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Electrocatalytic carbon dioxide (CO2) reduction has emerged as a promising approach for converting CO, into
value-added products and mitigating greenhouse gas emissions. Layered double hydroxides (LDHs) and metal-
organic frameworks (MOFs) have attracted significant attention as potential electrocatalysts for CO, reduction
due to their unique structural properties and tunable chemical compositions. In this review, we provide a
comprehensive overview of recent advances in the utilization of LDHs and MOFs as electrocatalysts for CO5

reduction. Scrutiny on various catalysts, along with their general design ways for CO, reduction is presented.
This review will provide insight into the up-to-date research progress in MOF-based materials for COy conver-
sion. Furthermore, we highlight opportunities in this field and propose future research directions aimed at
optimizing the performance of LDHs and MOFs for CO; reduction applications.

1. Introduction

The combustion of fossil fuels has indisputably contributed to the
greenhouse effect by releasing a considerable amount of CO; into the
atmosphere, leading to the serious climate change [1,2]. To address this
issue, numerous strategies have been employed in attempts to treat COq
gas. Carbon capture and storage (CCS) technologies keep a vital function
in preventing CO2 from entering the atmosphere. This approach can
eliminate approximately 90 % of the CO, created from the burning of the
oil, coal, and natural gas, which provides energy for sustaining human
life [3-5]. However, the high cost of CO, storage and transportation is
still remained a significant challenge [5]. An alternative approach for
dealing with this problem is to convert CO; to useful chemicals via
electrochemical reduction methods. These approaches for CO5 reduction
involves a multiple reaction process necessitated by the thermodynamic
stability of the CO2 molecules. In a COq-saturated aqueous solution,
these reactions are more challenging than the splitting of water, owing
to their sluggish kinetics and energy-intensive reduction [6]. Further-
more, it is exceedingly difficult to decrease the anion radical (CO3) to
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other useful chemicals. Therefore, catalysts that can accelerate reactions
at a potential near the equilibrium and facilitate selective CO5 conver-
sion (rather than H') are essentially needed.

Electrocatalytic CO4 reduction reaction (CO2RR) can generate useful
products such as CO, CH30H, CHy, and CoHsOH [7-12], which can
provide an efficient storage method for electricity generated from
renewable energies, complementing their intermittence [13,14]. The
first electrocatalytic COy reduction was reported in 1870 using Zn
electrodes to produce HCOOH, followed by several studies with other
metals such as Sn, In, Pd, and Cd [15,16]. In 1994, Hori et al. have re-
ported that the product selectivity was varied, significantly depending
on the elements of pure metal catalysts [17]. For example, the CO can be
selectively produced with Au, Ag, and Zn catalysts, whereas the Sn, In,
and Pb catalysts are effective to produce formate (HCOO™) [18].
Computational study based on density functional theory (DFT) revealed
that the selectivity of final products are governed by binding energy of
reaction intermediates such as *COOH or *OCHO [19,20]. In addition, it
was revealed that the C—C coupling of reaction intermetidate is a key to
produce C,, products [21,22]. Thus, various strategies have been
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conducted to develop the high-performance catalyst with high activity
and selectivity, which can be tuned by size, morphology, composition,
oxidation state, grain boundary, and facet [23]. These catalysts are ad-
vantageous to control the electrochemical surface area (ECSA), intrinsic
activity, and local pH, resulting the high selectivity for desired products
at low overpotential.

Developing efficient catalysts for CO5 conversion processes requires
a combination of different materials, while ensuring high catalytic
performance and durability for large-scale production [24]. Over the
last decade, significant research has focused on exploring the unique
properties of graphene, sparking interest in various 2D materials like
transition metal dichalcogenides (TMDs) [25,26], MXenes [27], and
oxides [28]. These materials have garnered attention for their diverse
properties and potential applications across science and engineering.
Recently, layered double hydrooxides(LDHs) and metal-organic frame-
works (MOFs) are widely used in electrochemical energy storage and
conversion.

Layered metal hydroxides encompass a diverse range of layered
materials, including single-metal layered hydroxides and layered double
hydroxides (LDHs) characterized by positively charged host layers
resembling brucite, interspersed with exchangeable interlayer anions
(Fig. 1). Their chemical formula can be represented as
[MZ,M3T ((OH) 2] (A" )y /n-mH50. The host layers typically consist of
divalent metal cation (e.g., Ni?*, Mg?*t, Fe?t, Co%", etc.) octahedrally
coordinated with hydroxyl groups, with a fraction being replaced by
trivalent metal cation (e.g., Mn>*, Fe3t, AI®*, Cr®*, etc.). The interlayer
anion A" denotes an interlayer anions such as Cco%-, NO*-, clo*,
acetate and etc. to balance the charge of the host layer. The interaction
between the anion and the LDH layer, facilitated by electrostatic forces
and hydrogen bonds, gives LDHs intriguing anionic exchange capabil-
ities, making them highly versatile for various applications. For
example, anion exchange in ZnAl-LDHs synthesized on a silicon sub-
strate was evaluated using a posttreatment-based reconstruction
method. The result indicated that the calcined ZnAl-LDH went recon-
struction due to anion exachne with NaCl. Increasing NaCl concentra-
tion from 0.15 M to 0.60 M resulted in higher rates of anion exchange,
but above 0.90 M, anion exchange decreased. This suggests that con-
trolling NaCl concentration during the reconstruction process can
modify the anion composition and shape of ZnAl-LDHs [29]. It’s key to
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note that the flexibility in composing LDH layers is somewhat limited,
primarily due to the size and charge constraints of the cations that can be
incorporated into the layer structure.

