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ABSTRACT: The process of carbon dioxide capture typically adsorption
requires a large amount of energy for the separation of carbon
dioxide from other gases, which has been a major barrier to the
widespread deployment of carbon capture technologies. Innova-
tion of carbon dioxide adsorbents is herein vital for the attainment
of a sustainable carbon capture process. In this study, we
investigated the electrified synthesis and rejuvenation of calcium-
based layered double hydroxides (Ca-based LDHs) as solid
adsorbents for CO,. We discovered that the particle morphology
and phase purity of the LDHs, along with the presence of
secondary phases, can be controlled by tuning the current density
during electrodeposition on a porous carbon substrate. The change
in phase composition during carbonation and calcination was investigated to unveil the effect of different intercalated anions on the
surface basicity and thermal stability of Ca-based LDHs. By decoupling the adsorption of water and CO,, we showed that the
adsorbed water largely promoted CO, adsorption, most likely through a sequential dissolution and reaction pathway. A carbon
capture capacity of 4.3 + 0.5 mmol/g was measured at 30 °C and relative humidity of 40% using 10 vol % CO, in nitrogen as the
feed stream. After CO, capture occurred, the thermal regeneration step was carried out by directly passing an electric current
through the conductive carbon substrate, known as the Joule-heating effect. CO, was found to start desorbing from the Ca-based
LDHs at a temperature as low as 220 °C as opposed to the temperature above 700 °C required for calcium carbonate that forms as
part of the Ca-looping capture process. Finally, we evaluated the cumulative energy demand and environmental impact of the LDH-
based capture process using a life cycle assessment. We identified the most environmentally concerning step in the process and
concluded that the postcombustion CO, capture using LDH could be advantageous compared with existing technologies.
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Desorption

B INTRODUCTION believed to be promising alternatives to the prevailing
monoethanolamine (MEA)-based CO, scrubbing approach
due to high capacity, low toxicity, easier handling, and
potentially lower energy consumption during the thermal
rejuvenation process.” One of the readily developed processes
is calcium looping (CaL), during which CO, in the flue gas
reacts with lime (CaO) to form calcite (CaCO,). However, the
thermal decomposition of the formed CaCOj; requires an
extremely high temperature (typically above 700 °C),® which is
usually achieved using oxy-combustion of fuels. The steam in
the calcination atmosphere was reported to catalyze the
decomposition reaction but also promotes the deactivation
(ie, sintering) of the adsorbent.”'’ Meanwhile, the urgent

The rapid increase of CO, concentration in the atmosphere
has been causing an unprecedented acceleration of climate
change.! To achieve the goal of carbon neutrality, 196
countries and regions around the world signed the Paris
Agreement in 2015 to address climate change, proposing to
achieve net-zero greenhouse gas emissions by the second half
of this century.” Among other approaches (e.g, massive
adoption of renewable and nuclear energy), carbon capture,
utilization, and storage (CCUS) have been proven as viable
technologies to reduce greenhouse gas emissions from CO,
heavy industries such as fossil fuel power plants, petroleum
refineries, and cement production.‘?”4 For example, it is
estimated that over 90% of the CO, emissions from the

fossil-fuel based power plant can be reduced with CCUS. Received: May 17, 2023 AN
Although CCUS has been under development for decades, Revised:  October 5, 2023 Vv o
issues around system complexities and high energy costs, Accepted:  October 6, 2023 ad

especially within the carbon capture stage, have prevented this Published: November 2, 2023

technology from being extensively implemented.”® For
postcombustion capture, emerging solid adsorbents are
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need to decarbonize small and distributed carbon dioxide
emitters, including small-scale power plants, plastic production,
and transportation sectors where the CaL approach is typically
not economically feasible, leads to new requirements, such as
mild material regeneration conditions and modular system
design, for the emerging carbon capture technologies.

Layered double hydroxides (LDHs) are a group of lamellar
inorganic solids consisting of bimetallic hydroxide layers
intercalated with hydrated anions."' LDH-derived mixed
metal oxides (MMOs), similar to calcium oxide, have been
widely studied for medium to high-temperature carbon
capture.'”””"* Recently, CO, capture from low-temperature
gas streams (<100 °C) using pristine LDHs has gained
attention due to the large surface area within the interlayer
regions and the basic surface chemistry that favors the
adsorption of CO,."> In particular, Ca-based LDHs have
been found to have higher surface basicity, a property reported
to have linear correlation with the carbon capture capacity,'®
than the well-known hydrotalcite (i.e., [MgsAl,(OH),,]CO;-
4H,0) because Ca®" is more electronegative with respect to
Mg**."” Different from other low-temperature CO, sorbents
such as carbonaceous materials, metal organic frameworks
(MOFs), and zeolites, which suffer from reduced adsorption
efficiency in a humid gas stream such as a typical flue gas
stream (5—15 vol.% of H,O vapor),'® Ca-based LDHs adsorb
CO, through the formation of chemical bonding in a similar
manner to the carbonation of portlandite, during which the
adsorption of CO, is considered to be facilitated by the
presence of water vapor."” During thermal-based material
rejuvenation, the adsorbed surface and intercalated water tend
to desorb from the LDHs, causing the collapse of interlayer
spaces and the formation of metastable mixed oxides. It has
been shown that the layered structure can be recovered by
exposure to humid air through the so-called “memory effect”.”
Such unique rehydration and restructuring are essential to the
cyclic carbon dioxide adsorption and desorption process.
However, the impact of moisture on carbon capture capacity,
the formation of secondary phases during structure trans-
formation, and the underlying mechanisms of capture have not
been demonstrated. Therefore, to achieve an efficient and
resilient carbon capture process utilizing Ca-based LDHs,
additional research is required to fundamentally understand
the carbonation and calcination cycles.

Besides carbon capture performance, the economic and
environmental considerations of emerging carbon capture
materials are also important aspects of CCUS, but they are
rarely discussed in the literature. Conventional LDH synthesis
methods (e.g., coprecipitation and mechanochemical ap-
proaches) often involve the dosage and disposal of highly
alkaline solutions which have significant environmental
impacts.”"*> Moreover, the commonly adopted oxyfuel
combustion for thermal-based material rejuvenation, as in the
case of the CaL process, consumes a considerable amount of
fossil fuels, partially offsetting the benefit of CCUS. Therefore,
reducing the CO, emissions and energy consumption
associated with material synthesis and rejuvenation is vital to
realizing a sustainable carbon capture process. Detailed “cradle-
to-grave” analysis is also critical to evaluate the environmental
aspects associated with the carbon capture materials and assist
with prioritizing improvements in synthesis approaches and
system design.

