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1. Introduction

There is a growing consensus that global climate change is
occurring, and the major cause is believed to be the anthropogenic
emissions of the greenhouse gas CO, into the atmosphere [1-4].
CO, is primarily produced by the combustion of fossil fuels used
in power generation facilities, manufacturing industries, and trans-
portation vehicles. The reduction of CO, emissions is essential to
reduce the risk of future devastating effects. CO, capture technol-
ogy is one of the most effective ways to decrease CO, emissions.
The adsorption method, which is used for capturing CO,, has
shown great promise due to its low energy requirements and sim-
ple operation [5,6]. There are three main approaches envisaged for
the capture of CO,: (1) pre-combustion capture of the CO, in the
synthesis gas after the conversion of CO into CO,; (2) post-
combustion capture to capture CO, in the exhaust gases once the
fuel has been fully burned with air; and (3) oxy-fuel capture, which
consists of combustion in oxygen and purification of the CO, flow
to eliminate incondensable gases [7,8]. Both pre- and post-
combustion capture are technically feasible and have the potential
to reduce CO, emissions, while oxy-combustion options are still
under development and will require significantly more effort to

reach operational and commercial readiness [9]. One feasible step
towards reducing CO, emissions is to capture the CO, generated
during combustion and store it in a suitable location. The
sorption-enhanced water-gas shift process, which is a combination
of the water-gas shift reaction and CO, adsorption, has been widely
identified as a promising pre-combustion CO,-capture technology
[10]. This approach combines a high-temperature water-gas shift
catalyst and a CO, regenerable sorbent in the same reactor [11].
By adsorbing and removing CO, from the reaction mixture, the
equilibrium is driven to the right-hand-side, thereby completely
converting CO and maximizing the production of H, [1,12]. Thus,
the key factor for this process is the choice of a suitable CO,-
capturing material. Hydrotalcite as a high-temperature (200-
500 °C) CO, sorbent has attracted substantial attention because
of its fast sorption/desorption kinetics and simple regenerability
[13]. In the meantime, it is advantageous to capture CO, from
the atmosphere or factories/power stations and convert it to fuel
using a sustainable source of energy such as sunlight. This option
simultaneously addresses the problems of global warming and sus-
tainable energy shortages. Solid base materials are promising can-
didates for developing a photocatalytic system for the conversion
of CO, [14,15]. Different kinds of materials have been studied as
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Fig. 1. Schematic of three conventional approaches using LDHs to reduce CO, emissions.
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Fig. 2. The structure of a layered double hydroxide with interlayer CO3~ anions.

possible CO, captors and photocatalysts, such as organic sorbents
[16], zeolites [17,18], activated carbon [19,20], titania nanotubes
[21,22], TiO, [23], Bi;WOg [24,25] and layered double hydroxides
(LDHs). Among them, LDHs as high-temperature (200-500 °C)
CO, sorbents have received considerable attention because of their
high sorption capacities for CO, in the layered space and their tun-
able semiconductor properties [26,27]. For LDH-based materials,
large specific surface areas and high affinities for CO, molecules
facilitate the selective conversion of CO, under illumination. The
intrinsic properties of LDHs have stimulated interest in the past
ten years, and LDHs are recognized as excellent candidates for
CO, adsorption and photoreduction applications (Fig. 1).

LDHs, which are also known as hydrotalcite-like compounds
(HTlcs) or synthetic anionic clays, are a family of layered materials
which comprise mono- or di- and trivalent cations represented by
the general formula [M?*, M3" (OH)2(A™ )yn]**-mH,0, where M?*
and M>" are divalent (e.g., Mg?*, Ni?*, Zn?*, Cu?*) and trivalent

cations (e.g., AI**, Fe**, Ga>"), respectively; x, ranging from 0.20
to 0.33, denotes the molar fraction of M3* in the metallic ions;
and A" is the interlayer gallery anion (e.g., CO3™, CI-, NO3, SO%")
[13,28]. LDHs are composed of positively charged brucite-like
metal hydroxide layers with water and charge-balancing anions
located in the interlayer [29,30]. The chemical composition of the
inorganic layers and the interlayer gallery anions can be precisely
controlled [31,32]. The structures of LDHs and a typical octahedral
unit are shown in Fig. 2. Upon thermal treatment, they are trans-
formed into nearly amorphous metastable mixed metal oxides
(MMO) with a poorly defined 3D network. The original layered
structures of the calcined LDHs can be recovered through anion
intercalation in solution or simply by exposure to ambient mois-
ture; this property is known as the “memory effect” [33-36].

A few reviews have been carried out from the perspective of
CO, capture by LDH-based materials. Yong et al. [37] first pub-
lished “Hydrotalcite-like compounds as adsorbents for carbon
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Fig. 3. Various strategies for enhancing the absorption and photoreduction of CO,
by LDHs.

dioxide” in 2002. Bhatta et al. published the extensive “Progress in
hydrotalcite like compounds and metal-based oxides for CO, cap-
ture: a review,” covering 273 references (before 2014), which fully
reviewed the removal of CO, from hot flue gas/syngas over LDHs
and metal-based oxides materials [38]. Other review articles also
covered the adsorption or photocatalytic reduction of CO, by
LDH-based materials [2,13,39-44]. However, none of these reviews
discussed the strategies for improving the adsorption capacity and
photoreduction efficiency of CO, in detail. The rapid growth of the
application of LDH adsorbents/catalysts for CO, requires a fresh
assessment. In this review, an extensive list of various LDH-based
materials from the literature has been compiled, and their adsorp-
tion capacities and photoreduction abilities for CO, are presented
while highlighting and discussing the key advancements in the
preparation of these LDH-based materials. Therefore, the present
review aims to provide an overview of the efforts of the ten years
of research in the synthesis of adsorptive/photoreductive LDHs for
CO, through various strategies (Fig. 3). Such efforts are expected to
bring LHD systems for adsorption/photocatalysis to the commer-
cial level.

2. Influence of operating parameters on CO, adsorption

2.1. Adsorption temperature

In recent years, several reports have been published regarding
the use of calcined LDHs as CO, sorbents in two different temper-
ature ranges: low (30-200 °C) and moderate (200-600 °C) [45,46].
To integrate the CO, adsorbent into certain processes, its CO,
adsorption performance at different temperatures is of great inter-
est. Li-Al layered double oxide (LDO) exhibited a good CO, capture
capacity over a wide temperature range. The maximum CO, cap-
ture capacity of Li-Al LDO was achieved at 60 °C, and the adsorp-
tion capacity decreased with the increase in adsorption
temperature (60-400 °C). The CO, adsorption capacity of K,CO;
promoted Li-Al LDO also decreased with the increase of tempera-
ture, but the CO, adsorption capacity significantly increased by

doping the LDHs with 20 wt% K,COs at all the tested temperatures
[47]. The adsorption capacity of this novel adsorbent decreased
due to losses in the physical adsorption capacity. Similar results
were also observed by Qin et al. [48] and Zhu et al. [49] The equi-
librium CO, capacity values of K,CO3; impregnated Mg-Al LDO were
similar in the temperature range 300-400 °C, while a gradual drop
in capacity was observed in the un-impregnated material when the
temperature increased from 300 to 400 °C [50]. However, the max-
imum CO, sorption uptake of K,COs-promoted Mg-Al LDO
occurred at 400 °C in the high temperature range tested. This result
implied that the equilibrium CO, sorption uptake on the K,COs-
promoted hydrotalcites was likely caused by chemisorption. The
chemisorption was thought to be caused by strong basic sites of
the metal oxides, and metal carbonates and the adsorbed CO,
could be further stored as carbonate ions in the interlayer or as
metal carbonate forms [51]. This behavior is quite different from
that of physical adsorbents, such as activated carbon and zeolite,
whose adsorption capacities decrease sharply with increasing tem-
peratures. Similar effects of the adsorption temperature on LDHs
has been reported by other researchers [52,53]. Coenen et al. [54]
investigated the average measured cyclic working capacity (the
cyclic working capacity is defined as the average of the adsorption
and desorption capacities) for CO, onto Mg-Al LDO at 300, 400, and
500 °C. A nearly linear increase in cyclic working capacity in the
temperature range between 300 and 500 °C was observed. The
quantity of adsorbed CO, during the first cycle however did not
seem to be significantly influenced by the temperature. This result
likely occurred because of the different kinetics for adsorption and
desorption. A significant influence of the temperature on the
adsorption rate between 300 and 500 °C was not observed. While
the desorption rate strongly depended on the temperature because
the higher kinetic energy of the adsorbed molecules at increased
temperatures enhanced their desorption [54].

J. Ramirez-Moreno et al. [55] analyzed the morphological evolu-
tion of pristine LDH powders after the CO, adsorption at different
temperatures (30-350 °C). When CO, adsorption was performed at
30-325 °C, the particles showed a layered structure similar to pla-
telets. The adsorbed CO, might inhibit the structural collapse and
delay the adsorption-desorption equilibrium, as the change in
the interlayer distance was a minimum. Nevertheless, the platelet
particles became smaller than the original agglomerated particles.
In fact, the platelets presented a more ordered distribution when
the temperature was increased. The highest CO, adsorption was
produced at 300 °C before the layered structure had completely
collapsed, which might be correlated to the pore morphology
changes and surface reactivity. The only significant morphology
difference was observed at 350 °C, at which the platelet particles
seemed to disappear and collapse. This evident change corre-
sponded to the Mg(AI)O periclase crystallization, and these find-
ings agreed with those of previous work [56]. Meanwhile the
decarbonation process must have occurred. The adsorption tem-
perature affects the textural properties of pristine LDH, and conse-
quently, the CO, adsorption.

2.2. Adsorption pressure

The operating pressure has been proven to have a significant
effect, as the CO, adsorption capacity increases with the increasing
pressure [1,27,55,57,58]. Zhu et al. [59] studied the CO, capture
properties of potassium-modified hydrotalcite under different
CO, partial pressures. When the adsorption pressure increased
from 0.1 to 1.0 MPa at 300 °C, the CO, uptake increased from
0.10 to 0.24 mmol/g. However, when the pressure continued to
increase to 2.0 MPa, an increase of only 0.02 mmol/g was observed.
When the pressure exceeded 1.0 MPa, the number of CO, active
sites became the main limitation and thus decreased the adsorp-
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Fig. 4. Schematic representation of the proposed mechanistic model describing the interaction of CO, and H,S with the sorbent.

tion rate. Moreno et al. [55] reported that the LDH sample pos-
sessed highly suitable properties as a CO, sorbent at elevated pres-
sures (up to 4.35 MPa). The highest CO, adsorption (5.7 mmol/g)
was produced at 300 °C before the layered structure had com-
pletely collapsed. The effect of the pressure on the pressure swing
adsorption (PSA) process performance has also been discussed. In a
study by Zheng et al., the separation of CO, and H; at elevated tem-
peratures using the multibed PSA process was developed, and they
reported that more H, remained in the adsorption column and less
CO, escaped from the end of the fixed reactor when the operating
pressure increased from 2 to 3 MPa. These findings are significant
for guiding the elevated temperature PSA process design in pre-
combustion CO, capture [57].

The CO, capacity has been reported to increase for low steam
partial pressures compared to that at dry conditions [60]. However,
at higher steam partial pressures, competitive adsorption has been
observed [61,62]. Boon et al. [61] measured breakthrough curves
for CO, and H,0 adsorption at 400 °C, up to 24 bar. They found that
the isotherm consisted of a low partial pressure surface adsorption
component and a high partial pressure nanopore adsorption com-
ponent. While surface adsorption occurred at specific sites for CO,
or H,O up to 5 bar, CO, and H,O adsorbed competitively in the
nanopores at higher partial pressures. The same group additionally
reported that increasing the pressure led to an increase in CO, cyc-
lic working capacity only at 2 and 3 bar of total pressure, and a fur-
ther increase in pressure even led to a decrease in the measured
CO, cyclic working capacity. It was further concluded that the
desorption of CO, seems to be hindered at higher pressures due
to the stronger chemical bonding between the sorbate and
sorbent [54].