The discovery of metal organic frameworks (MOFs) materials has
introduced its potential in fascinating environmental applications and
practical devices. MOFs are built from metal ions (e.g., Co>*, Zn®*, Ni%,
cu?*, M?%) and organic linkers (carboxylate, sulfonate, phosphonate)
(Fig. 2) [30]. Therefore, by combining a wide variety of metal ions and
organic linkers, an abundance of adaptable and responsive MOF mate-
rials is created. Currently, over 20,000 MOF structures are described in
the literature [31,32] for various applications including gas adsorption
[33-35], catalysis [36-38], sensors [39-41], and drug delivery [42]
because of their special properties such as ultrahigh surface area and
tunable architecture [43]. Particularly, the MOFs having transition
metal sites are utilized as efficient catalysts in electrochemical energy
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Fig. 2. Structure of pristine MOF, metal cluster, organic linkers and
MOF-composites.
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Fig. 1. Structure of layered double hydroxides (LDHs).
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conversion, involving the hydrogen evolution reaction (HER) [44-46],
oxygen reduction reaction (ORR) [47-50], and COsRR [51-62].
Furthermore, the catalytic activity of MOFs can be altered by adding
functional groups to organic linkers. For instance, Fu et al. altered the
property of MIL-125(Ti) by amino groups for converting CO, to formate
[63]. The results revealed that NHy_MIL-125(Ti) displayed an improved
catalytic performance over MIL-125(Ti). In addition, Guo et al. [64]
used metal nanoparticle stabilizer in amino functionalized UiO-68 MOF
and which showed an excellent photocatalytic CO, reduction.

Herein, we present a comprehensive work of the recent literature on
LDHs and MOF-related catalysts for electrocatalytic COoRR. This review
article draws from the knowledge presented in previous great review
publications on similar issues, with detailed discussion related to LDHs
and MOF-based catalysts. It begins with a brief allusion in the basic
theory and crucial criterion of CO2RR by the electrochemical method
and discusses on various LDHs and MOF-based catalysts for electro-
chemical CO,RR and their design ways.

2. Fundamentals and challenges of CO2RR
2.1. Electrocatalytic CO2RR

2.1.1. Basic mechanism

Electrocatalytic COoRR has been recognized as a potential strategy to
transform CO, to precious chemicals. This process includes multiple
reactions at various potentials, as shown in the electrochemical re-
actions occurred in the electrocatalytic CO, reduction with water at pH
7 and their redox potentials are presented in Table 1. As a result, the
obtained products are considerably diverse, involving methane, methyl
alcohol, carbon monoxide, methyl aldehyde, formic acid, and ethylene,
as shown in Fig. 3a. The electrochemical reduction of CO; can occur
through pathways involving two, four, six, eight, or twelve electrons
Fig. 3b. In this process, HER is inevitable during CO; reduction, which
decreases the catalytic performance of CO, conversion [65]. Density
functional theory (DFT) calculation was recognized as an efficient
method for finding the mechanism of chemical reactions. In terms of
electrochemical applications, DFT is usually used to determine the
binding energies of intermediates and activation energy, which is useful
to estimate the reaction pathway. For example, the free energy of
hydrogen adsorption is calculated to predict the catalytic activity for
HER [66]. In comparison, CO2 conversion by the electrocatalytic
method is more complicated than hydrogen production due to its
various reduction adducts. Thermochemical models have been investi-
gated for determining the CO; reduction reaction mechanism [67].
However, this task is a great challenge due to the complication of the
electrochemical process. Therefore, the generation of desirable products
is one of the most daunting challenges in electrocatalytic COoRR.

The mechanism of electrocatalytic COoRR includes three principal
steps. The first step illustrates the adsorption of CO; onto the surface of
the catalyst. The CO4 receives electrons in the second step, which result

Table 1

The reduction potential of half reactions in electrocatalytic CO, reduction re-
action (under condition of pH 7 in aqueous solution versus a standard hydrogen
electrode (SHE), 25°C, 1 atm gas pressure, and 1 M for other solutes) [185,186].

No. Half reactions of CO, reduction Redox potential (V vs. SHE) at pH =
7
(1) COy+e —CO5 1.9
@ CO, + 2H" + 2e~ - HCOOH —-0.61
3 CO, + 2H" + 2e~ = CO + H,0 —0.53
(4)  COy + 4H" + 4e” — HCHO + Hy0 -0.51
5) COy + 6H" + 6e~ — CH30H + H,0 —-0.38
6) CO, + 8H' + 8¢~ — CH4 + 2H,0 -0.24
(@) 2C0, + 12H" + 12e~ — CoHy + —0.34
4H0
(8) 2H" + 2™ - Hy —0.42
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in the breakage of C-O bonds, thus playing a vital role in the electro-
catalytic CO2RR. This process can be accompanied by proton migration
to form a C—H bond. Finally, the products are obtained via desorption
from the face of the catalyst. The proposed mechanisms for the forma-
tion of different products. The obtained product depends on various
factors, such as applied voltage [68], electrolyte [69], and pressure [70].
For example, Thorson’s study revealed that electrolytes containing large
cations enhance the catalytic performance of transforming CO, to CO
[71]. Ogura et al. scrutinized the influence of halide anions, including
Cl, Br, and I on the yield of electrocatalytic COoRR on a copper
electrode [72]. They found that these anions can be adsorbed onto the
Cu electrode to create catalytic layers. These layers facilitate electron
transfer for COy reduction, leading to increased current density. In
addition, this phenomenon prevents proton adsorption which would
have otherwise led to the HER. Furthermore, the type of catalyst has a
vital function in the generation of desirable chemicals. For instance,
numerous studies have indicated that Ag, Au, Zn, Pd, and Ga are suitable
for converting CO5 to CO, while Cd, Hg, In, Pb, Sn, and Tl are favorable
for HCOOH formation [73].

2.1.2. Main parameters for evaluating catalytic activity in CO2RR

This section describes the main parameters that are utilized to assess
the quality of catalysts, including onset potential, Tafel slope, turnover
frequency (TOF), Faradaic efficiency (FE), partical current density, and
stability.

Onset potential: This quantity was recognized as an initial evalua-
tion parameter for electrocatalytic performance. The onset potential is
recorded at the point where the current of the reaction changes from the
background signal [74].

Tafel slope: Tafel slope is the slope of the Tafel equation (1 = b*logi
+ a, where 1 is overpotential, i is current density and b is Tafel slope),
which provides the relation between the current density and the over-
potential. It can be obtained from the graph using the Tafel equation.
Moreover, a proposed reaction mechanism can be based on the Tafel
slope [75]. A good electrocatalyst exhibits a small Tafel slope.