Using electricity as a clean and renewable energy source,
here, we adopted an electrodeposition method to directly

deposit Ca-based LDHs on a porous carbon substrate to form
a gas filter. The particle morphology and phase purity of the
LDH were characterized and controlled by tuning the current
density during electrodeposition. Carbon capture capacity and
kinetics were measured at various temperatures and humidity
conditions to unveil the carbon adsorption mechanism and the
role of water vapor. After CO, capture occurred on the LDH-
carbon filter, we explored material rejuvenation using Joule-
heating which was enabled by the electrically conductive
carbon substrate. The cyclability of the LDH-carbon filter was
also evaluated where the capture capacity as a function of the
number of cycles has been quantified. Finally, we analyzed and
compared life cycle environmental impacts associated with the
proposed process and two widely adopted CCUS approaches
(including amine-based scrubbing and CaL processes) for
postcombustion carbon capture at a typical fossil fuel power
plant. This prospective LCA of scaled-up Ca-based LDHs was
performed to offer guidance for practical application, especially
during the early phase of research and development with high
freedom for advancing LDH-based CCUS approaches.

B MATERIALS AND METHODS

Synthesis of the Ca-Based LDH. The Ca-based LDH was
deposited in situ on a porous carbon substrate (Freudenberg
H23) using an electrodeposition technique. The electrolyte
solution consisting of 0.3 M Ca(NO;), and 0.1 M Al(NO;),
(ACS reagent, 99%, Sigma-Aldrich) was prepared using
deionized (DI) water. The carbon substrate was rinsed
extensively with ethanol and DI water prior to immersion in
the electrolyte solution to remove any potential grease and
other contaminants that may have inadvertently been picked
up during material transportation and handling. The cleaned
carbon substrate with a size of 5 X 5 cm was used directly as
the cathode of the electrochemical cell. A platinum wire was
used as the inert anode. During electrodeposition, an external
voltage was applied across the anode and cathode with a
constant current density (i.e., normalized current by the
surface area of the cathode). The current density was tuned
from 20 to 110 mA/cm?, which resulted in the formation of
the Ca-based LDH of different morphologies and secondary
phases. The synthesized Ca-based LDH was rinsed with DI
water to remove the excessive electrolyte solution. We also
performed an anion exchange process by soaking the carbon
substrate-supported LDH in a 1 M CaCl, solution (pH was
adjusted to 10 using a dilute Ca(OH), solution) for 2 h. As
confirmed by Fourier-transform infrared (FTIR) spectroscopy
(spectra are shown in the Results and Discussion), the
intercalated nitrate ions were replaced with the chloride ions
during this process. After anion exchange, the LDH was rinsed
again with DI water and dried in the vacaum oven (60 °C, 0.1
bar) for 2 h.

Characterization Techniques. The surface morphology
and elemental composition of the Ca-based LDH were
characterized using scanning electron microscopy (SEM, FEI
Quanta 200) equipped with an energy dispersive X-ray
detector (EDX, QUANTA 200) at an accelerating voltage of
20 kV. Attenuated total reflectance-Fourier transform infrared
spectra of the LDH samples were obtained at 0.5 cm™'
resolution with N, purge (ATR-FTIR, PerkinElmer Frontier
FTIR instrument with a universal ATR sampling accessory). A
total of 32 scans were accumulated for each spectrum with a
scan speed of 1 cm/s. The phase composition of the Ca-based
LDH was measured by X-ray diffraction (XRD, Bruker D8
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Discover) at 0.05° resolution and a scan speed of 2°/min using
Cu Ka radiation. X-ray total scattering measurements were
performed at ambient temperature, using the 28-ID-1 beamline
at the National Synchrotron Light Source II, Brookhaven
National Laboratory, using sample-to-detector distance of 220
mm.”” The monochromatic photon energy was set at 74.465
keV (0.1665 A). The pair distribution function (PDF, G(r))
was then calculated using the sine Fourier transformation of
the measured total scattering function S(Q) as follows

Qe
60 == [ QUS(Q) - sin(@)dQ

Qi (1)

where Q is the momentum transfer and defined as

47 sin 0

=" )

where 0 and A are the scattering angle and X-ray wavelength,
respectively. PDFs were obtained using PDFgetX2 with a Q,,,,,
of 20 A~ with a smoothing scheme based on averaging data
over 20 points starting from a Q value of 8 A™! to increase the
signal-to-noise ratio. Such smoothing was deemed necessary
due to the small amount of sample in the beam (scattering was
performed in the transmission geometry through the gas filter).
Scattering from the carbon substrate was subtracted from the
data using PDFgetX2 prior to the Fourier transformation.”*

To identify the species and amount of gas released from the
LDH upon calcination, thermogravimetric analysis (TGA,
Pyris 1, PerkinElmer) coupled with transmission-FTIR spec-
troscopy (PerkinElmer Frontier FTIR instrument) experi-
ments was carried out with a temperature ramping rate of 10
°C/min in N,. The released gaseous species from the LDH
were transferred to the IR cell using a TL 8000 transfer line at
a flow rate of 20 mL/min. The temperatures of the transfer line
and the IR cell were set at 300 °C and 250 °C, respectively. A
single scan from S50 to 4000 cm™" was collected every 60 s
with a scan speed of 1 cm/s and a resolution of 4 cm™".
Coupled differential scanning calorimetry and thermogravi-
metric analysis (Setaram Instrumentation TG-DSC III) was
employed to analyze the enthalpy change during calcination
from 30 °C to 800 °C with a temperature ramping rate of 10
°C/min in N,. The N, adsorption—desorption isotherms of
the LDHs were acquired using a Micromeritics 3Flex
instrument after degassing at 60 °C for 2 h. The surface area
was calculated following the Brunauer—Emmett—Teller (BET)
theory.