2.3. SO,, H,S in the feeding gas

LDO has potential applications as CO,, SOy, H,S sorption mate-
rials to take advantage of the acid-base interactions between the

acidic gas species and basic sites on the LDO [63-66]. Several stud-
ies were performed to investigate the influence of impurities on
the CO, capture activity. For the application of sorption-
enhanced water-gas shift (SEWGS) technology to gasification pro-
cesses, it must be considered that, depending on the feedstock, sig-
nificant amounts of H,S might be present in the syngas. Dijk et al.
[67] determined the effect of H,S on the CO, capture behavior of
K;COs3-promoted hydrotalcite. According to the experimental
results, the sorbent displayed reversible co-adsorption of CO, and
H,S. The CO, sorption capacity was not significantly affected in
the multicycle experiments at 400 °C and 5 bar. The experimen-
tally observed interactions were explained qualitatively by postu-
lating two different sorption sites for H,S (Fig. 4). Type A sites
would display reversible competitive co-adsorption of H,S and
CO,, likely involving surface species such as carbonates (CO3~
and HCO3), -SH, and thiocarbonate (SCO%~). The adsorption would
be competitive with CO, and be able to push H,S from these type A
sites. Type B sites would exclusively adsorb HsS reversibly, involv-
ing the formation of metal sulfides. The metal sulfides could be
formed from the metal oxides under H,S-rich conditions, while
the presence of steam and absence of H,S during regeneration
would result in partial backformation of the metal oxide and
release of H,S. In their further study, at 30 bar pressure and a
400 °C feed temperature, a CO-, CO,- and, H,S-free H, product
was obtained when feeding a syngas containing 200 ppm H,S.
Moreover, multicyclic testing at 30 bar and 400 °C for 110 cycles
exhibited good sorbent stability in the presence of 200 ppm H,S.
Additionally, CO, was capable of replacing H,S on the sorbent.
Most importantly, H,S did not appear to change the CO, sorption
capacity of the sorbent materials [67]. In the most recent study,
the CO, capture tests under 430 ppm H,S at 15 bar also confirmed
that H,S in the feed gas did not have a significant detrimental
effect on the CO, sorption behavior of K-promoted hydrotalcite.
Competitive adsorption between CO, and H,S seemed to occur,
with CO, absorbed preferentially [68].
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Fig. 5. Proposed model for CO, and H,0 adsorption on potassium-promoted Mg-Al LDH at 400 °C (adapted with permission from Ref. [71] @Copyright 2017 Elsevier).

LDH derivatives for CO, capture require a de-SOy unit operating
upstream. Reddy et al. [69] investigated the effect of SO, on the
performance of LDH derivatives used as adsorbents for CO, cap-
ture. According to the experimental results, the SO, was found to
significantly influence the CO, sorption on the LDO. The SOy sorp-
tion over CO, was favored due to the strong acid-base interactions
between SOy and LDO. The regeneration experiments proved to
some extent that SOy replaced CO, via the formation of sulfites
and sulfates. In a further study, the same research group subse-
quently reported that the presence of NHs; did not affect CO,
adsorption on a commercially available hydrotalcite [70].

2.4. Water vapor in the feeding gas

The effect of water as a vapor or liquid during CO, capture on
thermally calcined LDH structures has been studied, and there is
general agreement that the water seems to enhance the CO, cap-
ture on these materials [28,56]. The presence of water in the feed
did not influence the CO, sorption rate but had a positive impact
on the CO, sorption efficiency of LDOs. In the cases where CO,
was chemisorbed, the improvements observed due to water addi-
tion were explained by a sequential reaction mechanism, in which
MgO and Al,Os initially react with water, producing Mg(OH), and
Al(OH)s. In the presence of CO,, they are expected to form respec-
tive bicarbonates, and this might be the reason for additional
weight gain in the presence of water [60]. Marono et al. [11]
reported that the presence of a different amount of steam availabil-
ity during the CO, capture process had a strong influence on the
capture process efficiency of the sorbents. According to the results,
the CO, capture capacity of the sorbents increased with increasing
partial pressure of steam. Under dry and low water content in the
feed gas, the main capture mechanism identified was the forma-
tion of KAI(CO3)(OH),. However, when the amount of steam avail-
able in the reaction system was increased to 35% v|v
(PH2o =4.5bar), the CO, capture capacities of the sorbents
increased drastically, reaching values as high as 9 mmol/g. These
high capture values were found to be due to the contributions of
reconstruction of the hydrotalcite structure and the formation of
hydrogen carbonate hydrate and magnesium carbonate. Recently,
the mechanism of the CO, adsorption on a potassium-promoted
hydrotalcite-based adsorbent in the presence of water was investi-
gated in detail (Fig. 5). It was found that at least four different
adsorption sites participated in the sorption/desorption of CO,
and H,0. Two sites, A (H,0) and B (CO,), could be easily regener-
ated with N,. The cyclic working capacity for site B increased at
higher temperatures, whereas the cyclic working capacity for site
A decreased at higher temperatures. Site D was a site that could

be activated if CO, and H,0 were present together, and its cyclic
working capacity depended on the cyclic working capacity of site
B and A. The experimental results proved that the main reason that
steam increased the cyclic working capacity of the adsorbent was
due to the regeneration of the adsorption sites (site C in particular).
Regeneration of the adsorbent with steam led to a significant
increase in the CO, cyclic working capacity from 0.30 to
0.53 mmol/g compared to the dry regeneration with N, using the
same cycle times [71].

All the studies mentioned above were performed at tempera-
tures >200 °C, and in several cases, using potassium or sodium as
additives. The performance of CO, capture over the Mg-Al LDH at
low temperatures (30-80 °C) and in the presence of water vapor
was also investigated. If N, was used as the carrier gas at 70% rel-
ative humidity, the water reacted with the calcined LDH sample
producing hydroxides, which promoted the LDH regeneration pro-
cess. However, if CO, was used as the carrier gas, the calcined LDH
sample behaved like MgO in the presence of CO, and H;0, favoring
the production of hydrated MgCOs; or magnesium hydroxyl car-
bonate instead of the LDH regeneration. It seemed that the super-
ficial carbonation process occurred faster than hydroxylation, so
the LDH regeneration was inhibited, favoring the MgCO3 formation
[56]. At higher Mg/Al ratios, MgCO3 may also form at high partial
pressures of steam and CO,, which can lead to mechanical stability
issues [71,72].

3. Strategies for improving the CO, sorption capacity

As shown in Table 1, significant differences in CO, capture
capacities are exhibited by the Mg-Al LDH-derived adsorbents.
The surface basicity of the various Mg-Al LDH-derived materials
can be determined using temperature programmed desorption
(TPD). The basic site density of Mg-Al-CO3; LDO was higher than
those of the Mg-Al-Cl LDO and Mg-AI-ClO4 LDO samples. Mg-Al-
CO3 LDO had two types of basic sites of increasing strength while
the Mg-Al-Cl LDO was found to have two types of basic sites: weak
and intermediate strength basic sites [73]. These basic sites of
increasing strength have been assigned previously to the release
of bicarbonates formed on the Brensted OH™ groups, bidentate car-
bonates bonded to metal-oxygen pairs, and monodentate carbon-
ates adsorbed on low-coordination oxygen anions. The Mg-Al-
CO3 LDO sample showed the highest initial rate of adsorption
and the highest amount of CO, adsorption [73]. The memory effect
of LDO also has a great influence on adsorption performance, so
CO, adsorption tests should be performed immediately after the
calcination of LDHs to prevent the influence of the memory effect.
Otherwise, the experiments cannot obtain the real/effective CO,
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Table 1

Summary of different LDHs employed for CO, adsorption.
Adsorbent/Precursor Synthesized conditions Reactor Number of cycles  CO, uptake capacity(mmol/g) Refs

Synthesized method Calcination/Activation

Li-AL LDH Co-precipitation 300-500°C,5h TGA 22 0.51-0.94 [47]
Li-AL LDH Gibbsite intercalation 300-500°C,5h TGA 22 0.30-0.45 [47]
Mg-Al LDH Co-precipitation 400°C,5h TGA 10 0.9 [76]
Mg-Al LDH Isoelectric point 400°C,5h TGA - 0.83 [10]
Mg-Al LDH Co-precipitation 400°C,1or6h TGA - 0.58-0.83 [77]
Mg-Al LDH Co-precipitation 400°C,1h TGA - 4.521 [78]
Mg-Al LDH Co-precipitation 400 °C, - TGA 0.91 [79]
Mg-Al LDH - 400°C, 4h TGA 199 0.76 [53]
Mg-Al LDH Co-precipitation 500°C,4h TGA - 0.749-0.789 [80]
Mg-Al LDH Co-precipitation 300-600 °C, 0-21 h TGA - 0.71 [27]
Mg-Al LDH coprecipitation 400°C, 12 h TGA 10 0.62 [73]
Mg-Al LDH Co-precipitation 400°C,5h TGA - 0.85 [81]
Mg-Al LDH Exfoliation 400°C, 4h - 5 1.4 [82]
Mg-Al LDH Co-precipitation 80°C,0.5h VBH - 5.7 [55]
Mg-Al LDH Co-precipitation/Rehydration 400°C,5h TGA 22 3.25 [48]
Mg-Al LDH Co-precipitation 400°C, 4 h TGA 6 0.71 [60]
Mg-Al LDH - 550°C, 6 h TGA 3 0.94 [51]
Mg-Al LDH Recrystallization-impregnation  650°C, 4 h TGA - 1.21 [83]
Mg-Al LDH Urea hydrolysis 400°C,5h TGA 15 0.56 [84]
Mg-Al LDH - 450°C, 48 h - 10 0.77 [85]
Mg-Al LDH - 400°C, 4h FBR 10 1.13 [86]
Mg-Al LDH Co-precipitation 550°C,4h TA - 213 [56]
Mg-Al LDH Co-precipitation - TGA 6 1.25 [1]
Mg-Al-Ga LDH Co-precipitation 400°C, 2 h - - 1.82 [87]
Mg-Al-Ga LDH Co-precipitation 400°C, 2 h Microbalance - 2.09 [88]
Mg-Al-Ga LDH Co-precipitation 400 °C, - TGA 1.4 [89]
Mg-Co-Ca-Al LDH Co-precipitation 550°C,4h FBR - 1.39 [74]
Ca-Al LDH Co-precipitation 500 °C, - TGA 15 3.55 [73]
Ni-Mg-Al LDH Co-precipitation 600°C, 6 h FBR 3 2.0-2.5 [90]
Cu-Al LDH Co-precipitation 600 °C, 15 min TGA - 0.16 [45]
Amine/Mg-Al LDH Exfoliation-grafting 105 °C, 30 min TGA - 1.76 [91]
Amine/Mg-Al LDH Intercalation/extraction 105 °C, 30 min TGA 30 0.18 [92]
Amine/silica@Mg-Al LDH Grafting 105°C, 1h TGA 4 1.57 [5]
APS/Mg-Al LDH Grafting 120°C,1h TGA 5 2.02 [93]
CNF/Mg-Al LDH Co-precipitation 500°C, - PFR 10 243 [46]
(Li-Na-K)/Mg-Al LDH Co-precipitation/Rehydration - TGA 22 3.25 [48]
Na/Mg-Al LDH Co-precipitation - TGA 16 9.27 [94]
(K, Na)-CNF/Mg-Al LDH Co-precipitation 500°C,1h PFR 10 1.7-2.2 [95]
GO/Mg-Al LDH Co-precipitation 400°C, 4 h TGA 20 0.54 [96]
GO/Mg-Al LDH Co-precipitation 400°C, 4 h TGA 11 0.55 [97]
GO/Mg-Al LDH Co-precipitation 400°C, 4 h TGA 10 0.54 [98]
GO/Mg-Al LDH Self-assembly 400°C,5h TGA 22 0.35 [99]
GO/MWCNT/Mg-Al LDH Deposition 400°C, 4h TGA 20 0.49 [100]
(Na, K, Cs) GO/Mg-Al LDH  Impregnation 400°C, 4h TGA 20 0.56-0.69 [101]
(K, Na)-CNF/Mg-Al LDH Co-precipitation 500°C,1h PFR 10 1.7-2.2 [95]
GO/Mg-Al LDH Co-precipitation 400°C, 4 h TGA 20 0.54 [96]
GO/Mg-Al LDH Co-precipitation 400°C, 4 h TGA 11 0.55 [97]
GO/Mg-Al LDH Co-precipitation 400°C, 4 h TGA 10 0.54 [98]
GO/Mg-Al LDH Self-assembly 400°C,5h TGA 22 0.35 [99]
GO/MWCNT/Mg-Al LDH Deposition 400°C, 4h TGA 20 0.49 [100]
(Na, K, Cs) GO/Mg-Al LDH  Impregnation 400°C, 4h TGA 20 0.56-0.69 [101]
rG-O/Mg-Al LDH Co-hybridization 400°C, 4 h - - 1.71 [102]
K,CO5/Mg-Al LDH - 400°C, 4h FBR - 0.95 [103]
K,CO5/Mg-Al LDH - - TGA 1.75 [58]
K,CO3/Mg-Al LDH - 400 °C, 30 min PBR - 1.82 [57]
K,CO3/Mg-Al LDH - 450°C, 24 h TGA 10 047 [54]
K,CO5/Mg-Al LDH - 400 °C, - Multicolumn 1.5 [61]
K,CO3/Mg-Al LDH Co-precipitation 500°C,4h - 5 0.82 [68]
K,CO5-AC/Mg-Al LDH Urea/Co-precipitation 500°C,1h TGA 10 1.741 [49]
K,CO3/MWNT/Mg-Al LDH  Co-precipitation 400°C, 4h FBR 10 0.81 [104]
K,CO3/Mg-Al LDH Hydrothermal 500 °C, - TGA 7 1.79 [105]
MWNTs/Mg-Al LDH Co-precipitation 400 °C, - TGA 21 0.42 [106]
OCNT/Mg-Al LDH Co-precipitation 400°C,5h TGA 22 0.45 [107]
OCNT/Mg-Al LDH Exfoliation-self-assembly 400°C,5h TGA 0.54 [107]
OCNT/Mg-Al LDH Co-precipitation 400°C,5h TGA 0.58 [107]
POM/Mg-Al-LDH Exfoliation-reassembling 200 °C, - - 4 0.74 [108]
Stearate/Mg-Al LDH Anionic-exchange 450 °C, - TGA - 1.93 [109]
SBA-15/Mg-Al LDH Precipitation-deposition 200°C, 1h FBR 5 3.02 [110]
Urea/Zn-Al LDH Precipitation 180°C,2h FBR - 0.86-2.36 [111]
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capture capacity. Since this memory effect can be easily ignored by
researchers, it could be one of the important reasons for the signif-
icant differences in the reported CO, capture capacity values
[27,47]. In addition, the large span of the LDH nature, composition,
preparation method, promoter type and impregnation degree,
pressure range, and temperature range can also be sources of the
inconsistencies observed in the CO, sorption capacities of LDHs
[74,75].