TOF: It determines the how fast an electrochemical reaction is
happening per active electrocatalytic center at a specific overvoltage
and allows for the exploration of intrinsic activity of electrocatalysts. It
is very difficult to determine the TOF quantity of electrocatalysts, except
for a few noble metals (e.g., Pt and Pd) where their surface-active site
can be quantified, following their structural indistinctness of the active
centers. Enormous efforts regularly undertaken that all used catalysts
productively take part in the electrochemical process. Therefore, the
derived TOF quantities are underrated, nevertheless they might suggest
some understandings into the intrinsic activity.

FE: This quantity represents the efficiency of charge transfer in the
electrochemical reaction. It is defined as the ratio of the experimental
amount of generated product and the theoretical amount of generated
product. An excellent catalyst typically exhibits an FE higher than 80 %
towards the production of CO, CH4, CH30H and other similar useful
products [43,76].

2.1.3. Influence factors of CO2 reduction performance

The factors that affect the catalytic CO, reduction performance can
be divided into two aspects: properties of catalysts (crystal surface,
interface effect, morphological structure, particle size) and reaction
conditions (electrolyte, applied potential, temperature and pressure).

Crystal surface: enormous works have revealed that the selectivity
of CO, reduction relies on the surface facet of the catalyst. It is found that
Cu(110) facet facilitates for the formation of Cy, products with high
faradaic efficiency, whereas Cu(100) is attributed to the enhance the
performance of ethylene [77-79]. Another work revealed that the for-
mation of CO on Ag(110) is better than that on Ag(111) facet [80].

Interface effect: interfacial interaction that was made from contact
and synergy of various compositions of catalyst contribute to the alter
binding energy and boosting electron transport. Thus, catalytic activities
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Fig. 3. (a) Graphical illustration and b) Electron processes involved in electrocatalytic CO, reduction reaction.

will vary in CO5 reduction process. For example, Gao et al. Fabricated a
metal/metal oxide hybrid structure that exhibited higher performance
than that of metal and metal oxide for electrochemical CO, reduction.
This was attributed to the interfacial effect of metal and metal oxide
[81].

Structure effect: the change of morphological structure alters the
roughness and specific surface area of catalysts, leading to the impact of
the activity and selectivity of CO, reduction. Jiang and coworkers found
that the Oy plasma treatment alter the roughness of the Cu sheet, and
improved the unsaturated Cu active centers. This result facilitates the
formation of OCCOH*, leading to produce Cy, products [82]. Also, the
effectiveness of hollow structures for CO, conversion is confirmed by
many studies due to their large surface area and exposed abundant
active centers [83-85].

Particle size: the change of size impacts to catalytic activities of the
bulk phase catalyst. Because when the particle size reduces, under-
coordinated surface sites and chemisorption increase exponentially,
leading to performance variations. Reske found that accelerated when
Cu nanoparticles are smaller than 5 nm the performance and selectivity
of CO and Hy were significantly [86].

Electrolyte: the selection of electrolyte for the CO5 reduction pro-
cess need to be considered because of it relates to the electrostatic forces
and buffer capacity. A large number of studies used bicarbonate-based
electrolytes (KHCOs, NaHCO3) for CO; reduction. Because they could
create a bicarbonate-CO5 complex, which plays a vital role in the
accelerating CO2 concentration on the surface of the catalyst. Besides,
the characteristics of ions in solution influence performance and selec-
tivity in CO5 conversion. A trend was found that electrolytes having
larger cations give a higher selectivity of Cy, products on Cu catalyst
[871.

Applied potential: generally, the electrochemical reactions depend
on the applied voltage. And CO; reduction process may occur many
various reactions at different potentials. Thus, the influence of potential
on efficiency needs to be evaluated to find optimal conditions with the
highest FE for CO2RR. Han et al. investigated the CO2RR efficiency in a
potential range of —1.9 — —1.45V, indicating that the formation of CH4
with the highest FE was recorded at —1.8 V [88].

Temperature and pressure: the change in temperature or pressure
will affect the dissolution of CO; in the electrolyte, electrolyte resis-
tance, and adsorption equilibrium. Therefore, numerous works were
conducted to assess the factors. It is not easy to find a trend for an in-
crease or decrease in temperature on the performance of CO2RR., several

articles revealed that the selectivity of CH4 improves when the tem-
perature reduces [89-94]. However, the trend of formation of the other
products is not reported in detail. Besides, high-pressure influences the
solubility of CO,, causing the change in local CO concentration on the
surface of catalysts, leading to the accelerated CO; reduction perfor-
mance [95]. Despite reported several works on the impact of tempera-
ture pressure, systematic studies need to be conducted to further
understand for CO5RR.

3. Layered double hydroxide(LDH) based catalysts for
electrocatalytic CO5 reduction

3.1. Structure and properties of LDHs

Layered double hydroxides (LDHs) has a structure comprising posi-
tively charged host layers and matchable interlayer guest anions [96].
The host layers consist of edge-sharing metal hydroxide octahedra co-
ordinated by divalent (M?") and trivalent (M>") metal cations, with the
molar ratio of M2*/(M2* + M3") (denoted as X) being a critical factor for
crystallization [96-98]. They exhibit fascinating properties due to the
interaction between the positively charged layers and the interlayer
anions, which facilitate anionic exchange reactions. This exchange
ability, crucial for various applications, is governed by the affinity be-
tween the anion and the LDH host layer. Nitrate and chloride interca-
lated LDHs are particularly favored precursors for anion exchange
reactions due to their specific affinity order. Factors such as time, tem-
perature, and excess amount of anion influence the efficiency of the
exchange reaction, making it a versatile method for modifying LDH
properties.

The chemical and thermal stability of LDHs are crucial consider-
ations for their practical applications, particularly those involving
transfer, transport, and delivery. The chemical stability, often linked to
the solubility of metal hydroxides, varies depending on the LDHs
composition [99]. For instance, magnesium-based LDHs exhibit higher
solubility compared to zinc-based ones due to differences in their solu-
bility products [100]. Additionally, the interlayer anion influences the
solubility of LDHs phases, as evidenced by thermochemical data.
Regarding thermal stability, the decomposition behavior of LDHs fol-
lows specific trends depending on the metal ions involved, with different
LDH compositions undergoing distinct mass loss events during thermal
treatment [101]. Understanding the chemical and thermal stability of
LDHs is crucial for optimizing their performance in various applications,
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ranging from catalysis to materials science.

