluted conditions. The higher phase fraction of the
secondary borates and mixed carbonate phases further indicates that
high CO; partial pressure enhances both the thermodynamic driving
force and the selectivity of the carbonation process, favouring the for-
mation of LioCO3 as the primary product. This study also shows that the
decarbonation reaction is not observed up to 600 °C under dynamic
heating conditions of pure CO, flow. Although the diffraction data do
not reveal clear evidence of LiCO3 decomposition below this temper-
ature, TG-DSC measurements indicate that decarbonation onset occurs
at approximately 590 °C under pure CO,, a discrepancy that can be
attributed to differences in system fluid dynamics and the distinct sen-
sitivities of the in situ diffraction and thermal analysis techniques.

3.2.4. Mechanism of LizBO3 carbonation under different pressure of COz:
role of Li(24x)C(1-xBxO03

Fig. 9 illustrates the temperature ranges over which each crystalline
phase is present during carbonation under different COy pressures.
Under 10% of CO5 flow (Fig. 9a), the onset of carbonation is delayed,
with the first appearance of LioCO3 occurring around 350 °C. The parent
Li3sBO3 phase remains dominant up to approximately 450 °C, after which
its intensity gradually decreases. As temperature increases, new phases
emerge: LigB4Og becomes detectable around 400 °C, and the formation
of a boron-substituted carbonate phase, Li2;x)C1-xBxO3, is also
observed above 530 °C. The maximum consumption of Li3BO3 occurs

5 '100% CO,
LiBO, formation
=1
LigB4Og formation 100[ 3
) [}
a 80 |r—
= bl
'%‘ 60 [S
0 w|
2 20
0
18 20 200 400 600

Temperature [°C]

Fig. 7. (a) Contour plot displaying the evolution of in situ synchrotron XRD patterns during the dynamic carbonation of LizBO3 under 100% CO, flow. (b) Cor-

responding linear temperature profile applied during the experiment.
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Fig. 8. Selected in situ XRD patterns during Li3BO3 carbonation under pure CO, at (a) 200 °C, (b) 450 °C, (c) 550 °C, and (d) 580 °C, with corresponding Rietveld
refinements. (e) Phase fraction evolution as a function of temperature, derived from sequential Rietveld analysis.

near 580 °C, with the final phase assemblage including Li,CO3, LigB40o,
and Li21x)C1—xBxOs3, indicating a multistep reaction pathway. Based on
these results, the carbonation process would involve the following
transformations (see reactions (4) and (5)):

Li3B03 (s)—>Li2C03 (s) + Li6B409 (s)

x LizBO3 )+ (1 — X) Li,CO3 (5)—>Li(2+X)C(1,x)Bx03 (s)

These reactions are initially in series, being LioCOg first formed be-
tween 400 and 520 °C and after some extension of carbonation, it reacts
with LigBOj3 to produce the solid solution. From 530 °C to 580 °C, these
reactions could occur simultaneously and be competitive, evidencing
the complex pathway of carbonation. Above 580 °C, decarbonation
proceeds and the evolution of the phases (Fig. 6) demonstrates that the
previous carbonation reactions are reversible under 10% of COx.

In contrast, carbonation under pure CO, flow (Fig. 9b) initiates at a

significantly lower temperature of 300 °C. The formation of Li,CO3
progresses rapidly, becoming the dominant crystalline phase before
500 °C. The Li3BO3 phase begins to diminish shortly after carbonation
starts and it is almost entirely consumed by 600 °C. The formation of
secondary borate phases like LigB4Og and LiBO is observed from 350 °C
and 490 °C, respectively, being more pronounced than in the 10% CO5
case. Therefore, dynamic carbonation under pure COy shows the for-
mation of two different lithium borates with temperature increasing (see
reactions (6) and (9)):

Li3B03 (s)—>Li5B409 (s)—>LiB02 (s)