In general, LDHs do not exhibit the best CO, capture capacities,
compared to other materials in this field. To improve the CO, sorp-
tion capacity of LDH materials, many efforts have been made. The
effects of the synthesis conditions and adsorption performances on
CO, adsorption over various LDH-based sorbents are summarized
in Table 1.

3.1. Preparing the LDH by different methods

Currently, various synthesis approaches, including co-
precipitation, urea hydrolysis, ion exchange, hydrothermal, sol-
gel, and reverse-microemulsion, have been developed to prepare
pristine LDHs. The synthesis method greatly affects the specific
surface area, pore size, and pore volume [32,111-114]. Co-
precipitation is the most frequent preparation method used by
researchers. This facile and inexpensive method has been used to
prepare adsorptive/photoreductive LDHs (Fig. 6). To evaluate the
effect of the synthesis method on the CO, capture capacity, fresh
Mg-Al LDHs were synthesized using a variety of methods, includ-
ing co-precipitation, co-precipitation followed by hydrothermal
treatment, the urea decomposition method, and the urea decom-
position method followed by hydrothermal treatment or micro-
wave heating. After being calcined, the sample prepared by co-
precipitation showed the highest Sger surface area and a much
higher CO, capture capacity than those synthesized using urea
hydrolysis. However, no linear relationship between the Sggr sur-
face area and CO, capture capacity was found in this study. The dif-
ference in their CO, capture capacities resulted from the charge
compensating anions of the LDH prepared by urea hydrolysis,

Magnetic stirrer

Water bath heating/Aging

which included not only CO%~ but also co-intercalated anions, such
as OH™ or NCO™ [27]. In another study, Mg-Al LDH prepared by
urea hydrolysis showed poor CO, uptake characteristics compared
to those of the samples prepared by co-precipitation owing to its
lower surface area [115]. For Li-Al LDH, the sample produced by
co-precipitation method exhibited a slightly higher performance
for CO, capture than that produced by the gibbsite intercalation
method. This enhancement was attributed to the particle size of
the Li-Al LDH synthesized by the co-precipitation method being
much smaller than those synthesized by the gibbsite intercalation
method. This work presented the first example of solid Li-Al LDH
adsorbents for CO,. However, the CO, adsorption performance by
K,COs/Li-Al LDH over 22 cycles of gas adsorption-desorption
declined significantly (25-35%). The adsorption capacities of
LDH-based materials are still too low to justify their use in practi-
cal application [47]. For practical reaction-based CO, separation
processes, the industrial standard material is monoethanol amine
(MEA), which has a CO, capture capacity of ca. 1.36 mmol/g [89].
Another CO, adsorbent was synthesized from commercially avail-
able activated carbon, which was loaded with Mg-Al LDH using the
urea or co-precipitation methods. The adsorption capacity for the
AC-LDH., was larger than that of AC-LDHe; due to the higher
hydrotalcite loading on the surface [49]. Compared with other
methods, the co-precipitation method has some notable features:
(1) it is a simple and rapid process for fabricating the desired LDHs
directly; (2) this synthesis method is easy to scale-up for industrial
production; (3) the size of the LDHs can be adjusted by various
conditions (not only the alkaline solution properties); and (4)
sometimes the LDHs prepared by this method suffer from poor
crystallinity.

Certain other methods, such as microwave irradiation and
ultra-sonication of the precipitating gel, have also been used to
increase the surface area of the hydrotalcites and studied to
improve the high temperature CO, adsorption capacities of LDHs
[75,78,92]. Our team also demonstrated that ultrasonic irradiation
promoted the formation of a hydrotalcite-like phase [116]. Hanif
et al. [50] synthesized three types of LDH-based sorbents by con-

NaOH/Na,COj; solution

Drying and milling

Fig. 6. The preparation process of LDHs by co-precipitation.
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CO,

(¢) Li/Al-CO3-CO»

(c’) Li/Al-CO3-CO2

Fig. 7. Optimized structures of Li/Al-X-CO, (X = CI~, NO3, CO3") (Al, magenta; O, red; Li, blue; H, white). (a)-(c) and corresponding gradient isosurfaces (s = 0.30 au) (a’)-(c’)

(adapted with permission from Ref. [118] @Copyright 2017 Elsevier).

ventional  co-precipitation, ultra-sonication assisted co-
precipitation and co-precipitation prior to microwave irradiation.
The cyclic CO, capture experiments illustrated that LDH-based sor-
bents prepared by the microwave- and ultrasound-assisted routes
exhibited higher CO, sorption capacities compared to the commer-
cial hydrotalcites in the target temperature range of 300-400 °C,
because the surface areas of the microwave- and ultrasound-
assisted LDHs were 2 and 5 times higher, respectively, than the
conventional co-precipitated hydrotalcite. In a more recent study,
LDH adsorbents were synthesized via anionic surfactant interac-
tion and amine extraction through ultrasonic modulation. The
authors reported that sonochemical modification leads to the
increased pore structure and CO, adsorption capacity. This was
attributed to the enhanced deprotonation of activated amino func-
tional groups via the sonochemical process. However, this was
dependent on the sonication intensity. Moreover, the sonochemi-
cal process improved the thermal stability of the adsorbent and
reduced the irreversible CO, uptake [92] when compared to the
results obtained by previous investigations, in which the capacity
of the sonicated sample dropped to the original value of the
regular HTs after the first cycle [117]. Regarding the reversibility,

sonication and co-precipitation at high-supersaturation conditions
in the preparation of the Mg-Al mixed oxides were found to pro-
duce materials with the strongest basic sites, leading to highly irre-
versible adsorption. The presence of these sites was found to be
related to the formation of unidentate CO,-adsorbent species.
Preparation procedures that lead to an increase in the strength of
basic sites did not lead to significant increases in the adsorption
capacity, but rather led to more difficult regeneration of the satu-
rated adsorbent [75]. Due to these benefits, parameters such as
irradiation time and intensity should be further investigated.

3.2. Modification of composition

3.2.1. Changing the compensating anions

It was reported that the compensating anions have a great effect
on morphologies, thermal stabilities, and the surface areas of LDHs,
and they have a significant influence on the CO, adsorption capac-
ity of calcined LDHs. Using CO3~ as the charge compensating anion,
a spheroidal “sand rose” type of HT was synthesized and exhibited
the highest Sggr surface area of 114.3 m?/g. However, with other
anions (NO3, SO3~, Cl-, and HCO3), “stone” type HTs were formed,
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and their surface areas decreased significantly (<9 m?/g). The
Mg3Al-CO3; achieved the highest CO, capture capacity of
0.53 mmol/g, which was much higher than those of other HTs with
HCO3, NO3, SO3~, and Cl~ anions (~0.2 mmol/g). In addition, Mgs-
Al-SO4 exhibited relatively higher thermal stability than the others
[59]. Hou et al. [118] studied the structures of Li-Al-X LDH
(X=C03", NO3 and ClI7) and their CO, adsorption performance.
As shown in Fig. 7, in Li/Al-CI-CO, and Li/Al-NO3-CO,, CI- and
NOj3 preferred to be located at one side of the hydroxyl layer, indi-
cating that the hydrogen bonds between CI~ and NO3 and metal
hydroxyl layers were less than that of CO3~ simultaneously form-
ing hydrogen bonds with both the upper and lower hydroxyl lay-
ers. Moreover, the adsorption energies of CO, in Li-Al-X LDH
with X=CI-, NO3, and CO3~ were 384, 8.1, and —5.4 kJ/mo],
respectively, which supported another experimental finding [47]
that Li/Al-CO3 exhibited a higher CO, capture capacity than those
of Li/Al-NOs and Li/AI-Cl at 200 °C. Furthermore, the relationship
of the LDO crystalline structure features to the CO, adsorption
properties has been investigated using a combination of density
functional theory (DFT). A series of C-Mg-Al-LDH was prepared,
and the CO, adsorption on the C-MgsAl-LDH was more energeti-
cally favorable than on the others, and the CO, adsorption energy
and charge transfer were in the following order: C-Mgs;Al-LDH
(-0.78eV and -0.42e)>C-MgsAlI-LDH and C-MggAl-LDH
(—0.56 eV and —0.53 e). The adsorption energies from the interac-
tions of CO, and the Mg-Al LDOs exceeded —0.3 eV, indicating that
the CO, adsorbed on the surface could form carbonate species via
strong chemisorption. The surface area was correlated with the
adsorption capacities at small surface areas. However, at high sur-
face areas, there was no distinct trend. The researchers also discov-
ered that crystalline C-MgsAI-LDH with a relative crystallinity of
about 20%, having a locally strong CO, adsorption strength and a
large fraction of octahedral Al sites, exhibited a favorable CO,
adsorption affinity. Furthermore, correlation between the adsorp-
tion properties and the crystallinity exhibited good agreement
with experiments and could be used to predict the trends in the
CO, adsorption capacity [119]. Most studies to date have focused
on that the intercalation of CO3~ anions into the interlayers of
Mg-Al LDHs. However, there is little information about how the
anions affect the stability and selectivity of the material.

All the studies discussed above were limited to inorganic anions
such as CO3~, NO3, SO3", and Cl™. The attempted use of organo-
LDHs for CO, capture was reported by Wang and co-workers in
2012. In their study, stearate was intercalated into the interlayer
of the LDH. The inter-layer distance was enlarged from 0.78 nm
for Mg-Al-CO3 to 3.54 nm for Mg-Al-stearate. After thermal treat-
ment, the decomposition of C;7H35CO0~ anions resulted in a much
lower degree of crystallinity and smaller particle size of MgAlOy.
These obtained mixed oxides possessed more surface basicity sites
for CO, adsorption compared to the Mg-Al-CO5; LDH [1]. In addi-
tion, the enlarged interlayer distance of the stearate-intercalated
LDH promoted the dispersal of K ions into the LDH interlayer
and, thus, create more Al(Mg)-O-K bonds to enhance the wet pro-
motion effect on the surface and inter surface of brucite-like LDH
layers [109]. A further systematic investigation on the influence
of various monocarboxylate anions with different carbon chain
lengths on the CO, capture capacities of Mg-Al LDHs was per-
formed. Those LDHs intercalated with the long carbon chain
organic anions exhibited higher specific surface areas and pore vol-
umes. When the carbon chain was less than 10 carbon atoms long,
no obvious difference in the CO, capture capacity was observed.
However, with the increase in carbon chain length from 10 to 16
carbon atoms, the CO, capture capacity gradually increased, and
the highest CO, capture capacity was achieved with the adsorbent
derived from the MgsAl;-C1s LDH. The stability of the LDOs was
associated with the carbon chain length of the monocarboxylic

acid counter anions. For the short carbon chain anions, all the sam-
ples reverted back to their original layered structure. However, for
long carbon chain anions, they still remained in their amorphous
phase even after 15days. It is well known that a quasi-
amorphous structure exhibits the highest CO, capture capacity,
this may be a significant reason for the enhanced CO, capture
capacities of long carbon-chain organic anion intercalated LDHs
[48]. The thermal stability of the carbon chain is crucial and should
be given top priority, as the adsorption temperature is always
around 400 °C.

3.2.2. Changing the M?* and M?" structural metals

The natures of the trivalent cations in LDHs can affect the ther-
mal stabilities of these materials, leading to different 3D networks
and CO, capture performances after calcination at various temper-
atures [120]. The effects of trivalent cations on the performance of
Mg-M-CO5; (M = Al, Fe, Ga, Mn) LDHs for high-temperature CO,
capture were comparatively investigated. The researchers demon-
strated that the M>" ion determined the structural evolution of
LDH derivatives under thermal treatment, and finally influenced
the CO, capture capacity [52]. In the work by Yavuz et al. [89],
the effect of gallium substitution and modification with K,CO;
was firstly reported and a markedly improved CO, sorption capac-
ity was observed at 473 K for a CO, partial pressure of 0.7 atm
under dry conditions. Ternary LDHs modified with Fe>* ions were
prepared for carbon dioxide adsorption. The maximum adsorption
capacity of Ni-Mg-Al LDH was reported as 1.58 mmol/g and the
adsorption was found to increase by 53% compared to that of Ni-
Mg-Al-Fe LDH [90].