LDHs nanosheets possess a unique lamellar structure with easily
regulated chemical composition and electronic structure, making them
promising candidates for electrocatalysis. Density functional theoretical
(DFT) calculations have revealed the electronic structures of various
LDH nanosheets incorporating transition metals (TMs) such as CoFe,
CoNi, NiFe, and ZnCo shedding light on their electrocatalytic behavior
[102]. The research delved into the impact of electron-spin polarization
on the electrocatalytic performance of these LDHs. Notably, a pro-
nounced spin polarization effect was observed, facilitating electron
transfer across the materials. Each of the TM LDHs exhibited a narrow
bandgap, indicating their potential for electron mobility. However,
ZnCo-LDHs stood out with a relatively larger bandgap, primarily
attributed to the d atomic orbitals of Co, which hindered electron
transfer. Consequently, the electron conductivity of ZnCo-LDH nano-
sheets was weakened, resulting in diminished electrocatalytic activity
compared to the other LDH variants studied. Moreover, Surface modi-
fications and defect engineering further allow for fine-tuning of the
electronic structure, enhancing electron transfer efficiency and catalytic
activity [103]. For example, oxygen vacancies, characterized by unoc-
cupied bonding tyg orbitals of the MOg center (MOg_y), endow LDHs
with heightened electronic conductivity and remarkable adsorption
capacity for oxygen-related intermediates [104]. Conversely, metal va-
cancies, stemming from the varied electron and orbital distributions of
metal atoms, result in an elevation of the valence state of neighboring
metal centers, thereby influencing the catalytic behavior of the material.

The regulation of ions has emerged as a viable strategy for fine-
tuning the electronic configuration, notably through anionic doping or
replacement [105]. Huang et al. introduced sulfion, an anionic species
with distinctive polarization characteristics, into CoAl-LDHs, thereby
facilitating the adjustment of ion-covalent properties through the

Pristine CoAl LDHs

cationic defect
anionic regulation

Carbon Trends 16 (2024) 100384

formation of Co-O bonds and Co-S dangling bonds (Fig. 4a) [106]. This
sulfion-mediated regulation effectively modulates the electronic struc-
ture surrounding the active sites, enhancing their catalytic performance.
Concurrently, Sun et al. demonstrated that the replacement of interlayer
anions can exert a profound influence on the electronic configuration of
exposed surface metal atoms in transition metal (TM) LDH nanosheets
[107]. Specifically, anions with lower redox potentials, such as hypo-
phosphites, facilitate the transport of electrons to the hydroxide layers,
thereby increasing electron density and sustaining high-valence states of
metal sites (Fig. 4b and c). This controlled electron transfer mechanism
holds promise for optimizing the catalytic efficiency of LDH-based
materials.

3.2. Synthesis methods for LDHs

In here we will go over some of the ways that LDHs can be synthe-
sized, such co-precipitation, hydrothermal synthesis, urea hydrolysis,
and sol-gel procedures. LDH synthesis methods like co-precipitation and
urea hydrolysis are well-established and suitable for industrial-scale
production.

The co-precipitation technique is a primary method for synthesizing
LDHs where a super-saturated solution of metal salts is utilized to
simultaneously precipitate M(OH), and M(OH)s. In here, maintaining a
basic pH (9-10) is crucial for effective hydrotalcite formation, as low pH
may hinder metal precipitation while excessively high pH could cause
metal dissolution. Subsequent thermal treatment and aging enhance
crystallinity, forming a brucite-like positive sheet composed of divalent
and trivalent cations with solvated interlayer anions. For instance, Jiang
et al. successfully synthesized MgAl-LDH using a supersaturated co-
preciptation method, yielding a mesoporous structure [108]. The rich
surface active groups and large interlayer distances provided ample

PS-CoAl LDHs
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Fig. 4. (a) Illustration of the rapid preparation of CoAl LDHs with Al>* vacancies and $2~ regulation by the modified water DBD plasma treatment. Reproduced with
modifications with the permission of The Royal Society of Chemistry from Ref. [126]; (b) Electronic transfer between anion interlayer and hydroxide layers, (c)
Relationship between onset potential and the standard redox potential of some common anions. Reproduced with modifications with the permission of Springer

from Ref. [127].
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active sites for NO3 adsorption achieved ultrathin 2D nanosheets of
CoFe-LDH catalysts through co-precipitation using hexamethylenetet-
ramine as a precipitating agent, while Hussein et al. developed
Mg/Al/Fe mixed oxides derived from layered-double-hydroxide (LDH)
precursors using co-preciptation method which resulted in good redox
activity for thermochemical CO3 splitting with high CO prodiction rate
[109]. Though, challenges arise with transition metals like Fe3+, which
tend to form gel-like hydroxides at low pH values complicating homo-
geneous precipitation, the use of urea or hexamethylenetetramine as
hydrolysis agents, highly crystallized transition metal-LDHs microplates
have been synthesized via hydrothermal methods.

The hydrothermal method, known for its simplicity, involves mixing
metal salts and precipitating agents such as NaOH, NayCOs, Urea, etc. in
a Teflon container with solvents like water or organic solvents(such as
ethanol, dimethyl formamide), followed by thermal treatment [110,
111]. It is noteworthy, the morphology, structure, and size of LDHs
nanocrystals can be affected by concentration of hydroxyl anions, re-
action temperature, and time respectively. This method, although ver-
satile, lacks precise control over LDH growth and composition due to
sealed reaction conditions. Wang et al. produced CapAl-NO3 and
Mg3Al-CO3 LDHs using a continuous-flow hydrothermal methodwhere
the particle size and shape were controlled by the recation temepratute
and pressure [112]. The hydrothermal process can be modified by using
urea as a precipitating agent in urea hydrolysis, which can be regulated
to produce ammonium cyanate (NH**) and NCO™ in aqueous solutions
[113].