Carbon Dioxide Capture Capacity Measurements.
The carbon dioxide capture capacity of the LDH loaded
carbon filter (LDH-carbon filter) was measured as the total
mass change when exposed to CO, using thermogravimetric
analysis (TGA, Pyris 1, PerkinElmer) held at a constant
temperature. A schematic diagram of the manifold system
design is shown in Figure S1. To decouple the adsorption of
water vapor and CO,, we used dry N, as the purging gas
during the initial stage of the test. After the mass of the LDH-
carbon filter stabilized, the purging gas was switched to humid
N,, which was achieved by flowing dry N, through a gas
bubbler containing deionized (DI) water. The relative
humidity (RH) of the gas stream was measured at the inlet
of the TGA instrument using an RH probe (Fisherbrand
Traceable Humidity Meter). When the mass of the LDH-
carbon filter had stabilized in the humid N, gas stream, the
purging gas was switched to a humid mixture of 10 vol.% CO,

and 90 vol.% N,, which represents the typical CO, level in flue
gas from coal-fired power plants. Once again, the humidity was
provided by flowing the CO,/N, mixed gas stream through a
bubbler containing DI water. The temperature was held
constant at 30 °C, 60 °C, 90 °C, and 150 °C during the tests.
For each test ~10 mg of the sample (LDH-carbon filter) was
placed in the platinum crucible on the TGA instrument.

Material Rejuvenation and Long-Term Stability Tests.
The thermal rejuvenation of the LDH-carbon filter was
performed by passing an electric current through the
conductive carbon substrate. The released H,O and CO,
were carried by a N, purge gas and analyzed using a H,O/
CO, detector (LI-840 A, LI-COR) with a data collection
interval of 1 s. To evaluate the long-term stability, LDH-carbon
filters were first exposed to CO, in a carbonation chamber
(Thermo Scientific Forma Steri-Cult CO, incubator) with 10
vol.% CO,, 50% RH at 30 °C for 2 h to reach the full CO,
capture capacity. The LDH-carbon filters were then
rejuvenated by using Joule-heating. Briefly, LDH-carbon filters
with a size of 5 cm X § cm were connected to a power supply
(3644A, Circuit Specialists Inc.) using two copper clamps. To
evenly distribute the current, two strips of stainless steel mesh
(0.5 cm X S cm) were placed on each side of the LDH-carbon
filter as current collectors. The copper clamps ensured close
contact between the current collector and the LDH-carbon
filters. The surface temperature of the LDH-carbon filters was
monitored by using a thermal camera (FLIR TG297). The
current that passed through the LDH-carbon filters was
adjusted until the surface temperature reached a maximum of
600 °C. The total power output was read from the power
supply. The cumulative amounts of released H,O and CO,
over a period of 5 min were integrated. After rejuvenation, we
returned the LDH-carbon filter to the carbonation chamber
and repeated this process 10 times (i.e., 10 cycles, each cycle
consisting of capture and rejuvenation).

Life Cycle Assessment and Techno-Economic Anal-
ysis of Carbon Capture Technologies. The LDH-based
process achieves CO, capture through carbonation (at 30 °C)
and Joule-heating-based desorption (maximized at 600 °C)
cycles. Detailed experimental parameters and performance of
the laboratory-scale LDH are described in Table SI. The
laboratory-scale LDH was scaled up according to energy and
mass balances, empirical calculations, and similar technical
information. The scaled-up LDH was assessed for post-
combustion carbon capture in a 500 MWe 2Qulverized coal
power plant as described in Petrescu et al.™> A schematic
diagram for a pulverized coal power plant with conceptual
LDH postcombustion CCUS is illustrated in Figure S2.

Goal and Scope Definition. A prospective LCA of the
scaled-up LDH process was performed to identify the key
contributors to environmental impacts and explore the
competitiveness of the LDH process compared with two
typical postcombustion CCUS technologies, including meth-
yldiethanolamine (MDEA) and calcium looping (CaL). The
system boundary included all processes associated with energy
generation and carbon capture and storage, that is (1) power
production from coal coupled to energy eflicient CCUS
technologies, (2) upstream processes such as extraction,
processing, and transportation of coal, limestone, and solvents
used in the power plant and for carbon capture and storage,
and (3) downstream processes in terms CO, compression,
transport, and storage (Figure S2). The construction of
infrastructure (e.g., power plants, a CO, transportation
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Figure 1. Synthesis of Ca-based LDHs. Schematic illustration of the synthesis route that consisted of electrodeposition and anion exchange (A).
The atomic percentage of elements in the synthesized LDH samples was determined by EDX (B); the values in parentheses are the current density
used during electrodeposition. SEM images showing the surface morphology of the carbon fiber substrate (C), the CaAINO;-LDH synthesized

using 35 mA/cm® (D), and the CaAlICI-LDH after anion exchange (E).

pipeline, and CCUS-related tanks) and electricity transmission
and distribution were excluded from the analysis. The
functional unit was defined as one MWh of net electric
power produced in the plant for comparison.

Life Cycle Inventory Analysis. Life cycle inventory (LCI) of
the coal power plant applying a scaled-up LDH process was
compiled by including all inputs and outputs for producing one
MWh of net electric power. To make a systematic comparison
between the scaled-up LDH process and two other
postcombustion strategies (MDEA and Cal) studied by
Petrescu et al,, we adopted the same main design assumptions
of the coal power plant (i.e., coal moisture, boiler heat losses,
and limestone slurry, refer to Table 1 in Petrescu et al.””). The
technical key performance indicators of the plant using various
postcombustion CCUS technologies are reported in Table S1.
The LCI of the scaled-up LDH process was calculated based
on coal flow rate, CO, flux in flue gas, and the laboratory-scale
LDH data. The LCI for the laboratory-scale LDH process was
compiled based on the experimental data acquired in this
study. Material, chemical, and energy usage for producing 1 kg
of fresh LDH-carbon filters (Table S2) was calculated
according to preparation and drying processes as described
in material synthesis. The LDH capture capacity (4.28 mmol/
g) was the average value based on a long-term experiment
conducted in this study. Electricity consumption during Joule-
heating rejuvenation was calculated by using power output,
current density, and reaction time. Due to capacity loss of
LDH-carbon filters over time, we considered degradation of
the LDH and carbon fiber substrate, which were assumed to be
1.1% for each carbonation and rejuvenation cycle based on the
experimentally measured capacity loss over 10 cycles. A
detailed inventory and the main assumptions of the LDH
system are provided in Note 2 of the SL

17215

Life Cycle Impact Assessment. The environmental impacts
of each individual element were calculated using the ReCiPe
2016 Midpoint (H) V1.04 method, based on inputs from the
Ecoinvent 3 database embedded in SmaPro 9.1. We
investigated 11 typical impact categories measured by the
potential of ecosystem-related categories such as global
warming potential (GWP), stratospheric ozone depletion,
terrestrial acidification, freshwater eutrophication, health-
related categories of ozone formation, human carcinogenic
toxicity, human noncarcinogenic toxicity, and resource-related
categories of land use and water consumption.