The M2*/M3* ratio is one of the key parameters that determines
the surface basicity of the LDH-derived mixed metal oxides. Our
previous research demonstrated that for a given choice of metal
cations and interlayer anions, the best crystalline LDH phase was
generally obtained with an M?*/M3* ratio of 3:1 [41], and many
other researchers used a Mg:Al ratio of 3 for CO, capture
[48,55,75,109]. As the M?*/M>" ratio increased, the interlayer spac-
ing initially increased, reaching a maximum, after which it
decreased, resulting in the reduction in the number of basic sites
for adsorption at higher M?*/M3* ratios [121]. For instance, when
the Cu/Al molar ratio of the synthesized hydrotalcites was varied
between 1.0 and 3.0, the hydrotalcite with Cu/Al molar ratio of
2.0 was found to be the most suitable adsorbent for high-
temperature (>400 °C) CO, adsorption in terms of the capacity
and the rate of adsorption. However, the sorbent with the Cu/Al
molar ratio of 1:1 achieved the highest adsorption capacity at
low temperatures up to about 400 °C [45]. Sharma et al. [122]
investigated the effect of the Mg/Al ratio on CO, capture and con-
cluded that an Al content of 0.37 mol% (Mg/Al molar ratio of 1.7:1)
was the optimal Al content. However, it should be noted that, in
their work, the maximum CO, adsorption was measured at
150°C and 1 bar, not in the high temperature range (200-
400 °C). Gao et al. [27] carried out a systematic investigation of
the effect of the Mg/Al ratio (1.5-4.0) on the CO, capture capacity
at 200 °C. The CO, capture capacity first increased from 0.51 to
0.74 mmol/g with the increase of ratio from 1.5 to 3.5, and subse-
quently decreased to 0.6 mmol/g when ratio was 4. According to
previous studies, the typical M?*/M>" molar ratio of hydrotalcite
used for CO, sorption was between 2 and 3. Kim et al. [94] pre-
pared hydrotalcites with Mg/Al ratios between 3 and 30. For
hydrotalcites having Mg/Al ratios ranging from 9 to 30, both crys-
talline hydrotalcite and unreacted Mg(OH), phases were detected.
When the Mg/Al molar ratio increased from 3 to 20, the CO, uptake
at 300 min increased significantly from 0.83 to 9.27 mmol/g. When
the Mg/Al molar ratio was between 12 and 30, the hydrotalcites
showed a unique two-step CO, sorption behavior, with a low CO,
loading initially followed by a gradual transition to very high CO,
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Fig. 8. (A) XRD patterns of hydrotalcites after calcination with a Mg/Al molar ratio in the feed of (a) 3, (b) 9, (c) 12, (d) 20, (e) 25, and (f) 30. @, hydrotalcite; ¢, Mg(OH),; [J,
NaNOs; ¥, Na,COs; O, MgO. (B) CO, sorption behavior at 240 °C and 1 atm CO, for hydrotalcite with a Mg/Al molar ratio in the feed of (a) 3, (b) 9, (¢) 12, (d) 20, (e) 25, and (f)
30 (adapted with permission from Ref. [94] @Copyright 2011 American Chemical Society).

loading. It was noteworthy that the hydrotalcites with higher
Mg/Al molar ratios exhibited completely different two-step CO,
sorption behaviors compared with the normal single-step CO,
sorption of the hydrotalcite with a Mg/Al molar ratio of 3 (Fig. 8).
When the Mg/Al ratio was further increased to 25 or 30, the sor-
bents developed from nitrate-based precursors exhibited smaller
CO, capture capacities due to the loss of pores and reduction of
surface area resulting from pore blockage caused by the deposition
of excess NaNOs.

The well-known, Mg-based Mg-Al LDH powders always exhib-
ited low CO, capture capacities, and CaO-based solid adsorbents
have been widely used for high-temperature CO, capture [123-
126]. Ca-Al LDH as the precursor was prepared through co-
precipitation [127] and sol-gel [ 128] methods by the same research
group. Upon thermal treatment, the Ca-Al LDH structure with a
Ca%*/AI3* ratio of less than three was disrupted to form a weakly
crystalline Ca-Al-O oxide. However, Ca?*/AI>* ratios larger than
three tended to produce CaO particles that were dispersed in an
LDO matrix. In this structure, the CaO showed a high CO, adsorp-
tion capacity at mid-to-high temperatures, and the LDO matrix
provided stability at high temperatures to allow higher residual
conversion after many cycles [127]. The LDHs synthesized by the
sol-gel method exhibited scaffold-like porous structure morpholo-
gies rather than platelet-like particles. The samples with Ca®*/
AP = 7 exhibited greater absorption of CO,, although the surface
areas, pore volumes, and pore sizes for the samples decreased with
increasing Ca?* content. In addition, the sorbents not only main-
tained long-term stabilities in the cyclic tests, but also displayed
excellent rapid absorption and high capacities. These were strongly
related to the scaffold-like structures with large pore volumes and
pore sizes, which provided a stable framework to successfully sep-
arate the CaO particles and inhibit partial sintering of the CaO par-
ticles [128]. Furthermore, an appropriate amount of Al was
necessary, as the homogeneous distribution of Al,03 among the
CaO particles effectively prevented the aggregation and sintering
of CaO crystallites. When Al,03 was dispersed into the CaO parti-
cles, Al,05 particles surrounded the CaO particles and hindered
their mutual contact. Ensuring that the Al,0; and CaO particles
were mixed well increased the anti-aggregation effect of CaO par-
ticles [129]. The CaO in the Ca-Al-O mixed oxide phase plays a key
role in the adsorption of CO,, as the CaO has a high CO, sorption
capacity. All the efforts have focused on preventing the aggregation
and sintering of CaO crystallite to separate the CaO particles

successfully. It is worth noting that the Ca-Al LDHs exhibited the
better adsorption capacity than the fresh Mg-Al LDHs. This is a
new trend for CO, adsorption, and the selectivity should be further
studied in the future.

Fabricating pristine LDHs with different metal cations and
anions offers unique advantages, including simplicity and flexibility
of the preparation procedure. Determining the appropriate M%*/M>*
ratio and compensating anions to synthesize the LDHs for a partic-
ular CO, removal system is also a prerequisite for scale-up.

3.3. Controlling particle characteristics

3.3.1. Controlling particle size

In addition to changing the composition of LDHs, another effec-
tive method of improving the CO, capture capacities is to control
the particle sizes of the LDHs. Generally, decreasing the particle
sizes or improving the specific surface areas of adsorbents can
improve the surface adsorption activity sites [130-132], which
then improves the CO, capture capacities [99]. Wang et al. [10]
found that the CO, capture capacity was increased by the nano-
sized spherical Mg-Al LDHs with an average particle size of ca.
20 nm compared to the “sand rose” LDH. However, due to the lay-
ered feature of LDHs, it is difficult to further reduce the particle size
lower than 20 nm. The exfoliation of a pristine LDH into individual
nanosheets may be the most effective method to overcome this
problem [82,108]. Exfoliated LDH nanosheets with thicknesses of
2-3 nm were synthesized by Manohara et al. [82] by exfoliating
the precursor LDH layers. The enhanced surface area (275 m?/g)
in the HTlc structure resulted in a high CO, sorption (1.4 mmol/
g) at room temperature compared to that of the pristine LDH
(0.63 mmol/g). To further enhance the CO, adsorption functional-
ity of the LDO material, Sidek et al. [102] developed an efficient
CO, adsorbent by the electrostatically derived self-assembly
between cationic Mg-Al LDH nanosheets and anionic grapheme
oxide/layered titanate nanosheets (Fig. 9). The obtained nanocom-
posites exhibited mesopores with an average size of ~3.5 nm and
the LDO material exhibited a much greater pore size of ~6.5 nm,
which was attributable to the formation of mesopores by the
agglomeration of spherical nanoparticles. The resulting LDO-rG-
O-layered titanate nanocomposite exhibited a promising CO,
adsorption capability of 1.71 mmol/g at 273 K, which was much
greater than those of LDO (0.79 mmol/g) and LDO-rG-O nanocom-
posites (1.19 mmol/g).
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There are contradictory results on the effect of particle size dur-
ing adsorption. Dadwhal et al. [80] assessed the adsorption
performance of LDH materials of four different particle sizes
(53-75, 75-90, 90-180, and 180-300 um) at 500 °C. Surprisingly,
the adsorption capacity at saturation was found to be independent
of the particle size. Before a CO, molecule is adsorbed in the
microparticles, it must diffuse through the intercrystalline porous
region. In a similar work, no relation was found between the CO,
sorption properties of activated HTs and their specific surface
areas. The researchers revealed that the CO, sorption capacities
of LDHs were determined by the amounts of low-coordination oxy-
gen sites in Mg(Al)Ox nanoparticles. The amounts of low-
coordinated oxygen in the activated samples were identical on a
weight basis for all the samples [46]. These controversial findings
proved the need for a comprehensive investigation of the material
structure and the corresponding sorption mechanisms. For
instance, theoretical infrared frequencies could be calculated to
verify the dentate configuration in the LDH structure. In addition,
the structural changes during thermal treatment should also been
carried out using in-situ X-ray diffraction and solid state nuclear
magnetic resonance analyses.

3.3.2. Controlling particle morphology

Due to their layered structures, LDHs generally prefer to form
either “sand-rose-like” or “platelet-like” morphologies [10,78].
The “sand-rose-like” HT possesses abundant pores between
“petals”, and thus, it favors CO, diffusion as well as adsorption
[81]. Several other studies have indicated that the adsorption
capacities of LDHs can be increased by changing the morphologies
and microstructures of the individual crystallites. Chang et al.
[133] employed the reverse microemulsion technique to synthe-
size Ca-Al LDH nanoparticles. They found that different structural
morphologies, including platelets, regular hexagons and,
hydrangea-like hierarchical structures, could be produced by
changing the concentration, reaction time and temperature during
the synthesis process. When calcined at 700 °C, additional Ca-Al
LDH layers in the hierarchical structure were exfoliated and trans-
formed into separated individual nanoplatelets, leading to homo-
geneous nano-scale Ca-Al-O mixed oxides. Based on the

experimental results, most of the calcinated hexagon LDH
nanocrystallites exhibited higher CO, sorption capabilities and sta-
bilities during multi-cyclic carbonation/calcination operation,
which was attributed to the highest specific surface area of the sor-
bents, and the formation of a small amount of nano-scale calcium
aluminum oxide. Wang et al. [77] revealed that the synthesis pH
played a crucial role on the morphologies, pore structures, and
chemical compositions of the final products. When the synthesis
pH equaled the isoelectric point (IEP) of Mg-Al LDH, a “rosette”
morphology was formed, while when the pH was higher than the
IEP, mesoporous LDHs were synthesized (Fig. 10). All the HTs syn-
thesized at pH 10-14 showed much better performances for cap-
turing CO,, which might have been attributed to the formation of
mesoporous LDHs. The same researchers subsequently presented
the successful synthesis of nano-sized spherical Mg;Al-CO; LDHs
using a facile IEP method. It was apparent that the nano-
spherical LDH had a slightly enhanced CO, capture capacity com-
pared to the “sand-rose-like” LDH. Furthermore, the K,COs-LDH
(IEP) exhibited a much higher CO, capture capacity, and it was
believed that the mesopores within the LDH (IEP) may have
favored the dispersion of K,COs and led to its superior CO, capture
capacity [10]. Another spherical HMS@Mg-Al LDH was successfully
prepared to evaluate its CO, adsorption capacity. At every temper-
ature, pure hollow mesoporous silica (HMS) and Mg-Al LDH always
exhibited the lowest CO, adsorption capacities. However, the CO,
uptake capacity of the HMS@Mg-Al LDH illustrated that they had
no direct relation with the Sggr or pore volume. Although HMS
had higher Sggr and pore volume than the others, it was found to
have the lowest adsorption capacity. The higher CO, adsorption
capacities resulted from the synergistic effect of the hollow meso-
porous silica and LDH [5]. Our team also prepared a shell-core
Ni/Mg-Al LDH catalyst by the structural “memory effect” of MMO
[14]. We tentatively suggest that more attempts to apply cor-
e@LDH or LDH@shell nanocomposites as CO, adsorbents should
be encouraged. Until now, no study has focused on the utilization
of LDH@shell materials as the CO, adsorbents, while these
core@shell materials have been wildly used for energy storage
and water purification [134]. Because 3-dimensional (3D) hierar-
chical structures possess appealing and unique properties, we have
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Fig. 10. Proposed synthesis mechanism for Mg-Al LDH at pH 10-14 (adapted with permission from Ref. [77] @Copyright 2013 The Royal Society of Chemistry).

reasons to believe that the field of CO, removal is one particular
potential application of hierarchical structures.