Another notable approach involves electrochemical deposition, as
demomnstrated by jin et al. enabling the synthesis of Ni-Co LDHs with a
coaxial nanotube array structure [114]. Typically, this method involves
the formation of self-supported LDH films on conductive substrates
using two or three-electrode setups. Conductive substrates serve as
cathodic sites for electro-precipitation, while a metal aqueous solution,
often containing nitrate or sulfate ions, serves as the electrolyte.
Applying a negative potential triggers cathodic currents via water
reduction, leading to the precipitation of LDHs. Furthermore, factors
such as metal salt types, temperature, deposition current, and salt con-
centration significantly influence the phase composition, morphology,
and crystallinity of hydroxides or LDHs. This technique emerges as a
straightforward, time-saving, and eco-friendly approach to LDH syn-
thesis. Additionally, recent advancements in microwave-assisted
methods have also broadened the horizon of LDH synthesis, intro-
ducing diverse structures such as core-shell, nanocone, and nanoflower
configurations. Microwave treatment enables quick processing, leading
to improved crystallinity and high specific surface areas [115]. The
mechanism involves smaller particles dissolving and precipitating onto
larger existing crystals, resulting in more abundant and well-crystallized
materials. Microwave heating ensures uniform heating due to the
interaction of microwaves with materials, promoting dipole
re-orientation in dielectrics and reducing thermal gradients typically
seen in conventional heating methods [116]. Moreover, the exfoliation
of bulk LDHs presents a top-down approach to obtain LDHs nanosheets,
with liquid exfoliation methods leveraging ultrasonic assistance for
delamination [117]. Plasma technology also emerges as a promising
method for LDHs nanosheet preparation, harnessing high-energy active
particles to break interlayer connections and obtain ultrathin LDHs
nanosheets [118].

3.3. Electrocatalytic performance of LDHs for CO, reduction

In this segment, we discuss some key examples of LDH-based elec-
trocatalysts emphasizing their robust performance in CO; reduction as
their structure shows great. Morphology, composition, and structure are
pivotal in defining LDH functionality, with tailored properties enabling
superior electrocatalyst design. Modification of LDHs interfaces en-
hances heterostructure activity, while chemically-exfoliated LDH
nanosheets offer uniform shape and size, crucial for catalytic efficacy.
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LDH’s brucite section allows versatile tuning of metal components,
heteroatom doping, and defect engineering, optimizing electron trans-
port and active site activity. Various fabrication strategies cater to LDHs
unique 2D platform, enabling versatile nanoscale heterostructure
manufacturing.

3.3.1. LDH for COz conversion into methane and methanol

Nickel, known for its cost-effectiveness and availability, is a key
component in catalysts used for the methanation process [119]. Tradi-
tional methods like incipient wetness impregnation (IWI) are commonly
employed for catalyst preparation. However, catalysts synthesized
through the IWI method often exhibit larger nanoparticle sizes and poor
metal dispersion, leading to poor reaction rates and limited catalytic
stability over time. To address these drawbacks, researchers have turned
to layered double hydroxides (LDHs) as promising precursors for cata-
lyst synthesis. LDHs offer a unique atomic-scale arrangement of cations
and anions, making them ideal candidates for preparing catalysts with
highly dispersed nanoparticles, even at high metal loadings. The for-
mation of highly dispersed metal nanoparticles within the LDH-derived
mixed oxide matrix enhances catalytic stability by promoting efficient
metal-support interactions [120]. This strong interaction helps mitigate
issues such as nanoparticle aggregation and metal leaching, which are
common concerns in catalysts prepared using conventional methods.
Consequently, catalysts derived from LDH precursors exhibit improved
performance and longevity in methanation reactions, making them
highly desirable for industrial applications requiring stable and efficient
catalytic processes. For example, Guo et al. syntheiszed highly dispersed
Ni catalysts supported on metal oxides with different Ni2*/AI** molar
ratios for COz methanation (Fig. 5a) [121]. The as prepared cataltyst
had the highest catalytic activity, converting 89.4 % CO; and selecting
99 % CH4 at low temeprtaure (Fig. 5c and d). Its enhanced catalytic
activity at low temperatures was attributed to its basic property, readily
reducible NiO species, and synergistic effect between metal nano-
particles and base sites, rather than surface area. Adjusting the
Ni2*/AI®* ratios facilitated control over the reducing property and base
site density. In another study, NiAl-LDHs were synthesized using
NaY-zeolite as the source of aluminum, followed by the preparation of
Ni-based catalysts embedded on an AlOy substrate through an in-situ
reduction of LDHs [122]. The AlOy substrate provided effective isola-
tion, enhancing the high-temperature stability of the Ni-based catalyst.
The catalyst exhibited high performance, achieving CO, conversion and
CH,4 selectivity of 87.5 % and 100 %, respectively. Importantly, the
catalyst maintained its activity over 200 h of continuous reaction at 350
°C, attributed to the confinement provided by the AlOy substrate, which
mitigated undesired agglomeration and sintering of Ni particles. Further
investigations involving Ni, Co, and Al-based catalysts prepared by
coprecipitation revealed that the Ni-based catalyst outperformed the
others, exhibiting CO, conversions of up to 90 % and complete CHy
selectivity between 300 and 350 °C [123]. This superior performance of
NiAl catalyst was mainly attributed to its higher density of basic sites,
along with a larger surface area, smaller crystallite size, and enhanced
reducibility. Conversely, the CoAl catalyst displayed a lower number of
total basic sites, resulting in reduced interaction with CO3 and conse-
quently lower CO5 conversion compared to NiAl, achieving 100 % CH4
selectivity. Moreover, both catalysts demonstrated remarkable stability
during a 300-minute time-on-stream at 400 °C, with no significant signs
of deactivation observed. Moreover, both catalysts demonstrated
remarkable stability for Shr at 400 °C, with no significant signs of
deactivation observed.