Techno-Economic Analysis. Two economic metrics, the
levelized cost of electricity (LCOE) and the CO, avoidance
cost (Ccoyp), were calculated to compare economic perform-
ances of various CCUS technologies. LCOE is composed of
the total capital cost and operation and maintenance costs.
Ccoy is widely used to measure extra investments for avoiding
CO, emissions from fossil fuel power plants by implementing
CCUS technologies. Detailed calculations of LCOE and Ccq,
are provided in Note 2 of the SI

B RESULTS AND DISCUSSION

Controlled Electrodeposition of Ca-Based LDHs.
Using AP* as the trivalent cation, Ca-based LDHs have a
brucite-like sheet structure with an ordered arrangement of
Ca®" and AI®" ions in seven- and six-coordination,
respectively.”® Due to the difference in ionic size, the ratio
between Ca* and AI** is found to be fixed at the ratio of 2:1,%”
rather than having a large range of variation as in the case of
hydrotalcite-like materials (with a Mg/Al ratio typically in the
range of 1 to 6 and as high as 23.8).”® Therefore, secondary
phases are more likely to form in the Ca-based system using
the widely adopted coprecipitation method as all the reactants
are mixed at the same time.”” To better control the reaction
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Figure 2. Structural analysis of Ca-based LDHs during carbonation. FTIR spectra of the CaAINO;-LDH and the CaAlCI-LDH show a notable
intensity increase of both the —COj and water peaks as a result of carbonation (A). X-ray diffraction patterns of CaAINO;-LDH (top) and CaAlCl-

LDH (bottom) before and after carbonation for 24 h (B).

between each component, electrodeposition of the Ca-based
LDH was performed using different current densities. As
shown in Figures 1A and 1C, we used a porous substrate made
from nonwoven carbon fibers as the cathode of the
electrochemical cell. Nitrate was selected as the anion in the
electrolyte because nitrite reduction starts at a more positive
potential than hydrogen evolution and therefore reduces the
formation of H, bubbles on the carbon fiber surface. Two
cathodic reactions occur concurrently at the surface of the
carbon substrate under the applied external voltage range of
—1.5 to —2.0 V vs SHE. No ammonia was detected after the
electrodeposition (detection limit ~ 0.01 mg/L).

NO;™ + H,0 + 2¢ » NO,” + 20H™ Ej.c = 0.01 V vs. SHE

2H,0 + 2¢ — H,(g) + 20H" Edeoc = —0.828 V vs. SHE
The cations are electrically driven toward the cathode
surface where they meet the hydroxide ions and form Ca-based
LDHs. Since a mole of OH™ can be produced by passing one
mole of electron through either reaction pathway above, the
local pH at the carbon substrate surface will be strongly
correlated with the applied current density.”® Therefore, a
constant current density was supplied to maintain a steady
generation of OH™ and thus a high pH in the vicinity of the
precipitating Ca-based LDH. At a low current density (i.e., 20
mA/cm?), a thin layer of solid is found to precipitate on the
cathode forming a flat layer parallel to the cathode surface
(Figure S3). Elemental analysis of the precipitated solid
suggests a low Ca:Al molar ratio of 1:7 (Figure 1B), which is
significantly different from the typical ratio found in hydro-
calumite-like materials (i.e., 2:1).”" Further analysis via XRD of
the solid indicates the presence of Al(OH); (Figure S3).
Conversely, a high current density (i.e, 110 mA/cm?*) leads to
a thick layer of precipitate with a high Ca to Al molar ratio of
15:1 (Figure 1B), due to the formation of portlandite (Figure
S3). At the intermediate current density range (ie., 35 mA/
cm?), the Ca-based LDH with a chemical composition of
[Ca,Al(OH)4]NO;-2H,0 (denoted as CaAINO,-LDH) forms
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as the dominant phase. A small amount of portlandite also
forms as the secondary phase as indicated by the Ca to Al
molar ratio in the precipitate (~3:1 instead of 2:1) and the
existence of characteristic peaks of portlandite in the XRD
pattern (Figure 1B and Figure S3, respectively).

To understand the impact of applied current density on
secondary phase formation, the concentration of aqueous
species and the saturation indices of solid phases as a function
of pH were calculated based on the initial electrolyte
concentration and the solubility product constants (KSP) of
the secondary phases. As the local pH increases from the bulk
pH value (ie, pH of 3, measured using pH meter), the
solubility of aluminum species decreases and reaches a
minimum at a pH of 6.5 (Figure S4). Indeed, insoluble
Al(OH); is seen to precipitate in our synthesis process by
using a low current density. Based on the reported log K,
values for other Me(II)—Al LDHs (i.e., —17.9 ~ —25.7),”" the
saturation indices of Ca-based LDHs are estimated to reach
zero for a pH range between 4.7 and 7.3, at which point the
deposition of CaAINO;-LDH commences. At a higher current
density, the local pH is believed to increase beyond a pH of 12,
and hence the formation of portlandite becomes dominant,
whereas the solubility of A[(OH); increases with the pH and
the saturation indices of Al(OH); also drop below zero when
the pH is greater than 13.6 (Figure S4). Moreover, the rate of
OH™ generation, as controlled by the current density, also
affects the growth direction of the LDH. It was previously
pointed out that a steep concentration gradient of electrolytes
near the cathode surfaces could lead to the horizontal growth
of LDHs, whereas a smoother concentration gradient often
results in the growth of vertically aligned LDHs.”> Such
phenomena have also been observed in this study by varying
the concentration gradient of OH™. Vertically aligned LDHs
have been synthesized by fine control of the current densities
between 35 and 95 mA/cm” (Figure S3 and Figure 1D). The
vertically grown LDHs are preferred for CO, adsorption
because of the higher surface area and more exposed interlayer
regions. Therefore, a current density of 35 mA/cm” has been
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Figure 3. Rejuvenation of Ca-based LDHs using thermal treatment. Thermogravimetric and differential thermal analysis curves of carbonated
CaAINO;-LDH (A) and CaAICI-LDH (B). Both LDH samples were carbonated in 1 vol % CO, and 50% RH at 30 °C for 24 h. The time-resolved
FTIR spectrum (bottom) was coupled with thermogravimetric analysis to identify the gas species released from the LDH at different temperatures.
The results of the stepwise isothermal scan quantify the amount of the CO, desorbed for specific temperature ranges (C). Differential scanning
calorimetry analysis of carbonated CaAlCI-LDH reveals the enthalpy change during decarbonation (D). Pair distribution function analysis showing
carbonated CaAICI-LDH modeled using calcite and amorphous gibbsite (top) and calcite, amorphous gibbsite, and amorphous calcium carbonate