3.4. Calcination at an appropriate temperature

The basic nature of LDH materials affects the suitability of these
promising candidates as CO, adsorbents. The CO, adsorption capa-
bilities of LDHs can be further improved by calcination at elevated
temperatures, leading to the formation of LDO nanocomposites
with high concentrations of surface basic sites. The precursor
seems to have only a limited effect on the crystallinity of the mixed
oxides, and the calcination temperature is the main parameter
affecting the crystallinity [75]. Significantly different calcination
temperatures are required for different LDHs to obtain their max-
imum CO, capture capacities [27]. As shown in Table 1, the typical
calcination temperatures in air are between 400 and 500 °C [71].
After thermal treatment, LDHs gradually lose their interlayer water
and subsequently dehydroxylate and decarbonate to a large extent,
leading to the formation of a mixed oxide with a poorly defined 3D
network. The Sger values of all samples significantly improved,
with relatively smaller pore sizes and larger pore volumes. The
effect of the pre-calcination temperature (300-700 °C) on the
CO, capture capacity of Mg-Al LDH was investigated. At 400 °C,
Mg-Al LDH reached its highest CO, adsorption capacity of
0.71 mmol/g. If the calcination temperature was too low, the Mg-
OH and AI-OH bonds could not be broken, and the hydroxide phase
remained. However, if the calcination temperature was too high,
the Mg and Al started to react and form the MgAl,04 spinel
oxide. The researchers further proposed two mechanisms for the

formation of active Mg-O species when the LDH was optimally cal-
cined. The substitution of Mg?* by AI** in the periclase MgO lattice
leads to the formation of coordinatively unsaturated oxygen anions
and consequently produces two active Mg-O species, as shown in
Fig. 11 (A). The other mechanism is that a part of the inserted
AI** might diffuse out of the octahedral sites and the site formerly
occupied by AI** is left vacant, which consequently produces three
active Mg-O species around it, as shown in Fig. 11 (B). Therefore,
the calcination temperature is one of the key parameters that
determines the number of active Mg-O species [27].

A series of Mg-M (M = AP?*, Fe**, Ga®*, Mn>*) LDH derivatives
was prepared, and the CO, capture capacities were measured at
200, 300, and 400°C. It was found that low temperatures
favored CO, adsorption, and maximum CO, capture occurred at
200°C for all LDHs. The low-temperature calcination of LDHs
led to amorphous phases on which the CO, was mainly
adsorbed physically. The adsorption strength is weak and only
a small amount of CO, can be adsorbed at high temperatures.
This phenomenon is similar to that of the Li-Al LDHs, for which
it was subsequently suggested by Huang et al. [47,48] that the
quasi-amorphous phase obtained by the thermal treatment of
LDHs at the lowest temperature possessed the highest CO, cap-
ture capacity. However, when the pre-calcination temperature
was sufficiently high, the CO, capture capacities of Mg-Ga
LDH, Mg-Fe LDH, and Mg-Mn LDH increased with increasing
adsorption temperature. The samples calcined at high tempera-
tures transformed into the MgO phase and chemical adsorption
of CO, mainly occurred. As a result, a high temperature facili-
tates this adsorption process [45,52].
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Fig. 11. The proposed mechanisms for the formation of active Mg-O species induced by (A) the substitution of Mg by Al and (B) the diffusion of Al atoms out of the octahedral
brucite layers (adapted with permission from Ref. [27] @Copyright 2013 The Royal Society of Chemistry).

Because the pre-calcination model also has a great effect on the
CO; capture, Gao et al. [27] investigated the effect of the adsorption
temperature with in-situ calcination and ex-situ calcination fol-
lowed by in-situ calcination. For the in-situ pretreated sample,
the CO, capture capacity decreased with the increase in adsorption
temperature, while for the ex-situ pretreated sample, the CO, cap-
ture capacity remained almost constant over the temperature
range of 200-400 °C. Unfortunately, they did not provide an expla-
nation for this phenomenon. Furthermore, the pre-calcination
times were mostly 4-6 h (Table 1) and only two papers have dis-
cussed the effect of pre-calcination time [27,77]. More in-depth
investigations could be performed in this area.

3.5. Doping LDHs with alkali metal

The basicity can be improved by impregnation with alkaline
anions. It has been frequently reported in the literature that pro-
motion of hydrotalcites with K,CO3; can increase the sorption
capacity of CO, [95,103,135]. There is an optimal amount of
K,CO5 for the maximum equilibrium CO, sorption uptake, which

is caused by the two conflicting effects: enhanced basicity and
reduced surface area with increasing K,CO3; amount [51]. Higher
loading tends to block some small active pores for CO, adsorption;
therefore the capacity is negatively affected [103]. The sorption
capacity is more likely to be related to the chemical nature of the
exposed surface [51,103] and this content is typically found in
other works [53,87,136]. Lee et al. [51] reported that the incorpo-
ration of Mg-Al LDH and K,COs increased the thermal stability of
K,CO3 without changing the structure of hydrotalcite, resulting
in both enhanced equilibrium CO, sorption uptake and fast CO,
sorption kinetics. However, in another study, it was also confirmed
that CO, was adsorbed faster on Mg-Al-Ga LDH than on the
potassium-loaded samples, which suggested that impregnation
with potassium slowed the sorption process, despite it enhanced
CO, sorption capacity [88]. Previous studies focused heavily on
the use of K,CO3 as the precursor for K. Wu et al. [86] reported
novel results employing KNO3; as the K precursor, with a new
impregnation method to obtain a K-promoted HTIc for CO, sorp-
tion. Recently, Qin and coworkers have reported that the (Li-Na-
K)NO3; molten salt promoted LDH intercalated with carboxylic
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anions and achieved a high CO, capture capacity. After being
coated with 55 mol% (Li-Na-K)NO3 molten salt, the CO, uptake of
palmitate acid/LDH sample with high Mg/Al ratios can be increased
up to 3.25 mmol/g. The results confirmed that there was no dete-
rioration in the CO, uptake over 22 cycles. In contrast, the CO,
uptake gradually increased within the first few cycles, and eventu-
ally became stable thereafter [48].

Oliveira et al. [53] compared the effects of impregnation with
two alkali metals (K and Cs) and found that CO, adsorption capac-
ities of commercial hydrotalcites modified by K,CO; were better
than that of the material modified by Cs,COs. A bi-Langmuir iso-
therm was derived to describe the CO, sorption capacity over the
different samples up to a CO, pressure of 0.5 bar. Miguel et al.
[87] reported that adding K provided higher sorption values when
compared to Cs and this was related to its higher basicity. How-
ever, the sorption capacity decreased for the sample modified with
Sr. The CO,-TPD measurements were further conducted using Na-,
K-, and Cs-promoted LDO samples. The amount of CO, released
from the bicarbonates that formed on the Brgnsted OH™ groups
was maintained with respect to the unpromoted LDO, whereas
the evolution in the intermediate temperature state decreased.
Additionally, the number of monodentate carbonates adsorbed
on low coordinated oxygen anions was significantly higher for
the alkali promoted samples [101]. The doped alkali metal may
have blocked the pores of the LDH derivatives and consequently
lowered their adsorption capacities. Therefore, in order to improve
the CO, capture capacities of LDHs, decreasing the particle size and
fabricating mesoporous-type LDH samples are proposed for a bet-
ter dispersion of doped K,COs species. Most of the former studies
focused on the effect of cations of the alkali metal salt, while the
effect of the anions of the salt was unknown.

The influence and role of alkali metals on modified LDHs for CO,
sorption were also studied [95,101,109]. Meis et al. [95] attempted
to increase the sorption capacity of the carbon nanofiber (CNF)
supported LDHs by adding alkali carbonates to reach their full
capacities. The increase in capture capacity on alkali-loaded CNF-
supported LDHs was attributed to a higher concentration of defects
(low-coordination oxygen sites) on the surface of the alkali-loaded
LDHs formed by the partial substitution of Mg?* by K" or Na*
(Fig. 12). Li et al. [109] claimed that the smaller-sized K ions were

unsupported HT

co,

+K,CO,

supported HT

Cbz CO,

Fig. 12. Schematic representation of addition of K,CO5. More low coordinated sites
(edges and corners), which are important for CO, adsorption, are formed. Light gray
spheres are magnesium; red spheres are oxygen, and dark gray spheres are
potassium (adapted with permission from Ref. [135] @Copyright 2010 American
Chemical Society).

more easily promoted not only on the brucite-like layer surface but
also possibly into the interlayer of a much spatial stearate-pillared
LDH, facilitating a better promotion effect of K* by forming weak
surface chemical bonds. The stability of K-stearate-Mg-Al LDH
was evaluated, and it retained a 1.2 mmol/g CO, capacity after 10
cycles of regeneration at 400 °C. The randomly dispersed K,CO3
promotion in an enlarged basal distance markedly improved the
K,CO3; promotion effect of the adsorption capacity from 0.71 to
1.11 mmol/g (1.7 times higher), as well as the adsorption kinetics.
More recently, Iruretagoyena and co-workers [101] found that the
enhancement in the adsorption capacity achieved by alkali promo-
tion was higher for the LDO than for the graphene oxide (GO)/LDO.
It was likely that the impregnated alkali carbonates did not interact
with the magnesium and aluminum oxides as efficiently as in the
unsupported LDO. This effect could be ascribed to strong interac-
tions between the alkali cations and the oxygen groups of the sup-
port that occurred during impregnation, preventing the optimal
incorporation of the promoter on the LDO.

3.6. Supported LDHs

Recently, the dispersion of LDO particles over high-surface-area
materials has been shown to increase the intrinsic capacity of the
LDOs and their thermal stabilities. These materials included AC/
LDH, CNT/LDH, MWNTSs/LDH, and GO/LDH hybrids. Our findings
suggested that LDHs and C-LDHs particles can also be loaded onto
high surface area carbonaceous materials to further improve the
dispersion of the LDHs and C-LDHs particles, improving the perfor-
mance and reducing the cost of LDHs and C-LDHs [137,138]. In
general, the synthesis methods can be divided into three general
strategies (Fig. 13).

One is the direct co-precipitation method. Garcia-Gallastegui
et al. [106] used MWCNT as a support to synthesize a MWCNTs/
Mg-Al LDH hybrid as a CO, adsorbent. The use of a MWNT support
was found to improve the absolute capacity and cycle stability of
the hybrid adsorbent under dry conditions. However, the 2D geom-
etry of the GO was more obviously compatible with the LDHs,
while the surface chemistry was expected to be similarly favorable.
They also prepared a GO/Mg-Al LDH hybrid by the direct precipita-
tion of the LDH nanoparticles onto GO to improve CO, adsorption
capacity and recyclability. The absolute capacity of the LDH
increased by over 60% using only 7 wt% GO as a support. GO
appeared to be especially effective at supporting LDH compared
to oxidized MWNTSs with similar surface chemistries, an effect that
can be attributed to the obvious morphological compatibility [97].
The use of wet gas mixtures was found to have a positive effect on
the CO, adsorption capacity of the GO-LDH [98]. Sodium ions
incorporated by residual sodium from the synthesis greatly
enhanced the adsorption capacity of the GO/LDH hybrid. The
improved thermal stability achieved by the use of GO in the GO/
LDO hybrids was not affected significantly by the presence of resid-
ual sodium [96]. SBA-15-supported Mg-Al LDH composite materi-
als with varied hydrotalcite loadings were prepared by
precipitation-deposition method for CO, adsorption studies at
70°C and the experiments revealed that 50 wt% of LDH loading
led to the best performance. Beyond 50% loading of hydrotalcite,
LDH attained a bulk nature and exhibited decreased CO, uptake.
The improvement in performance was observed only with high
loadings of the supports, which may result in large sorption units
[110]. Small LDH platelets were obtained by deposition onto a car-
bon nanofiber (CNF) supports. The C of CO, adsorbed on low-
coordinated oxygen (oxygen surrounded by fewer than five atoms)
of unsupported LDO, and the amounts of low-coordinated oxygen
in the activated unsupported samples were identical on a weight
basis for all the samples. The large increase in CO, capacities of
the activated CNF-supported LDHs was due to the greater number
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Fig. 13. Schematic illustration of the fabrication of supported LDH composites by (A) co-precipitation, (B) electrostatic self-assembly, and (C) hydrothermal urea.

of defects on the small Mg(Al)Oy crystals. The individual crystals
were anchored on the CNF and thus had lower flexibilities, which
may have contributed to the greater numbers of defects and low-
coordinated oxygen [46].

The second synthesis method is based on the electrostatically
driven self-assembly between a delaminated positively charged
LDH single sheet and a negatively charged monolayer. The sub-
strate materials and LDH nanoparticles or nanosheets are prepared
separately, and subsequent combination of these building blocks
generates the mixture. Wang et al. [99] synthesized a GO/Mg-Al
LDH hybrid for CO, capture. The GO/Mg-Al LDH nanocomposites
with 6.54 wt% GO exhibited the maximum adsorption capacity,
which was more than twice larger than that of the pure Mg-Al
LDH. The enhancement can be attributed to the LDH single sheets
and their dispersion and stabilization on the support. They subse-
quently prepared OCNT/Mg-Al LDH nanocomposites using the
“electrostatic self-assembly” and “direct co-precipitation” meth-
ods. Both the CO, adsorption capacities and the multicycle stabili-
ties of LDH derived adsorbents were improved by the introduction
of OCNT. The characterization results revealed that the synthesis
method had little influence on the morphology and structure of
the formed nanocomposites [107].