The conversion of CO5 into methanol represents a promising method
for sustainable fuel and chemical production and researchers have been
concentrating their efforts on Cu, Zn and Al,O3 catalysts for decades due
to the high activity of these catalysts as well as their cost-effectiveness.
For example, hierarchical Cu/Zn/Al nanocatalysts to enhance methanol
yield from CO2 hydrogenation, leveraging LDHs nanosheets and metal-
organic frameworks (MOF) nanoparticles as dual solid precursors were
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devised [124]. Through an in-situ growth approach under mild condi-
tions, uniform deposition of Zn-BTC nanoparticles onto the surface of
CuAl LDH can be achieved (Fig. 6). Interestingly, pretreating the LDH
with acetone proved effective in exfoliating the sheet-like structure,
augmenting specific surface area, and aiding in the immobilization of
Zn-BTC nanoparticles. This optimization led to a significant enhance-
ment in CO hydrogenation performance, with methanol selectivity
exceeding 90 %. In-situ DRIFTS analysis revealed that the promotion of
methanol formation by ZnO, derived from Zn-BTC, primarily stemmed
from the increased formation of *CH30 intermediates rather than *CO
and *HCOO species on the catalyst surface. This comprehensive
approach offers promising insights into improving the efficiency of CO,
hydrogenation for methanol synthesis.

Recently, efforts have been made to integrate zirconium (Zr) into the
conventional Cu-Zn catalyst system due to its ability to facilitate the
formation of smaller copper particles, enhance copper dispersion, and
help in the stabilization of active copper by inhibiting sintering and
agglomeration during reaction [125]. In order to improve the catalytic
performance of CuO-ZnO-ZrO,, considerable attention has been directed
towards dispersing it onto porous substrates like silica, alumina, and
carbon nanotubes [126]. Among these, layered double hydroxides
(LDHs) have emerged as a particularly promising support material due
to their unique structure and properties. LDHs comprise metal hydroxide
layers with a positive charge and interlayers with a negative charge,
offering significant potential as catalyst carriers. In their studies, Fang
et al. investigated a novel appraoch tilizing a layered double hydroxide
(LDH), specifically Mg-Al LDH, as a carrier for Cu-ZnO-ZrO, catalysts via
co-precipitation (Fig. 7a) [127]. Characterization revealed the forma-
tion of CuO-ZnO-ZrO2 nanoparticles uniformly dispersed and anchored
onto the LDH surface (Fig. 7b). Notably, the catalyst exhibited a
remarkable enhancement in both BET surface area and copper disper-
sion, leading to a dramatic methanol selectivity of 78.3 % (Fig. 7d).
Remarkably, the CuO-ZnO-ZrO2 catalyst exhibited doubled space time
yield based on active metal compared to commercial counterparts under
mild reaction conditions, indicating heightened copper utilization effi-
ciency facilitated by LDH. The observed performance enhancement may
be attributed to the LDH-derived amorphous oxide’s increased COy
adsorption capacity, enriching the concentration of adsorbed CO, near
active metal sites.

Carbon Trends 16 (2024) 100384

3.3.2. LDH for CO3 conversion into carbon monoxide(CO)

Theoretical studies highlight the involvement of diverse in-
termediates in CO production on catalyst surfaces during CO, electro-
catalytic reduction, combining electrochemical and thermochemical
reactions (Egs. (1-3)) [128]. Concurrently, hydrogen evolution reactions
(HER) occur at the cathode, further influencing CO5 reduction (Egs.
(4-5)).

COy+(H +e7)—*COOH (€))
*COOH+(H"+e)—*CO+H,0 )
*CO+Hy0-CO(g)+H20 3)
H'4e —*H 4
*H+(H+e)—Hy (5)

Although Au/Ag based catalysts demonstrate high efficiency in CO»
conversion to CO, their commercial viability is hindered by cost and
stability concerns [129]. Layered double hydroxides (LDHs) offer
unique advantages including interlayer anion exchangeability and
tunability, yet suffer from drawbacks such as low electrical conductivity
and stability. To address these limitations, graphene and its derivatives
emerge as promising solutions due to their exceptional properties
including ultra-thin structure, mechanical robustness, large surface
area, and high electron transfer capacity. Incorporating LDHs onto
conductive substrates enhances LDH conductivity, stability, and
dispersion, ultimately offering a pathway to overcome the challenges
associated with LDH-based electrocatalysis [130]. Liu’s group synthe-
sized nickel-doped layered boehmite (Ni-AlO(OH)3) directly on reduced
graphene oxide (RGO), forming composites with enhanced electrical
conductivity and numerous active sites and promoting the formation of
pore channels conducive to active site exposure, reactant/product
adsorption, and desorption [131]. Ni-AIO(OH)3s@RGO exhibited the
highest CO FE of 92.20 %, while AIO(OH)@RGO and Ni(OH),@RGO
exhibited CO FE values of 44.9 % and 88.2 %, respectively, indicative of
the significant enhancement in the efficiency of CO; reduction to CO
facilitated by the combination of double metal hydroxide and
nitrogen-doped RGO. The catalyst’s outstanding performance stemmed
from its abundant edge sites and defects, promoting the chemical
adsorption of reactants and intermediates, while its high dispersion and
extensive pore networks facilitated CO5 and electrolyte transmission,
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enhancing ECR reaction kinetics. In another study, CuMgAl-LDHs
(Layered double hydroxides) served as precursors to produce sup-
ported Cu catalysts with excellent dispersion and stability (Fig. 8a).
Reduction of CuMgAI-LDH at 400 °C resulted in the formation of
CuMgAI-LDH, featuring well-dispersed Cu nanoparticles on MgO/Al;,03
[132]. Achieving a CO, conversion of 33.5 % with nearly 100 % selec-
tivity to CO at 350 °C under high space velocity sets a new benchmark
for Cu-based catalysts, particularly at lower reaction temperatures.
In-situ DRIFTS and CO,-TPD analyses (Fig. 8c) elucidated that its su-
perior performance stems from the high Cu dispersion, facilitating Hy
dissociation, and the presence of diverse basic sites facilitating CO5
adsorption for formate formation. This underscores the potential of
LDHs in crafting supported metal catalysts. This comprehensive inves-
tigation underscores the versatility and efficacy of LDHs as precursor
materials for developing advanced supported metal catalysts, show-
casing their potential in green energy conversion processes. Further-
more, cadmium-aluminum layered bimetallic hydroxide nanoparticles
(CdAI-LDHs) were synthesized via electrochemical deposition, offering
insights into their electrocatalytic behavior [133]. Notably, CdAl-LDHs
exhibited remarkable selectivity towards CO production in the pres-
ence of 2 %-BMIM(PF¢)/DMF electrolyte, showcasing a CO Faraday ef-
ficiency of 99.71 % and a CO partial current density of 22.13 mA cm 2,
rivaling or surpassing noble metal catalysts. In addition, the catalyst
demonstrated exceptional stability over 30 h of continuous operation
with minimal degradation throughout the reaction cycle. The synthesis
method not only overcomes the limitations of traditional hydrothermal
synthesis but also offers practical implications for industrial-scale elec-
trocatalytic applications, underscoring the potential of CdAI-LDHs as
cost-effective alternatives to noble metal catalysts.