(bottom) (E).

selected for the subsequent investigation of the CO, capture
performance. Mass loading of 1 g LDH/g carbon substrate has
been achieved after S min of electrodeposition. The BET
surface area of the synthesized CaAINO;-LDH as probed using
N, adsorption is found to be 26 m?/g (Figure SS). Note that
such surface area does not include contributions from the
interlayer regions (these regions collapsed during the necessary
pretreatment for N, sorption analysis), which may also be
active sites for carbon capture.

A unique feature of LDHs in general is the versatility in the
type of intercalated anion. The charge density of the anions is
believed to be correlated with the surface basicity of the LDHs,
which is a critical parameter for CO, adsorption capacity and
selectivity.?’4 Here, a liquid phase anion exchange has been
performed to switch the intercalated anion to CI~, which has a
higher charge density than the original NO;™.*> The surface
morphology of the Ca-based LDH remains largely unchanged
after anion exchange (Figure 1E). Elemental analysis of the
final product with a chemical composition of Ca,Al(OH),Cl-
2H,0 (denoted as CaAlCI-LDH) reveals a reduced Ca:Al
molar ratio of 2:1 (Figure 1B). The loss of calcium is likely due
to the partial dissolution of portlandite in the anion exchange
solution (pH = 10). Indeed, the XRD pattern shows a high
purity CaAlCI-LDH phase without noticeable characteristic
peaks of portlandite that were found in the original CaAINO;-
LDH (Figure 2B). The BET surface area of CaAlCI-LDH also
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increases to 37 m*/g, likely due to the absence of low-surface-
area secondary phases (Figure S5).

Structural Changes during Carbonation and Calcina-
tion. To understand the CO, adsorption and desorption
mechanisms, the molecular structural changes of Ca-based
LDHs during carbonation and calcination were characterized
(Figure 2 and Figure 3). The FTIR spectrum of the as-
prepared CaAINO;-LDH shows a characteristic peak of NOj; at
1343 cm™' and weak —OH peaks at 1623 cm™' and around
3400 cm™' (Figure 2A). The XRD pattern of the as-prepared
CaAINO;-LDH suggests the presence of portlandite as a
secondary phase.”® During the 24 h carbonation period, the
intensity of the FTIR carbonate peak only increases by a factor
of 0.25 with respect to the —NO; peak, which is assumed to
remain constant during carbonation. Analysis of the XRD
pattern shows the emergence of calcite peaks after carbonation
(Figure 2B). However, the LDH phase is still the dominant
phase even after carbonation. The reduced signal of portlandite
indicates that this secondary phase also contributes to CO,
adsorption.

During the anion exchange process, the secondary phase
formed in the electrodeposited LDH mostly dissolves, leaving
phase-pure CaAlCI-LDH, as depicted by the XRD pattern
(Figure 2B). The dissolution of portlandite can be explained by
the reduced basicity of the anion exchange solution (i.e., pH =
10), which leads to negative saturation indices of portlandite
(Figure S4). The absence of the NO; peak in the FTIR
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Figure 4. Carbon capture capacity of Ca-based LDHs. Isothermal gravimetric analysis of CO, adsorption by CaAICI-LDH at different temperatures
in the presence of water vapor (~1.2 mmol H,O per mol mixed gas) (A) and in the dry condition (B). Temperature was held constant in the TGA
instrument for each test. Summary of the temperature and RH effect on CO, adsorption capacity (C). Comparison of carbon capture capacity of
different solid adsorbents at temperatures between 25 to 30 °C (D).*”~>' The dashed line is for visual guidance.

spectrum of CaAlCI-LDH also suggests the complete
replacement of NO; anions. Another notable feature of
CaAICI-LDH shown in the FTIR spectrum is the more
pronounced OH peaks at 1623 cm™" and around 3400 cm™,
indicating an enhanced hydration level. Over the course of 24
h carbonation, the intensities of the carbonate peaks and OH
peaks in the FTIR spectrum of CaAlCI-LDH increase
significantly, suggesting the adsorption of both water and
CO,. Meanwhile, the XRD pattern of the carbonated CaAlCI-
LDH consists solely of calcite, indicating a high level of
carbonation. Although the XRD pattern indicates the
formation of highly crystalline calcite, a slight shift of the
carbonate peak toward higher wavenumber (1461 cm™") in the
FTIR spectrum also suggests the potential presence of
amorphous carbonate phases.’”