The third method is the hydrothermal urea reaction and
obtained high-temperature CO, adsorbent. The novel hybrid solid
sorbent offers practical advantages such as higher thermal and
mechanical stability. The group of Chang and Chen prepared the

O

O=—M =0 M

Chelating bidentate
carbonate

Unidentate carbonate

mesoporous AIOOH/Ca-Al LDH by using a hydrothermal urea reac-
tion [139]. Some previous studies reported that the CO, molecules
were adsorbed into the active sites of the calcined metal oxide and
four species of adsorbed CO, were detected by the FTIR spec-
troscopy. Bicarbonates require surface hydroxyl groups (OH,
weak base sites), whereas carbonates are formed on surface oxy-
gen atoms with different coordination degrees, leading to uniden-
tate and bidentate, chelating or bridging, carbonates. Unidentate
species are formed on oxygen ions showing the lowest coordina-
tion number (0?7, strong base sites), whereas chelating and bridg-
ing bidentate carbonates require the participation of an adjacent
cationic site (Mn*-0O?" pairs, medium-strength base sites)
(Fig. 14) [75,139,140]. The FTIR spectra of AIOOH/Ca-Al LDH after
adsorption indicated that the strongest active sites were correlated
with the unidentate-type adsorption and were chiefly responsible
for the irreversibility of the adsorption. At this point, infrared spec-
troscopy of the chemisorbed species was a powerful technique for
understanding the adsorption mechanisms, allowing for discrimi-
nation between different basic sites and also providing information
about the reversibility of the interactions.

During the CO, adsorption/desorption cycles, LDH granules
gradually changed to a slurry (LDH pasting issue) due to the sinter-
ing at high operating temperatures and the presence of steam. To
overcome these problems, a multilayer Mg-Al LDH-based thin film
on an aluminum foil/mesh substrate was fabricated by the
urea hydrolysis method. The anchoring effect combined with the

o

s HO 0

a
% N,
“ N \ e
” N, a
\
/7

Zmmm== O
Zmmm== O

M=——0 ——M

Bridging bidentate Bicarbonate

carbonate

Fig. 14. Species formed upon CO, adsorption (adapted with permission from Ref. [75] @Copyright 2010 American Chemical Society.)
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Fig. 15. Schematic representation of the hybrid GO/MNWT-LDH (adapted with permission from Ref. [100] @Copyright 2017 Elsevier).

vertical alignment of the LDH platelets in the LDH thin film could
prevent the sintering and pasting issues of the LDHs. In addition,
these uniformly aligned 3-D arrays of LDHs should produce a high
surface area [84].

Above all, it is a priority to consider whether the supported-
LDHs make full use of the LDH and substrate materials. The strong
tendency of graphene for self-agglomeration hinders the gas
adsorption function of the calcined graphene-LDO nanocomposites
[102]. Activated carbon also tends to have relatively inaccessible
slit micropores that are readily blocked by LDH deposition [141].
In addition, the multicycle stability of the GO/LDH and MWCNT/
LDH subjected to temperature-swing adsorption cycles could still
be improved considerably. Inspired by the synergistic effects of
hybrid GO/MWCNT systems, Martina De Marco et al. [100] pro-
moted the thermal stability LDH over twenty cycles of CO,
adsorption-desorption (96% of retention of the initial sorption
capacity at the 20th cycle) by the incorporation of a robust and
thoroughly hybridized carbon network (Fig. 15). The primary role
of the MWCNT was to form a compatible, robust network, prevent-
ing restacking of the GO. The optimum carbon loading for the
GO/MWCNT-LDH hybrid was between 10 and 20 wt%, higher than
previously used support fractions (about 7% for GO) [97,99]. In
principle, the synthesis and application of hybridized
GO/MWCNT-LDH is a new and emerging area and worthy of fur-
ther investigation, as lower loadings of the inert supports are more
appealing from an industrial perspective.

4. LDHs in photocatalytic CO, reduction

Photocatalysis is a promising technology that can contribute to
the environmental remediation field [142-158] and energy con-
version [159-171]. Inspired by successful examples of LDH-based
photocatalysts for water splitting, LDH nanohybrids should be
excellent alternatives for creating efficient catalysts for CO, pho-
toreduction [172-177]. Photocatalytic reduction of CO, into
value-added fuels (e.g., CO and CH,) is a promising approach for
storing solar energy and mitigating greenhouse gas emissions
simultaneously [178]. Among the various efficient and stable semi-
conductor photocatalysts used for this purpose, LDHs have
attracted attention as catalysts for CO, photoconversion into CO
and/or methanol [179].

4.1. Basic principle of photocatalytic CO, reduction on LDHs

Fig. 16 highlights the typical process of photocatalytic CO, pho-
toreduction by the LDH-based materials. As illustrated, the basic

Desorption

Redox reaction and
production formation

Electron-hole transportation
to the surface of photocatalyst and
combination at the trap sites

/ Generation of electron-hole pairs \

UV-Vis light irradiation to the surface of LDH-based photocatalyst

: Adsorption of the CO, on the surface or within the LDH-based photocatalyst :

Fig. 16. Illustration of propagation of photocatalytic CO, reduction.

process can be summarized as four steps. The first step is the
adsorption of CO, molecules on the surface or within the LDHs
[172,180]. The intrinsic basicity of the LDH can enhance CO,
adsorption at the composite photocatalyst surface, and the CO,
species in the LDH-based photocatalytic reduction system have
been well-understood with possible forms including (1) residual
CO%~ as charge compensating anions in the interlayer of LDH, (2)
captured CO, (as CO%7) in the interlayer of LDH, (3) dissolved
CO, in water, and (4) the linear/nonlinear CO, molecules on the
surface [181-183]. Adding '3CO, would be the best method to
demonstrate the source of the reduced products, and some 2CO
was generated from the residual CO%~ ions in the interlayer after
the heat treatment [181,184]. The nonlinear CO, molecules gener-
ated on the surface of solid bases were more destabilized than the
linear CO, molecules, which indicated that the distorted CO, mole-
cules could be easily activated under photo irradiation during the
conversion of CO, [182,185]. In addition, the interlayer CO3~ was
reduced more efficiently to CH4 compared to the surrounding free
CO, or CO3™. It is expected that the consumed interlayer CO3~ can
be replaced readily by the surrounding free CO, [25]. Thus, increas-
ing the adsorption capacity is crucial for photo-catalytically con-
verting CO,. The intrinsic basicity of the active sites on the
surface of photocatalyst can be enhanced by changing the ratio
of metal components [185] and fluorination [181]. The surface
basicity site density [73] and base strength [186] of LDHs can be
determined using TPD of CO,. It was concluded that the basicity
and base strength of the adsorbents played important roles in
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Fig. 17. (A) Schematic illustration of probable mechanism of photocatalytic CO, conversion over a semiconducting photocatalyst for solar fuel production mediated by
suitable redox cocatalysts; (adapted with permission from Ref. [192] @Copyright 2016 American Chemical Society). (B) Schematic diagram of photocatalytic water splitting to
produce H, and O, when pH is 7; (adapted with permission from Ref. [193] @Copyright 2015 American Chemical Society). (C) Band edge placements of Ni,Ti-CI-LDH (a),
Cu,Ti-CI-LDH (b), Zn,Ti-Cl-LDH (c), Mg,Cr-Cl-LDH (d), Co,Cr-CI-LDH (e), Ni,Cr-CI-LDH (f), Cu,Cr-CI-LDH (g), Zn,Cr-CI-LDH (h), Co,Fe-Cl-LDH (i), Ni,Fe-CI-LDH (j), Ni»Cr-NO3-
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determining the CO, adsorptive performance, depending on the
operating temperature [73,186]. Furthermore, the number of
active sites is also a crucial factor that affects the adsorption activ-
ity [187]. The higher surface areas of certain LDHs correspond to
more active sites for CO, adsorption [188]. Increasing the inter-
layer distance (characterized by XRD) is another procedure to
improve the adsorption capacity of CO,. The increased interlayer
reaction space is expected to facilitate the diffusion of more CO,
into the reaction space and the reaction with the hydroxyl groups
to form hydrogen carbonate intermediates [180,182,189]. These
strategies can be simultaneously combined to greatly improve
the adsorption activity of the LDH photocatalyst. Hong et al. [25]
assembled Mg-Al LDH nanosheets with a carbon nitride photocat-
alyst, which was demonstrated to yield more CH4 from photore-
duction of CO, than C3N4 alone in an aqueous solution with Pd
as the co-catalyst. The main reason was identified to be the enrich-
ment of CO, adsorption on the catalyst surface by Mg-Al-LDH.
Other LDHs like Zn-Al LDH, Zn-Cr LDH, and Ni-Al-LDH did not yield
significant improvements of CH4 production since they had very
limited CO, adsorption capacities [25]. The increased amounts of
CO, adsorbed on LDHs also significantly influence the selectivity
toward CO, reduction products. S. Iguchi et al. reported that the
modification of the Ga,0s; photocatalyst with Mg-Al LDH drasti-
cally enhanced not only the amount of CO evolved but also the
selectivity toward CO evolution [190].

The second step is the generation of charge carriers (electron-
hole pairs) upon absorption of photons with energies equal to or
exceeding the band gap of the LDH-based photocatalyst. For LDHs

), and Ni4Cr-CI-LDH (n); (adapted with permission from Ref. [194] @Copyright 2017 American Chemical Society). (D) Band edge
Mg, Co, Ni, and Zn; M" = Al and Ga) (adapted with permission from Ref. [193] @Copyright 2015 American Chemical Society).

with different bandgap energies, the position of the conduction
band (CB) and valence band (VB) are correlated with possible solar
fuel and standard reduction potentials as demonstrated in Fig. 17
(A, C, and D). As shown in Table 2, the UV light is preferred as
UV light with lower wavelength, which encompasses high energy
photons and can generate the electrons-holes pairs in large band-
gap LDHs. For example, the Co-Al LDH with a narrow band gap of
2.1 eV, the electrons were photoexcited from the valence band to
the conduction band of the Co-Al LDH upon visible light irradiation
[191].

The third step is charge carrier separation and transportation.
The generated electrons and holes undergo intra-band transitions,
migrate to the surface and get trapped at the trap sites. The rate of
charge transfer depends on the band edge position of the band gap
and redox potential of the adsorbate species. Undesirable electron-
hole recombination prevents them from transferring to the surface,
and the recombination occurs within the semiconductor volume or
on the surface [195]. Thus, suppressing the recombination is a
paramount step for controlling the reactions for higher yields.
However, pristine LDHs generally exhibit slow charge carrier
mobilities and high rates of electron-hole recombination [40].
The loaded nanoparticles on the LDHs can function as effective
electron traps, promoting charge separation and providing active
sites for CO, reduction [196].