4. Metal organic framework-based catalysts for electrocatalytic
CO5 reduction

During the last decades, research groups have extensively investi-
gated the application of MOFs as catalysts for hydrogen production by
electrochemical and photocatalytic pathway.

Scientists have scrutinized on the many unique features of MOFs,
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involving sizeable specific surface area, tunable architecture, rich
morphological structure, easy modifying of the structural component,
and act as the ideal platforms for the fabrication of different materials.
Additionally, MOFs have been scrutinized as catalysts for hydrogen and
oxygen production, and the electrochemical reactions were imple-
mented in acidic and alkaline media. Summary of some MOF-based
electrocatalysts for CO, reduction were provided in Table 2.

4.1. Structure and properties of MOFs

The different structure of MOFs such as 2D and 3D nanosheet pro-
vides large surface areas, high permanent porosity, exposed metal sites
and guarantee accessible active centers for the adsorption CO5 mole-
cules which in return improves the electrocatalytic activity. In fact,
MOFs have recorded the highest specific surface area and CO; storage of
all porous material families [134-136,55]. In 2010, MOF-210 was suc-
cessfully synthesized by Furukawa et al. [134]. This structure exhibited
an ultrahigh pore volume of 3.6 m® g~! and an excellent CO, uptake
capacity of 2870 mg g}, that is the best among all reported studies.
These features help CO, molecules access active sites on MOFs, thus
facilitating improvement of catalytic activity for CO, reduction. In
addition, the wide variety of chemical options encourages the tailoring
of structural MOFs for specific applications [137,138]. Pristine MOFs
can display catalytic activity on both metal nodes and organic compo-
nents [139]. On the other hand, conductivity is important in electro-
catalysis. Because electrical conductivity is a characteristic of a material
that quantifies the effectiveness of the charge transport. Therefore,
conductive MOFs have been developed for CO, reduction applications
due to their high charge-carrier mobilities and adjustable
catalytic/redox-active centers [140,141]. Moreover, MOFs having low
conductivity usually are mixed with high conductive material (carbon
black, graphene oxide) for enhanced electron transfer, leading to the
accelerating electrochemical performance [142]. Beside, MOFs are ideal
precursors to the well-distribution of metal nanoparticles in organic
frameworks under operation condition, which accelerating for CO,
reduction [143,144]. Furthermore, strategies such as size engineering
[145], heterostructure formation [146-150] and new ligand structures
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Table 2
Summary of MOF-based electrocatalysts for CO, reduction reaction.

Materials Electrolyte Product FE [%] Peak potential [V] Current density (mA cm™2) Ref.

Ni(Im) nanosheets 5 nm 0.5 M KHCO3 (pH 7.2) Cco 78.8 —0.85 vs. RHE 7.0 [164]
TCPP(Co)/ZrBTB-PSABA 0.5 M KHCO3 (pH 7.3) (¢0) 85.1 —0.769 vs. RHE 5.8 [165]
ZIF-8 0.5 M NaCl CO 65 —1.14 vs. RHE ~5.3 [166]
ZIF-8 0.25 M K5SO4 (pH 4.2) Co 81 —1.1 vs. RHE ~12.0 [167]
ZIF-108 0.25 M K5SO4 (pH 4.2) (¢0) 52 —1.3 vs. RHE 12.8 [167]
PCN-222(Fe) 0.5 M KHCO3 (pH 7.3) Cco 91 —0.6 vs. RHE 1.2 [170]
Al,(OH),TCPP-Co-MOF 0.5 M K,CO3 Co 76 —0.7 vs. RHE ~ 1.0 [168]
Co-PMOF 0.5 M KHCO3 (pH 7.2) Cco 99 —0.8 vs. RHE 18.08 [187]
NNU-15 0.5 M KHCO3 (pH 7.2) Cco 99.2 —0.6 vs. RHE 32.2 [169]
Cu-BTC 0.5 M KHCO3 CoHsOH 10.3 —0.28 vs. RHE 10.0 [178]
Cu-BTC 0.01 M TBATFB/DMF Oxalic acid 51 —2.5vs. Ag/Ag*t 19.22 [176]
Cu,(CuTCPP) nanosheet 1 M H,0/0.5 M EMIMBF4 HCOO™ 68.4 —1.55 vs. Ag/AgJr 3.5 [188]
CR-MOF 0.5 M KHCOs3 (pH 7.7) HCOOH > 98 —1.2 vs. SHE 21.5 [175]
0D Cu/C-1000 0.1 M KHCO3 (pH 6.8) CH3;0OH 43.2 —0.3 vs. RHE 1.0 [184]
Cu,O@Cu-MOF 0.1 M KHCO3 (pH 6.8) CH4 63.2 —1.71 vs. RHE 8.4 [189]
ZIF-CNT-FA-p 0.1 M NaHCO3 Cco 100 —0.86 vs. RHE 7.7 [190]
Ag,0/layered ZIF 0.25 M K3SO4 Co 80.6 —1.2 vs. RHE 325 [191]
Co/Zn ZIF derived Co-N, 0.5 M KHCO3 (pH 7.2) (¢0) 94 —0.68 vs. RHE 18.1 [192]
ZIF-8-derived NC 0.5 M KHCO3 Co 95.4 —0.5 vs. RHE 5.5 [193]

[151,152] were also investigated to boost the electrocatalytic perfor-
mances of MOF catalysts. The topic will be discussed with examples in
the later part.