The weight loss during thermal decomposition and the gas
species generated from the Ca-based LDHs were monitored
using TGA coupled with an in situ transmission-FTIR. The
carbon substrate was determined to be thermally stable below
800 °C and thus does not pose interference with the TGA and
FTIR data (Figure S6). Both CaAINO;-LDH and CaAlCl-
LDH lose adsorbed water at a temperature below 150 °C
(Figures 3A and 3B). The weight loss in this temperature range
is more significant (~20 wt %) for the CaAICl-LDH, which
again confirms its higher hydration level (Figure 3B). The
second water loss event happens at temperatures between 200
°C and 300 °C for both Ca-based LDHs, mainly due to the
dehydroxylation from the LDH basal plane.”® Notably,
CaAINO;-LDH has a greater weight loss than CaAICI-LDH
due to the lower carbonation level (i.e, more exposed
hydroxide) and the presence of secondary hydroxylated phases
that remain after the carbonation process. Over a similar
temperature range, the decomposition of the interlayer
carbonates commences and continues with rising temperature.
However, due to their low charge density, the NO; ions are
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found to be less thermally stable compared with CI ions. The
several weight loss events of CaAINO;-LDH associated with
the release of water and NO, at 350 °C and above can be
attributed to the decomposition of NO3.** Such poor thermal
stability severely limits the application of CaAINO;-LDH as a
viable adsorbent for carbon capture. Therefore, CaAlCl-LDH
was selected for further characterization and tests.

To quantify the desorption of CO, at different temperature
ranges, stepwise isothermal scans were performed. TGA-FTIR
analysis shows that the decarbonation of CaAlCl-LDH
commences at a temperature around 200 °C and peaks at
around 600 °C (Figures 3B and 3C). Because of the
overlapping weight loss events of dehydroxylation and
decarbonation at a temperature between 200 and 250 °C, we
temporarily exclude the CO, released below 250 °C for
quantification of CO, adsorption capacity. Around 40% of the
total adsorbed CO, is released below 500 °C, above which a
complete desorption of CO, can be achieved at around 700 °C
(Figure 3C). The modest initiation temperature required for
CO, desorption presents an opportunity for processes that rely
on less energy-intensive thermal sources. DSC-TGA analysis of
the carbonated CaAICI-LDH shows three decarbonation peaks
between 300 and 800 °C, indicating the coexistence of
multiple carbonate phases (Figure 3D). The first broad peak
centered at around 400 °C is likely due to the desorption of
the intercalated carbonate between the LDH layers."” The
second decarbonation peak found at around 600 °C is likely
due to the decomposition of the carbonate phase that directly
bonds to the LDH surfaces. The third decarbonation peak
observed at 780 °C closely resembles the thermal decom-
position peak of calcite (Figure S7), indicating the presence of
crystalline carbonate phases similar to calcite. The averaged
enthalpy change for the decarbonation of CaAlCI-LDH is
109.4 kJ/mol CO,, more than 30% less than the energy
required for calcite decomposition (168.8 kJ/mol CO, based
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on DSC-TGA analysis, Figure S7).*' To better understand the
link between the CO, desorption temperature and the
structure of the carbonated CaAlCl-LDH, synchrotron-based
high energy X-ray diffraction and subsequent pair distribution
function (PDF) analysis were performed, where we used a
crystalline calcite phase and an amorphous gibbsite phase as
the initial structures for phase refinement. Notably, there is
some major disagreement between the model fit and the
experimental data at short distances (r < 5 A), as seen in Figure
3E. The intensities of the Ca-O correlation (2.36 A) and Ca-C
correlation (3.17 A) of the model fit are significantly lower
than the experimental data. Contrarily, the fit quality is
reasonably good at higher interatomic distances. Such
phenomena often relate to the absence of an amorphous
phase in the model fitting since the structural signals of
amorphous phases diminish with increasing r-range. Indeed,
the model fitting is improved by adding an amorphous calcite
phase (with the nanocrystalline size set to S A), which
indicates the presence of an amorphous carbonate phase in the
carbonated CaAlCI-LDH. The amorphous phase is a
metastable state, of which the free energy is larger than that
of the crystalline state, and therefore requires less activation
energy for thermal decomposition.

The composition change of carbonated CaAlCI-LDH and
the formation of new secondary phases during calcination were
further characterized using XRD. At a calcination temperature
below 200 °C, the XRD pattern of carbonated CaAlCl-LDH
remains solely of calcite (Figure S8). The formation of calcium
aluminum oxides is seen to occur when calcinated at 400 °C.
At an even higher calcination temperature, the partial change
of Ca and Al local bonding environments and amorphization
occurs, generating a portion of single-component crystalline
metal oxides including CaO and AlLO; (Figure S8)** alon
with the likely presence of an amorphous mixed metal oxide.”
However, the metastable metal oxides and intercalated Cl ions
can go through a hydration process and partially recover the
LDH structure by absorbing water vapor. After resting in a
humid environment (~65% RH) for 2 h, the 003 peak is seen
to reappear in calcinated LDHs, indicating the recovery of a
layered structure with absorbed water in the interlayer galleries.
However, the reduced intensity of crystalline phases and
prevalence of an amorphous content suggests some decom-
position or irreversible transformation of the LDH has
occurred. ™

Carbon Capture Performance and the Role of Water
Vapor. To decouple the adsorption of CO, and water vapor
on CaAICI-LDH surfaces and unveil the role of water vapor in
the carbon capture process, the adsorption of water vapor and
CO, was measured sequentially. The adsorption of water vapor
was tested by purging humid N, (RH of 40%) into the TGA
where the sample was held at a constant temperature (Figure
4A). At 30 °C, the adsorption of water vapor reaches a plateau
of ~20 wt % after 150 min. At 60 °C, the water adsorption
capacity of the CaAICI-LDH decreases significantly to ~2 wt
%, which further decreases to less than 1 wt % at an even
higher temperature (over 90 °C). To unveil the adsorption
mechanism, the experimental data were fitted using both first-
order and second-order kinetic models, and the rate constants
were then used to obtain the thermodynamic parameters. It is
found that the adsorption kinetics of water vapor can be well
represented (R* = 0.9997) by a pseudo-first-order kinetic
model with a reaction rate constant of 0.018 min™" at 30 °C
(Figure S9). At 60 and 90 °C, the adsorption rate constant of

water increases by a factor of 3.7 and 7.9, respectively, likely
due to the enhanced diffusion at the higher temperature.” The
apparent activation energy is found to be 38.8 kJ/mol using the
Arrhenius equation (Figure S10), indicating that the
dominating adsorption mechanism is likely to be physisorption
and the rate-limiting step could be surface diffusion.”