Although LiBOy could be also formed by direct carbonation of
Li3BOs, the progressive Li extraction from the tri-lithium borate struc-
ture is energetically more feasible, reinforcing this Li-B-O sequence
[44,45]. Additionally, the signal corresponding to Licp:x)C(1-x)BxO3
starts at higher temperatures (550 °C) and remains until 600 °C under
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Fig. 9. Temperature ranges of observed crystalline phases during in situ carbonation reactions under: a) 10% CO, gas flow, b) 100% CO,. The arrow indicates a
progressive increase or decrease in the phase fraction with the increasing temperature.

pure COs. In this temperature range, the formation of Lic2x)C(1—x)BxO3
requires Li3gBO3 which also is consummated by reaction (6), i.e. kinetics
factors determine the predominance of each reaction.

Based on the in situ XRD findings, a global carbonation mechanism is
proposed. Initially, the carbonation of LigBOj3 starts with CO3 adsorption
on the surface, independently of the CO; pressure, leading to the for-
mation of a thin layer of LigB4Og and LioCO3 on the external surface of
the solid powders (Figs. 3, 6 and 8). The main difference between both
CO;, pressures lies in the driving force, and therefore in the extent of the
surface reaction at a given temperature. At this stage, the chemical re-
action is primarily controlled by kinetic factors. As temperature in-
creases, the bulk carbonation proceeds and the solid fraction of LigB4Og
and Li>CO3 grows. The reaction progress at this stage requires the CO5
diffusion and/or Li* and 02~ ion diffusion through the layer of the solid-
state products, which may consist of two (LigB40g and LisCO3) or three
solid phases (LigB4O9, LioCO3 and LiBO3), depending on the CO; pres-
sure. SEM observations show that Li3BOs3 exhibits an interconnected
microstructure with macropores, which seem to be linked by a liquid
phase (Figs. 3 and 4). After about 30 wt% and 45 wt% of Li3sBO3 con-
sumption under 10% and 100% of CO pressure, respectively, the for-
mation of Liia1x)C1_xBxO3 from solid-state reaction between LipCO3
and unreacted LigBOs is promoted. This reaction kinetically competes
with the progress of the Li3sBO3 carbonation.

The in situ formation of Li24x)C1—xBxOs during carbonation of
Li3BO3 deserves a special analysis. These solid solutions were previously
obtained by solid-state synthesis between Li;CO3 and small amount of
Li3BO3 [62], being isostructural with Li;CO3 [63]. A previous study had
reported that their Li-ion conductivity enhances from 107 to 1073 §
em™! at 200 °C as x in Liga4x)Ca1_x)BxO3 changes from 0 to 0.25. The
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Fig. 10. Evolution of x in Li(z,xCq_xBxO3 during dynamic carbonation under
10% of CO,.

10

maximum in the conductivity has been measured between x = 0.3 and
0.5 for 150 and 200 °C [63]. Fig. 10 shows the estimated evolution of x
with the temperature for the Li24x)C1—x)BxO3 solid solution during
dynamic carbonation under 10% of CO,. This analysis could not be
performed for the 100% dataset, as the solid solution emerges at higher
temperatures under these conditions and coexists with significant
amounts of LiBO,, which hinders reliable refinement of the occupancy
parameters of Lic2:x)C1-x)BxOs.

In all XRD patterns of the sample subjected to 10% CO,, the
Li(24xCa-xBxO3 phase was indexed considering that BO%’ ion sub-
stitutes CO3~ with the introduction of interstitial Li ion in the mono-
clinic phase of Li;COg (space group C12/c). The x value obtained shows
a maximum at 570 °C (x = 0.38) and decreases with the temperature,
while the maximum of the phase fraction is observed at 580 °C before
the beginning of decarbonation. It is expected that the increase of x
value induces an expansion along c axis by the formation of interstitial Li
ion [63], with a beneficial effect on the conductivity values. This
behaviour was confirmed by Okumura et al. [64], where the Li-ion
conductivities measured for Lip;xCa1-0BxO3 (x = 0.1-0.3) were
hundred-thousand-fold of that for Li;COs and associated with the
interstitial Li ion transfer in the monoclinic structure. Moreover, a
detailed investigation about the structure of Li(2x)C(1—xBxO3 and Li ion
migration pathways, supported by experimental and theoretical data,
identifies different Li" migration mechanisms and reveals that the
dominant one changes with temperature [65].