The last step is the chemical reactions between the adsorbed
CO, and charge carriers. When electrons migrate to the surface
and after they are trapped at the edge of the CB, they serve
as reduction centers, the semiconductor donates electrons to
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Table 2
Summary of different LDHs employed for CO, photoreduction.
Photocatalyst Synthesized Light source Reducing  Isotope Scavenger Major oxidation products/  Major reduction products/  Refs
method agent labeling pmol h™' g . 7! pmol h™' g o ~
Mg-Al LDH Co-precipitation UV/400 W Hg lamp  Water 13co, cl- Clo~=7.58 9.33 (13C0 =828, [181]
solution 12€0=0.53)
Mg-In LDH Hydrothermal 200 W Hg-Xe lamp  Water 13co, - 0,=17.0 13c0=3.21 [182]
solution
Mg-Al-Ti LDH Co-precipitation  UV/400 W lamp Water - - 0, C0=10.2 [178]
(Oriel) vapor
Co-Al LDH Co-precipitation  Solar light Water - - 0, CH;=43 [183]
vapor
Ni-V LDH Co-precipitation UV/400 W Hg lamp  Water - Ccl- Clo~ CO=58.84 [14]
solution
Ni-Al LDH Co-precipitation Hg lamp Water 13co, cl- clo-, Clos, Clog 13C0=5.25 [185]
solution
Ni-Al LDH Co-precipitation UV/400 W Hg lamp  Water - Cl- Clo~=7.6 C0=9.33 [181]
solution
Ni-Al LDH Nano- 400 W Hg lamp Water 13co, cl Clo-, Clo; 50 ('3C0 =37.5, [184]
crystallization solution 12c0=12.5)
Zn-Al LDH Co-precipitation  UV/500-W xenon Hydrogen - - H,0 0.64 (CH50H = 0.04, [208]
arc lamp CO0=0.62)
Zn-Al LDH Microemulsion ~ UV-visible light Water 13co, - 0, 13c0=7.6 [209]
hydrolysis vapor.
Zn-Ga LDH Co-precipitation  UV-visible light Hydrogen - - H,0 0.13 (CH30H = 0.05, [208]
CO=0.08)
Zn-Ga LDH Co-precipitation UV Hydrogen - - H,0 0.13 (CH50H = 0.05, [189]
CO =0.08)
Zn-Cu-Ga LDH Co-precipitation UV Hydrogen - - H,0 0.56 (CH30H = 0.49, [189]
CO0=0.07)
Zn-Cu-Ga LDH Co-precipitation UV-visible light Water - - 0, CH30H = 0.05 [210]
solution
Zn-Cu-Ga LDH Co-precipitation UV/500-w xenon Hydrogen - - H,0 CH30H=0.17 [208]
arc lamp
Cd-Al LDH Self-assembly Solar Light Hydrogen '3CO, - 0, 3C0=0.214 [180]
TiO,/Mg-Al LDH Co-precipitation UV Water - - 0, C0=15 [211]
vapor
Pd-C5N4/Mg-Al Self-assembled 500 W Hg (Xe) lamp Water 13co, - 0, 13CH, =0.77 [25]
LDH solution
Ru@Mg-Al LDH Impregnation Visible-light/300 W  Hydrogen - - H,0 CH;=2.7 x 10° [172]
Xenon lamp
TiO,@Co-Al LDH One-pot UV-visible light/ Water - - 0,=1.1 C0=221 [191]
hydrothermal 300 W Xe light solution
TiO,@Co-Al LDH One-pot UV-visible light/ Water - 2- CH4, CoHg, CH30H, CoHsOH - - [191]
hydrothermal 300 W Xe light solution propanol
Zn0@Cu-Zn-Al Deposition UV-visible light/ Water - - 0, CHy=114 [26]
LDH precipitation 450 W Xe lamp vapor
Cu,0@Zn-Cr LDH  In situ 200-W Hg-Xe lamp ~ Water 3co, - 0, 5.25 (*C0 =267, [196]
reduction solution 12c0=2.58)
M/Zn-Cr LDH Photochemical uv Water - - 0, C0=76,47,34 [25]
(M =Pt Pd Au) deposition vapor
Ag/Zn-Ga LDH Ion exchange UV-visible light Hydrogen - - H,0 =94 94 (CH;0H =30, CO =64) [207]
Au/Zn-Ga LDH Ion exchange UV-visible light Hydrogen - - H,0 =231 231 (CH50H = 30, [207]
CO=201)
Monometallic Alkalization- 300-W xenon lamp  Water - - 0,=85 CO=1.68 [188]
cerium LDH calcination vapor

acceptors. Similarly, the holes trapped at the VB edges serve as oxi-
dizing sites, where they combine with electrons from donor spe-
cies. To reduce CO, into carbon monoxide or hydrocarbons,
electrons in the semiconductor are required to have more negative
chemical potentials, while for water oxidation, holes need to reside
on more positive potential levels [197]. For example, for Co-Al LDH
nanosheets, with CB and VB potentials of —1.14 and 0.96 eV,
respectively, the more negative conduction band maximum of
—1.14 eV is sufficient to drive CO,/CH4 (—0.24 eV at pH = 7). The
conduction band edge and the valence band edge straddle the
redox potentials of CO, reduction and water oxidation, indicating
the feasibility of CO, photoreduction. The adsorbed CO, is further
converted into CH4 via a proton-assisted multi-electron transfer
mechanism, while some H; is generated by the direct combination
of two protons and two electrons [183]. Importantly, the yields of
products from CO, reduction increase as the CB becomes more
negative, and photocatalysts with more negative CB levels seem

to be better choices for the photocatalytic reduction of CO,
[197,198]. The Co-Al LDH produced appreciable CO and O, reflect-
ing its higher conduction band maximum of —0.75 eV and longer
average charge carrier lifetime. The P25 reference by comparison
exhibited a poorer photoactivity for CO, reduction or water oxida-
tion, presumably reflecting its conduction band maximum poten-
tial of —0.37 eV, which is too low to drive CO,/CO (-0.53 eV at
pH 7) but sufficient to drive significant proton reduction to hydro-
gen [191].

Because the CB potential of the LDH catalyst is more negative
than the reduction potential of H*/H, and the VB edge is more pos-
itive than the redox potential of O,/H-0, the overall or half reaction
of water splitting may occur during the photocatalytic conversion
of CO, in water. The water molecules are oxidized by the valence
band holes to form oxygen gas and are reduced by the conductance
band electrons to form hydrogen gas (Fig. 17 (B)). The more posi-
tive VB position has a better oxidation capacity [199] and the more
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negative CB position is conducive for water splitting to hydrogen
[200]. According to Fig. 17 (D), the photogenerated holes of Zn-
Ga LDH, Mg-Ga LDH, and Mg-Al LDH cannot proceed with water
oxidization because their VB are not more positive than the oxida-
tion potential of water to O, [193]. However, a total of 2-8 elec-
trons are required to reduce CO, into potential hydrocarbon
fuels, which is a much more challenging process compared with
water splitting [44]. In addition to the CB values of the catalysts,
the photocatalytic performance can be influenced by other factors,
such as the band gap [201], specific surface area [25], crystallinity
[184], and crystallite size [178].

4.2. Selectivity of photoreduction products

If the CO, photoreduction reaction is purely under thermody-
namic control, the order of the expected product yields is
CH,4 > CH30H > HCHO > CO > HCOOH. However, as shown in
Table 2, photoreduction products are primarily CO, indicating that
the reaction is kinetically controlled. This is because the numbers
of electrons required for the formation of one molecule of the prod-
ucts from CO, are eight for methane and two for CO. Therefore,
more proton and electron transfer steps are required for methane,
compared to just two proton and electron transfers for the forma-
tion of CO [199].

The overall water splitting occurs together with the photocat-
alytic conversion of CO, with H,0 as a reductant, resulting in H,
as the by-products [202-204]. Thus, it is very important to control
the reduction of protons in the presence of both CO, and H,0 to
achieve the reduction of CO, by H,0. Mg-In LDH and Ni-In LDH,
which contain indium as trivalent cations in the hydroxide sheet,
exhibited high efficiencies for H, production, but the amount of
CO evolved was small. For the Ni-Al LDH, the amount of H, evolved
was much lower than those of other LDHs. The Ni species in Ni-Al
LDH, which functioned as a co-catalyst, caused the selective forma-
tion of CO. These results proved that the selectivity for CO obvi-
ously depended on the metal components of the hydroxide
sheets of LDHs [185]. Simultaneously, the addition of NaCl sup-
pressed the formation of H, as a reduction product of H", and the
selectivity toward CO evolution was advanced. It was believed that
chloride ions in solution acted as hole scavengers in the photocat-
alytic reaction as chloride ions can be oxidized by holes [185,205].
However, the addition of carbonate ions or hydrocarbonate ions to
an aqueous solution enhanced the evolution of H, for the photocat-
alytic conversion of CO, in an aqueous solution. Another attempt
was made to modify the chemical/physical properties of LDHs.
The incorporation of fluorine into the hydroxide sheets greatly
influenced the basicity of the LDHs. The fluorination led to an
enhancement in the amount of CO, adsorbed and the selectivity
toward CO formation [181].

Generally, both electrons and holes are consumed during the
photocatalytic reaction and the oxidation products are shown in
Table 2. Some of the photocatalytic experiments for CO, were per-
formed in an aqueous solution without the sacrificial agent and the
oxidation products were mainly O,. When CO was found to be the
sole product of CO, reduction, the amount of O, in a stoichiometric
ratio (CO:0, = 2:1 in a molar ratio) can be detected because the CO,
reduction to CO is a 2e™ process, unlike water oxidation, which is a
4e~ process. Kumar et al. [191] reported that the stoichiometric
ratio of CO:0, was between 1.78:1 and 1.96:1 for P25@ Co-Al
LDH and Co-Al LDH, which were very close to the stoichiometric
ratio of 2:1 for O, production during CO, conversion, as CO, Ho,
and O, were the only three products in the study. In another study,
CO was also found to be the only carbon-based product of CO,
reduction, but the total amount of O, was much larger than that
of CO. This may have been because the CO, photoreduction and
water photo-oxidation were involved in two half-reactions: H,0

molecules were oxidized by h* to generate O, and H* at the VB
of CeO,y, and the rate-determining step of the CO, reduction
was driven by electrons on the bottom of the CB of CeO,_,. Mean-
while, active sites on the LDHs for CO, reduction reaction may have
been covered by CO and/or intermediate products with prolonged
irradiation, resulting in the reduced increment for CO [188,206].
The effect of chloride ions as hole scavengers in the photocatalytic
conversion of CO, in an aqueous solution has been studied. The
oxidation products of chloride ions, such as ClO~, CIO3>~, and ClO*-,
were evolved instead of O, as the oxidation product of H,0
[14,181,184,185]. The stoichiometric formation of the oxidation
products of CI~ was achieved in the photocatalytic conversion of
CO, using Ni-Al LDH, as the ratio of total amounts of reduction
products (H, + CO) to the amount of oxidation products (HCIO)
was approximately 1.0 [205]. While in the other LDH systems,
the amount of HCIO produced in the reaction solution was less
than the stoichiometric amount, which indicated that the HCIO
produced in the reaction solution was continuously consumed by
metal cations present in the hydroxide sheets and/or in the reac-
tion solution [14] or that some of the photogenerated holes were
scavenged by another process [181]. In a more recent study, the
generation of HCIO was not confirmed when nano-Ni-Al LDH was
used as the catalyst. A possible explanation was that a series of dis-
proportionation reactions of CIO~ yielded ClO*~ with high stability
and that was less oxidative than CIO~ [184]. Conversely, excessive
water was obtained when using the H; as the reductant. This dis-
crepancy was due to the desorption of interlayer water molecules
of the LDHs [189,207,208].

4.3. Strategies for improving the CO, photoreduction efficiency

As shown in Table 2, for the photoreduction of carbon dioxide,
two types-based photocatalysts have been created hitherto: (1)
direct photocatalysts/pristine LDH and (2) nanoparticles/support
co-catalytic systems. Many attempts have been made to modify
the chemical and/or physical properties of LDHs to improve their
photocatalytic activities.

4.3.1. Fabrication of junctions

Our team recently fabricated a novel oxygen-doped carbon
nitrogen/Co-Al LDH heterojunction photocatalyst. The strong elec-
tronic coupling effect in the heterostructured interface induced
photogenerated charge to transfer from Co-Al LDH to OCN and
made for the construction of an interfacial internal electric field
between the Co-Al LDH and OCN [142]. Matching of the semicon-
ductor band structures and strong donor-acceptor coupling
improved the photoinduced charge carrier separation and transfer
via the heterojunction. In addition, LDH species can increase the
surface areas and the solid basicities of catalysts effectively, which
means that more active/available sites for CO, adsorption can be
provided. Current efforts are mainly focused on two aspects (1)
combining commercially available UV light-responsive nanoparti-
cles and a visible-light-responsive LDH and (2) maximizing the
heterojunction interface contact area between the LDHs and other
different semiconductors.

Typically, the hierarchical TiO,@CoAl-LDH nanocomposites
were prepared for photocatalytic CO, reduction. The weakly che-
misorbed CO, molecules at the titania surface or that spilled over
onto titania facets were reduced to CO via the CO3 anion radical
in a proton-coupled process [191]. In a more recent study, the
Co-Al-DS LDH@TiO,-NT nanocomposites were prepared, and the
CO productivities for the hybrids exhibited fivefold increases over
those obtained for the delaminated Co-Al LDH components. The
superior photocatalytic reduction of the Co-Al-LDH-DS@TiO,-NT
nanocomposites indicated the formation of a staggered type-II
heterojunction across the interface between these high aspect ratio
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Fig. 18. (A) Proposed mechanism of CO, photoreduction due to heterojunction formation over the Co-Al LDH-DS@TiO,-NT heterojunction (adapted with permission from Ref.
[212] @Copyright 2017 Wiley Online Library). (B) The photocatalytic conversion of CO, over ZnO, LDHs, and ZnO@LDHs catalysts under visible light (adapted with permission

from Ref. [26] @Copyright 2016 Elsevier).

semiconductors. The CO, was first adsorbed at the LDH surface,
and the type-II band alignment between the LDH and titania per-
mitted efficient photoexcited charge separation, which resulted
from the transfer of the electrons from the Co-Al LDH to the titania
and the transfer of holes from the titania into the Co-Al-LDH
nanostructure. The photoexcited holes oxidized H,O to liberate
0, and release protons that migrated to the interface with titania,
where they combined with electrons and/or molecular carbon spe-
cies to form H,, CO, or CH, (Fig. 18 (A)) [212]. It was noteworthy
that CH4 was only produced over the Co-Al-LDH-DS@TiO,-NT pho-
tocatalyst and not over the parent Co-Al-LDH and delaminated Co-
AI-LDH-DS nanosheets. The production of CH4 could be explained
by the longest charge carrier lifetimes and slower kinetics induced
by a larger heterojunction interface that favored the multielectron
process of CH, formation.