The impacts of water vapor on carbon capture were
examined by feeding 10% CO, and 90% N, under humid
(~1.2 mmol H,O per mol mixed gas, Figure 4A) and dry
(Figure 4B) conditions. The results show that the existence of
water vapor increases adsorption of CO, by up to six times
compared with dry conditions (Figure 4C), indicating the
importance of water vapor in the carbon capture process. This
is consistent with previous findings that moisture in the air can
greatly accelerate the carbonation of Ca(OH), by the
increased concentration of protons in the presence of CO,
(ie, H,O + CO, — 2H" + C0O,*")." In addition to water
vapor, temperature also plays a vital role in the adsorption of
CO, since the carbon dioxide absorption capacity is seen to
gradually diminish as the temperature increases. The
equilibrium adsorption capacity is found to be 428 + 0.49
mmol/g at 30 °C, which decreases to 1.52 + 0.28 mmol/g at
60 °C and less than 0.5 mmol/g at temperatures over 90 °C
(Figure 4C). The adsorption kinetics of CO, was fitted using
the pseudo-second-order kinetic model (R* = 0.9913) with the
apparent activation energy being 56.9 kJ/mol, indicating the
adsorption of CO, involves chemical reactions."” Comparing
the molar mass of adsorbed water vapor and CO,, the amount
of water vapor is found to be much higher than CO, at 30 °C
(Figure S11). At a higher temperature, the molar mass of
adsorbed CO, approaches roughly the same as the molar mass
of adsorbed water molecules, implying that the CO, adsorption
could be limited by the amount of adsorbed water.

Figure 4D summarizes and compares the carbon capture
capacity of CaAlCI-LDH with those of other solid sorbents
under the same testing conditions. Physisorbents such as
MOFs and zeolites show a carbon capture capacity up to 5
mmol/g at a CO, partial pressure of 0.1 atm and above.
However, because of the weak bonding force involved in the
physisorption process, the adsorption capacity significantly
drops with a decrease in the CO, partial pressure. The
presence of water vapor might further reduce the carbon
capture performance due to competitive adsorption on active
sites. Amine-grafted porous sorbents typically can adsorb CO,
both physically and chemically.”> The adsorption is more
selective due to the formation of covalent bonds and hence is
less affected by the reduced partial pressure of CO,. As a
comparison, the CO, adsorption capacity of CaAlCI-LDH
outperforms the amine-based chemisorbents and is comparable
with the nanoporous physisorbent such as MOF in 10% CO,.
Notably, CaAICI-LDH exhibits a moderate decline of capture
capacity with reduced CO, partial pressure (i.e., 2.5 mmol/g in
1% CO,), making it a promising candidate for direct air
capture. However, the decarbonation of CaAlCI-LDH would
require a higher temperature compared with the listed
adsorbents due to the formation of strong chemical bonding.
Therefore, we found CaAICI-LDH a more suitable sorbent for
postcombustion carbon capture where thermal energy is
readily available. Further investigation is required to evaluate
the economic feasibility of this material as a solid sorbent for
direct air capture.

Electrothermal Material Rejuvenation and Cyclabil-
ity. Using electricity as a clean and renewable energy source,
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Figure S. Joule-heating-based material rejuvenation. Surface temperature monitoring was done using a thermal camera as a function of applied
current density (A). The CO, desorption rate and the total amount of CO, desorbed in ten consecutive cycles, with a S min duration for each
desorption cycle (B). SEM image showing the surface morphology change at the end of the tenth cycle (C).

we explored the rejuvenation of carbonated CaAlCl-LDH
using Joule-heating. Compared with the conventional calcina-
tion process, which involves combustion of fossil fuels in highly
pure oxygen, the Joule-heating process may offer better
precision and higher controllability and hence be more
adaptable for small-scale operations. To maximize heat
production, the LDH-carbon filters were stacked into a
multilayer configuration (i.e., functionally similar to a parallel
circuit). Such a configuration has the potential to produce
more heat and reduce convective energy losses to the carrying
gas since only the top and bottom surfaces of the filters are
exposed directly to the gas stream. As shown in Figure S12, the
electrical power required for heating each of the LDH-carbon
filters to a rejuvenation temperature of 700 °C decreases as
more filters are stacked. We found that the LDH-carbon filters
are homogeneously heated with the surface temperature
increasing linearly with the applied power density (Figure SA
and Figure S12). Since the Joule-heating effect occurs directly
on the porous carbon substrate where the LDHs are attached,
heat transfer is believed to be highly efficient.>

To evaluate the carbon capture cyclability of CaAlCl-LDH,
10 cycles of carbonation and Joule-heating-based calcination
were conducted. During the decarbonation (i.e., calcination)
process, the amount of released CO, is seen to spike within the
first 30 s and then decreases rapidly (Figure SB). When
running at a lower power density (i.e, lower surface
temperature), the release of CO, spikes in a similar time
frame, while the total amount of CO, decreases with the
temperature, indicating that thermal decomposition is mainly
thermodynamic-limited rather than kinetics-limited (Figure
S13). Due to the fast temperature ramping using the Joule-
heating process, over 95 wt % of adsorbed CO, can be released
in 5 min, largely saving the rejuvenation time and energy. Due
to the porous microstructure of the deposited CaAlCl-LDH
and low thermal expansion coeflicient of the fibrous carbon
substrate, no delamination of the sorbents was observed after
10 cycles. However, some performance decline was observed
throughout the sorption/desorption cycles. Around 11.4% of
the capacity is lost at the end of the 10th cycle, and surface
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sintering of the layers occurs (Figure SC) which is partially
responsible for the capacity loss. We also found that most of
the sintering happens at the outer surface, whereas the LDH
particles originally attached to the carbon fibers retain their
layered structure. Similar enhancement of stability has also
been reported for LDHs supported by carbonaceous materials
such as graphene and carbon nanotubes.”*** As a comparison,
CaO, the sorbent used in CaL process, can lose more than half
of the sorption capacity in 10 cycles due to sintering-induced
decay of surface porosity.’® Although Joule heating offers
several advantages, such as precise temperature control and
reduced material sintering, combining it with a well-designed
looping system such as that used for CaL would further
enhance its benefits. An automated looping system with
electric resistance heating would allow for seamless sorbent
replacement, precise temperature regulation, and efficient heat
transfer, making it an even better option for calcination
processes, especially in terms of sustainability and cost-
effectiveness.