These features can be associated with previous studies where diffu-
sion resistance of Li* and 0%~ could be a limiting step for CO5 sorption
process [66-68]. In fact, at the beginning, surface COy sorption on
Li3sBO3 generates Li-B-O compounds and Li;CO3 nuclei in the outside
shell. Additional carbonation requires that CO5 diffusion occurs across
this shell to react with the fresh Li3BO3 sorption [28]. An alternative
possibility is that Li* and 0%~ ions should diffuse across the product
layer to continue the carbonation. Therefore, improving the mobility of
these ions is one effective option to enhance CO, sorption behaviour
[11].

Overall, it can be observed that higher CO, partial pressure enhances
the carbonation kinetics toward Li;COs, forming LigB4Og9 and LiBOo,
while lower CO; concentration leads to LigB4Og evolution. Formation of
boron-substituted carbonate species, with different x content, were
favoured at different temperature ranges. This solid solution shows
different stabilization range with the temperature and CO, partial
pressure. Its formation could play a crucial role when carbonation ki-
netics is controlled by diffusion by improving the Li* ion mobility
through Li3sBO3-LizCOg3 interphase. These trends underscore the critical
role of CO; partial pressure in governing both the thermodynamics and
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reaction pathways during LisBO3 carbonation.
4. Conclusions

Synthesis of Li3BO3 was performed by a two-step process: first, the
mechanical milling of 3Li;CO3-2H3BO3 mixture which produces
LiBsOg-5H,0 as intermediate phase along with unreacted Li,COs, fol-
lowed by the thermal treatment of the as-milled mixture up to 600 °C.
Time-resolved in situ synchrotron XRD analysis revealed that the as-
milled mixture, consisting of LiBsOg-5H20 and Li»COs, is successfully
transformed via a multi-step mechanism to LigBOs, involving both
amorphous and crystalline intermediates. In fact, between 450 °C and
550 °C, new reflections of an unidentified compound are observed in the
XRD patterns. The main reflections from crystalline LigBO3 are detected
at about 500 °C. The global synthesis mechanism involves at least three
steps of weight loss, with both H;O and CO, releasing during heating
from r.t. to 600 °C.

Structural changes during the dynamic carbonation of Li3BO3 from r.
t. to 600 °C under 10% of CO; and pure CO; flow were investigated
using in situ high-temperature synchrotron XRD combined with Rietveld
analysis. Experimental results show that under 10% of CO5 flow, Li3sBO3
reacts with CO5 to produce LigB4Og and Li;CO3. At temperatures be-
tween 530 and 580 °C, uncarbonated Li3BOs and Li»COs3 lead to the
formation of Li(ax)C(1-x)BxO3 solid solution. When pure COz is used, the
formation of LigB4O9 and LiBO; is identified, whereas the temperature
range of LixC1-x)BxO3 stabilization is higher. The solid solution
Li(24+xCa-xBxOs3 is recognized as an ionic conductor with high lithium
ion mobility, so its presence can enhance carbonation kinetics.

The findings presented in this work underscore the critical role of the
LizxC1_xBxOs3 solid solution, particularly at elevated temperatures. The
identification of distinct reaction pathways under 100% and 10% of
CO., with the latter being closer to real application conditions, provides
valuable insight into how operating atmosphere influences phase evo-
lution and reactivity. This mechanistic understanding is essential for the
rational design and optimization of Li3BOs-based materials as efficient,
tuneable sorbents for high-temperature CO; capture under realistic
conditions.
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