Interestingly, the transfer of the photogenerated electrons or
holes was opposite in another study. Guo et al. synthesized hierar-
chical ZnO@Cu-Zn-Al LDH heterostructures and used the catalysts
for the photoreduction of CO, to hydrocarbons. The LDHs accepted
photogenerated electrons transferred from ZnO because it had a
more positive CB (+0.05 eV) than ZnO (—0.33 eV), while the photo-
generated holes of the LDHs migrated to the VB of ZnO due to the
more negative VB of ZnO (Fig. 18 (B))[191]. The charge carrier trans-
fer between the ZnO core to the LDH shell effectively depressed the
recombination and was in favorable for CO, reduction [26].

The above examples represent two different types depending
on the charge carrier separation mechanism: type-II [26] and p-n
[191]. Proper control of the morphology of ZnO is also important
for enhancing the efficiency of ZnO-based type-II heterojunction
photocatalysts for CO, reduction. Compared to the conventional
type-II heterojunction, the separation of the photogenerated
electron-hole pairs on the surface can be accelerated by an electric
field within the photocatalytic systems by forming p-n
heterojunctions.

4.3.2. Doping with noble metal

Another effective way to synthesize visible-light-driven photo-
catalysts is noble metal doping. We have explored the application
of Pd/Au bimetallic nanoparticle-loaded nanosheets in the catalytic
reduction process [213]. To enhance the visible-light-induced pho-
tocatalytic activities, nanoparticles/LDH co-catalytic systems have
been recently reported as the metal nanoparticles manifest the

surface plasmon resonance (SPR) effect [172,207,214]. The mor-
phologies and sizes of metal nanoparticles supported on the LDHs
can substantially influence the catalytic activity. Therefore, the
design of metal nanoparticles is very important. In addition,
preparing a noble-metal-loaded three-component co-catalyst sys-
tem has been used to enhance photocatalytic efficiency recently
[25,215,216].

To date, a number of methods, including self-redox process,
cathodic reduction, liquid phase reduction and photochemical
deposition, have been studied for the fabrication of noble-metal-
doped LDH nanocomposites [214,217,218]. [Zn3Ga(OH)g],COs-
mH,0 was combined with a sensitizer of silver or gold nanoparti-
cles that were responsive to visible light. The rate of CO, photore-
duction on Ag/Zn-Ga LDH increased by a factor of 1.69 compared
to that of Zn-Ga LDH, while the methanol selectivity also increased
from 39 to 54 mol%. On Au/Zn-Ga LDH, the reduction rate of CO,
was 1.78 times higher than on Zn-Ga LDH, whereas the methanol
selectivity decreased from 39 to 13 mol%. The electrons created
by the SPR of Au were not able to photoreduce CO, under visible
light, whereas the electrons in the LDH that were Eg-excited by
UV light were trapped in Au and subsequently transferred to CO,-
derived species. As the potentials of the excited electrons at Au
were lower (more positive) than those of the excited electrons at
the CB of the Zn-Ga LDH, energetically favorable CO formation
would have priority over methanol formation in the presence of
UV light [207]. The results confirmed that for Ag/Zn-Ga LDH cata-
lysts, CO, photoreduction by H, under visible light was promoted
by the SPR effect of the Ag nanoparticles, while for the Au/Zn-Ga
LDH catalysts, the Au nanoparticles may have acted as electron-
trapping active sites (Fig. 19 (A)) [207]. Pt, Pd, and Au have also been
identified as efficient co-catalysts for the photoreduction of CO, by
Zn-Cr LDH. Among them, the 0.1 mass% Pt-loaded LDH exhibited
the highest performance. This was attributed to the fact that noble
metals can act as the co-catalysts not only for the reduction of
recombination of electrons and holes but also for the enhancement
of multi-electron reductive reactions (Fig. 19 (B)) [14]. Well-
dispersed Ru nanoparticles embedded on exfoliated LDHs were pre-
pared and used as highly active catalysts for CO, methanation
under light irradiation. The high-efficiency photothermal conver-
sion of CO, over RU@FL-LDHs was ascribed to targeting and simul-
taneous activation of CO, and H, over ultrathin LDHs and Ru
nanoparticles, respectively [172].
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4.3.3. Ternary LDHs

In addition to binary LDHs, a series of ternary LDHs have also
been used as photocatalysts for the photoreduction of CO,.
Recently, the photoreduction of CO, and H, into methanol was
reported using semiconductor layered double hydroxide photocat-
alysts that were formulated as [ZnY, ,CulME(OH),]5/(CO3)*~
-mH0 (M =Ga, Al; 0 <x<1/3; 0<y<1/2; m~1/x). The inclusion
of Cu sites in the LDH layers improved the methanol selectivity.
The methanol selectivity (39 mol%) obtained using Zn-Cu LDH cata-
lysts was improved to 68 mol% using Zn-Cu-Ga LDH catalysts under
UV-visible light using hydrogen. Specific interaction of Cu sites with
CO, was spectroscopically suggested to enable coupling with pro-
tons and photogenerated electrons to form methanol (Fig. 20). The
key factor for determining the selectivity to methanol vs CO was sug-
gested to be the binding of CO, at the Cu sites as hydrogen carbonate
species Cu-O(-Zn)-C(OH)=0 and Cu-O(-Ga)-C(OH)=0. Under UV-
visible light, the Cu ions in the cationic layer facilitated charge sep-
aration utilizing the reduction-oxidation (redox) of Cu" < Cul.
Hydrogen carbonate species were gradually reduced to formic acid,
formaldehyde, and finally to methanol by utilizing the trapped pho-
togenerated electrons as Cu' ions [208]. Therefore, the interlayer
spaces of these LDH photocatalysts served as active pockets for the
reduction of CO, to methanol. The photoactive [Cu(OH),]*~ sites
could also be accommodated as anion species of the LDHs between

the cationic layers, and the photocatalytic rates per unit amount of
the Zn-Cu-Ga-[Cu(OH),]*~ LDH were further optimized. The effects
of the interlayer [Cu(OH)4]>~ were greater than those of the in-
layer octahedral Cu sites because of its steric availability (accessibil-
ity) and semiconductivity (Eg values of 3.0-4.2 eV) [189]. In a more
recent study, the same research group reported that if the Zn-Cu-Ga
LDHs were preheated in vacuum and never in contact with air prior
to the photoreduction tests, methanol was produced exclusively.
This selectivity to methanol was attributed to the liberation of inter-
layer spaces by removing 31% of the interlayer water [219]. A series
of Cu,0-loaded Zn-Cr LDHs were prepared via an in-situ reduction
process from Cu-Zn-Cr ternary LDHs. The Cu,0 could serve as an
electron trap, reducing the recombination of photogenerated elec-
trons and holes and increasing the photocatalytic efficiency. The
photogenerated electrons reduced CO, to CO and the holes oxidized
water to oxygen simultaneously. Almost 80% of the CO production
was assigned to the reduction of CO, but not the incomplete oxida-
tion products of the surface-adsorbed organic contaminants [196].

4.3.4. Other strategies

Recently, layered materials with thicknesses approaching
atomic length scales have been fabricated, these structures can
possess abundant coordinatively unsaturated metal cations, which
serve as active centers for catalytic chemistry. Ultrathin Zn-Al LDH
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nanosheets were synthesized, and these nanosheets exhibited
extraordinarily high activities for the photoreduction of CO, to
CO in the presence of water vapor. In comparison, the nano-sized
Zn-Al LDH exhibited far superior CO, reduction photo catalytic
activity than that of the equivalent bulk LDH. This was partially
due to the formation of coordinatively unsaturated Zn structures
that promoted the photoinduced charge separation (Fig. 21)
[209]. In addition, the ultrathin LDH matrices provide considerable
numbers of active sites for the chemical adsorption and activation
of CO,. Meanwhile, the Ru nanoparticles can dramatically increase
the local temperature under light irradiation to activate H, and
subsequently initiate the generation of CH4 [172]. Cd-Al LDH
microspheres exhibited a promising performance in the photore-
duction of carbon dioxide using solar light. The abundance of OH
groups on the surface of the microspheres increased the material’s
affinity toward carbon dioxide molecules [180].

Above all, pristine or functionalized LDHs are alternative and
promising candidates for CO, reduction [172]. In general, their suit-
able surface properties and high water tolerance properties enable
these LDHs to be ideal agents for the photocatalytic conversion of
CO, in H,0 [181,185]. Therefore, finding novel functional groups
and special material structures may give rise to unprecedented
material properties, e.g., specific catalytic functionalities [188].

5. Strategies and future recommendations

In this paper, the current research progress in the CO, capture
and photoreduction by the LDH-based materials over the last ten
years (2009-2018) has been thoroughly reviewed. In order to
improve their CO, capture capacities and selectivities, many
attempts have been made, such as morphology control, doping
the LDHs with alkali metal, modification of composition, and the
formation of hybrid materials. LDH materials clearly demonstrate
the great potential in this regard. Although considerable progress
has been achieved in the field of adsorption and photoreduction
of CO, by LDHs, studies still must be further developed, and at least
the following aspects should be considered:

(1) For practical reaction-based CO, separation processes, the
industrial standard is monoethanol amine (MEA), which
has a CO, capture capacity of ca. 1.36 mmol/g. In compar-
ison, the reported sorption capacities of LDH-based systems

are still not high enough for industrial standards (seen from
Table 1). Strategies for improving cyclical performance of
new types of LDO could be extensively developed in the near
future. Further development of hydrotalcites could focus on
the intercalation of brucite layers with carbon dioxide
accepting organic molecules, such as calixarenes, or the
attachment of functional groups, such as amines, to their
surfaces, to further enhance their capabilities for carbon
dioxide desorption. The optimization of the synthesis meth-
ods and development of interesting composites offer a huge
scope for future research.

(2) Itis important to consider the pre-calcination time, the heat-

ing rate, cost analysis, and lifetime of the sorbent under
actual regeneration conditions, which are crucial for indus-
trial applications. Besides the co-adsorption of CO, and
water, limited data on the co-adsorption of CO, and other
gases in LDHs has been reported. When other acid gases
exist in the feed gas, the adsorption performance of these
new prepared materials is unknown. When considering
LDHs for industrial separations of CO, from other gases,
information on the reproducibility of the separation perfor-
mance after long-term exposure to gas streams and the
response of the materials to repetitive circulation are also
needed. Therefore, parameters relevant to industrial operat-
ing conditions deserve systematic investigations for rational
design of the adsorbents.

(3) Many LDH-based adsorbents have been produced from the

waste for the removal of pollutant in aqueous systems
[220-223]. Fabricating functional materials from the waste
has become a trend in materials science. Until 2018, Gil
et al. [224] first used hydrotalcite-like compounds prepared
from aluminum saline slag wastes for the adsorption of CO,.
The CO, adsorption capacities of the synthesized hydrotal-
cites were even higher than the results reported by other
authors in the literature. The development of LDH materials
from the waste creates promising prospects for the CO,
adsorption. More detailed studies on these LDHs should be
conducted in the near future.

(4) It is highly desirable to prepare visible-light-driven photo-

catalysts that predominantly take advantage of solar energy.
Insights into the active sites and structure-property correla-
tions have been revealed in the field of using Co-Al LDH for
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aldol condensation [225]. However, roles about the CO,
reduction sites and the mechanisms between the
structure-basic and site-ability in LDH-based materials have
rarely been revealed and remain a challenge. Combined
studies including XPS, XAFS, FTIR, TPD, and isotope monitor-
ing can be applied to determine the LDH active site struc-
tures and the source of C used to produce the fuels. A
thorough understanding of the reaction pathways, active
sites, electron transfer dynamics, and reaction intermediates
are keys for the design of photocatalysts.

(5) As shown in Table 2, research of modified materials has
heavily focused on the binary hybrid systems, while the
multi-hybrid LDH-based photocatalysts may also provide
high photoreduction efficiencies. In addition, the exfoliated
nanosheet LDHs have been widely used in the field of water
splitting [226,227], which provide a new direction for fur-
ther enhancing the photoreduction efficiency of CO,. More-
over, the nanosheets of LDHs can be combined with
organic and inorganic components to achieve long-term
photocatalyst stability or high photoreduction efficiency.
The high photoconversion efficiencies and improved light
harvesting abilities can also be achieved through the com-
bined use of optimized photoreactor and photocatalyst con-
figurations. In particular, the combination of water photo-
splitting to form hydrogen (or protons and electrons) and
CO, photoreduction with the formed hydrogen (or the
formed protons and electrons) can potentially boost the effi-
ciency of CO, conversion [228]. Studies on the performances
of current photoreactor designs have been rarely reported. In
order to achieve high conversion efficiencies, photoreactor
designs must account for the material of construction, the
thickness, the mass of catalyst, the reactor geometry (length,
volume etc.), the flow rate, and the relationship between the
reactor and irradiation source.

(6) Direct modification methods are usually preferred because
the synthesis pathways are shorter and the consumption
of chemicals is lower. Although many reports are available
on the topic of LDH-based adsorbents and photocatalysts,
the majority of the studies are limited to batch-scale only
and are not fully developed at a commercial level to any
extent, and therefore, more research is needed in this area.
A comparison of the costs of LDHs relative to other CO, sor-
bents should be encouraged.
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