Life Cycle Assessment and Techno-Economic Anal-
ysis for Postcombustion Capture Using Ca-Based LDHs.
Despite the recent emergence of many novel solid sorbents for
carbon capture, few LCA studies exist that evaluate the
environmental impacts of these materials, such as global
warming potential (GWP), acidification potential (AP), and
water consumption (WC). Emerging solid adsorbents,
including Ca-based LDHs, MOFs, and amine-grafted porous
sorbents, typically involve multiple chemical precursors and
sophisticated synthesis steps, which potentially produce more
carbon emissions compared with the readily available solvents/
sorbents that have been used thus far in industry. Therefore, a
preliminary LCA has been conducted to compare the
environmental performance of LDH carbon filters with other
similar technologies (ie, MDEA and Cal) and identify
potential pathways for further optimization. All carbon capture
technologies considered in this investigation are postcombus-
tion and assumed to run in carbonation and rejuvenation
cycles for postcombustion carbon capture in a 500 MWe
pulverized coal power plant with capacity loss identified in the
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Figure 6. Preliminary life cycle assessment of a typical coal-fired power plant with LDH-based carbon capture. Comparison of decoupled global
warming potential (A) and other significant environmental (green background) - economic (gray background) indicators (B) for a typical coal-fired
power plant without/with different postcombustion CO, capture processes.

previous section (Figure SB). Figure 6A depicts GWP of the
coal power plant without carbon capture and the same plant
with different postcombustion approaches. While LDH carbon
filters have comparable performance in reducing GHG
emissions from coal power plants compared with MDEA and
CaL, this emergent technology shows a relatively high GWP
mainly due to high emissions from the synthesis and
transportation of LDH, which contributes around 24% of
total emissions from the plant with LDH. Specifically, we find
that the usage of chemical precursors (ie, Ca(NO;), and
Al(NO;);) emits 89 kg CO,-eq/MWh, accounting for 79% of
total emissions in the synthesis and transportation of LDH.
Current nitric acid production often generates nitrous oxide
(N,0) as an undesired byproduct, which is a very potent
greenhouse gas with a global warming potential 265 times
higher than that of CO,. Hence, it would be highly beneficial
to start the LDH synthesis directly from chloride-based
precursors since we identified CaAINO;-LDH as an inappro-
priate adsorbent due to its poor thermal stability. Previous
studies have demonstrated the synthesis of NiAlCI-LDHs using
NiCl, and AICI; solutions as electrolytes, proving the feasibility
of electrochemical LDH synthesis without using nitrate-based
precursors.”’” LCA analysis shows that GWP of LDH synthesis
and transportation could drop from 112 kg of CO,-eq/MWh
to 31 kg of CO,-eq/MWHh if the nitrate-based precursors were
to be replaced with chloride-based ones (shown as w/LDH_1IS
in Figure 6A).

The GWP associated with coal mine operations is closely
related to the energy expenditures to separate CO, since the
carbon capture process consumes additional fossil fuels. The
amine-based scrubbing process has the highest GWP
associated with the coal mine operation, indicating high
energy demand involved in such a process. In general, using
solid adsorbents for carbon capture reduces the energy cost.
Compared with the CaL process, the LDH-based carbon
capture process generates slightly lower GWP from the coal
mine operation due to the lower thermal energy demands for
material rejuvenation and reduced capacity loss over time. It
has to be noted that the reported GWP of the CaL process was
calculated based on the theoretical enthalpy of calcite
decomposition (179 kJ/mol) which might underestimate the
energy expenditure in a real system, whereas GWP of the

LDH-based process was calculated using the experimentally
determined energy consumption associated with the Joule-
heating process.

Besides GWP, Figure 6B compares other important
environmental and human health indicators, which have rarely
been considered in previous studies of solid adsorbents. In
general, all of the current carbon capture technologies would
pose an increased environmental impact due to the additional
chemicals and energy involved in order to reduce CO,
emissions from power plants. The LDH-based process is
found to have a high stratospheric ozone depletion of 2.14 X
1073 kg CFC-11-eq/MWh, which is mainly due to the usage of
nitrate-based chemicals. For the same reason, the LDH-based
process has slightly higher ozone formation (0.73 kg of NOx-
eq/MWh), fine particulate formation (0.62 kg of PM 2.5-eq/
MWh), and terrestrial acidification (1.6 kg of SO,-eq/MWh)
compared with the prevailing MDEA approach. By switching
the nitrate-based chemical precursors to chloride-based
(shown as w/LDH_IS) chemical precursors, the stratospheric
ozone depletion is expected to drop by an order of magnitude,
and the other environmental indicators would also become
comparable or less than those of the MDEA approach.
However, an adverse effect of switching chemical precursors is
the increase of human noncarcinogenic toxicity due to the
increased usage of hydrochloric acid. Nevertheless, we found
that the LDH-based process would not pose an acute threat to
the environment and therefore could be a low-temperature and
complementary solution to CaL.

Moreover, the economic viability of carbon capture
technologies is a critical consideration for their widespread
adoption and scalability. One crucial metric in evaluating the
competitiveness of power generation methods is the levelized
cost of electricity (LCOE). Figure 6B shows that both the CaL
and LDH-based processes have similar LCOEs, approximately
$8S per megawatt-hour (MWh). However, the LDH-based
process had a slightly higher avoided CO, cost ($4S.5 per ton-
CO,) compared to CaL ($43.7 per ton-CO,). This difference
was attributed to the two-step LDH synthesis approach, which
used nitrate-based chemicals as precursors and resulted in a
higher GWP. We also identified a potential advantage of the
LDH-based process. If a one-step synthesis approach is
adopted, using chloride-based chemicals as precursors instead
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of nitrate-based ones, the LDH-based process could become
more economically viable. By making this change, the GWP is
reduced, leading to a lowered avoided CO, cost of $20 per ton-
CO, and a reduced LCOE of approximately $75/MWh. This
shift could make the LDH-based process more competitive and
attractive for large-scale implementation. The MDEA-based
process was found to be less economically feasible compared
with CaL and LDH-based methods. The higher capital costs,
chemical costs, and GWP associated with the MDEA process
make it less competitive from both an environmental and
economic standpoint.
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