4.2. Synthesis methods for MOFs

Various synthesis methods for metal-organic frameworks (MOFs) are
discussed, including solvothermal/hydrothermal [153,154], microwave
[155], electrochemical [156], mechanochemical [157], and
sono-chemical approaches. Their synthesis involves several factors such
as reaction conditions, solvent choice, metal ions, organic ligands, and
crystallization kinetics [158]. In addition, purification and activation
steps are crucial, with purification necessary for catalytic applications to
remove impurities [159]. Activation involves emptying pores, often
challenging without damaging the framework. Factors such as initial
component ratio and synthesis temperature can also influence proper-
ties like thermal stability.

The solvothermal/hydrothermal technique relies on the self-
assembly of products from soluble precursors, originally applied in
zeolite synthesis but now applied to MOFs such as ZIFs and MILs as well.
The reaction takes place in sealed containers utilizing polar solvents and
occurs at temperatures ranging from 50 to 260 °C, often lasting for hours
or days. Teflon-lined autoclaves are employed for reactions needing
temperatures above 400 °C. Higher temperatures aid bond formation
and crystallization, influencing crystal shape, though prolonged reac-
tion times can lead to product decomposition [160]. For example,
Mokaya et al. synthesized organoclay and copper-based MOF via sol-
vothermal method, with the organoclay obtained by intercalating thio-
nin into Cameroonian clay [161]. The resulting Sa-TN5y/Cus(BTC)2
composite demonstrated enhanced electrocatalytic behavior.

The microwave-assisted method relies on electromagnetic waves
interacting with materials, enhancing energy efficiency to produce small
metal and oxide particles. Solutions are heated by microwaves for an
hour or longer to form nanosized metal crystals, although this method
has not been widely used for crystalline MOF synthesis [162]. Never-
theless, it offers rapid synthesis and precise control over particle shape
and size.

The mechano-chemical approach involves grinding chemicals to
create coordination bonds at room temperature, often without solvents,
resulting in 1D, 2D. The method accelerates reactions through me-
chanical forces, enhancing mass transfer, reducing particle size, and
inducing localized heating showing promise as an alternative to tradi-
tional solvothermal synthesis, producing MOFs with high purity and
porosity [163].
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4.3. MOF for CO; conversion into carbon monoxide

4.3.1. 2D mof nanosheets

2D MOFs have emerged as a young member of the 2D material group.
Compared to bulk MOFs, 2D MOF nanosheets have numerous
outstanding properties, such as the capability to form ultrathin films,
large surface areas, and accessible active centers, which enhance their
performance in the area of catalysis. For instance, Wu et al. prepared 2D
Ni (II) imidazole (Im)-based zeolitic imidazole framework (ZIF) nano-
layers as electrocatalysts for COoRR [164]. 2D Ni(Im), sheets with
various thicknesses were synthesized using different centrifugation
forces. The result indicates that the 2D Ni(Im), having a thickness of five
nanometer exhibits a high CO selectivity (FEco = 78.8 % at —0.85 V vs.
RHE), whiles bulk Ni(Im), exhibits an FEco of 33.7 %. The improved
performance is ascribed to the increased surface-active site density from
the bulk phase to the nanoscale. This work also examines the impact of
ammonium hydroxide (NH4OH) on the catalytic activity of the
5-nm-thick 2D Ni(Im),. The authors found that 5 ml of NH40H is an
optimal volume for the synthesis of 2D Ni(Im); at 5 nm and results in the
best performance for CO2RR.

Another 2D MOF was illustrated by Zhang et al. [165]. The authors
grafted TCPP(Co) ((5, 10, 15, 20)-tetrakis (4-carboxyphenyl)
porphyrin)) on a substrate of ZrBTB nanosheet, as shown in Fig. 9a. This
catalyst exhibits a great TOF value of 4768 h~! (at 0.919 V vs. RHE) and
an FEqo of above 77% (at 0.769 V vs. RHE), as displayed in Fig. 9b. In
comparison, TCPP(Co) exhibits a relatively high FEco of 75.4 % (at
—0.896 V vs. RHE). However, its overpotential is higher than that of
TCPP(Co)/ZrBTB, implying a lower energy conversion, while CO is not
found for ZrBTB. To enhance the catalytic activity of TCPP(Co)/ZrBTB
nanosheets, various chemicals including p-(aminomethyl)benzoic acid
(PABA), psulfobebzoic acid potassium (PSBA), and p-sulfamidobenzoic
acid (PSABA) were grafted on the original material. The results reveal
that TCPP(Co)/ZrBTB-PSABA produces the highest yield with FE¢o of
85.1 %, whereas the yields of TCPP(Co)/ZrBTB-PABA and TCPP
(Co)/ZrBTB-PSBA are 78.7 % and 81.5 %, respectively. In addition,
TCPP(Co)/ZrBTB-PSABA exhibits a TOF of 5315 h™!, which is larger
than that reported in the previous studies on MOF materials. The
improved performance is attributed to the steric effect induced by the
modifier molecules. These molecules cover Zr sites, impeding hydrogen
production, thus facilitating CO3 reduction.

4.3.2. 3DMOFs

4.3.2.1. Zinc-based MOFs. MOFs have been of interest in many areas
due to their unique characteristics such as ultrahigh porosity and
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Fig. 9. (a) Crystal structure of TCPP(Co)/ZrBTB nanosheet. Gray is C, blue is N, red is O, bright green is Co, pale blue is Zr, and cyan is H; (b) and (c) CO Faradaic
efficiency for different samples at different operating voltages. Reproduced with permission from ref. [165]; Copyright 2019 WILEY.

tunable architecture, facilitating catalytic reactions. In addition, MOFs
contain metal cations and organic ligands that can operate as catalytic
sites. Zn metal was recognized as a suitable alternative as a metal node
for converting CO into CO, owing to its cost and performance. More-
over, Zn-based MOFs have been utilized as electrocatalysts for CO5
conversion. For instance, Wang and co-workers. successfully synthe-
sized a zinc zeolitic imidazole framework (ZIF) from various precursors
for electrocatalytic CO; reduction [166]. The results revealed that ZIF-8
formed from ZnSO4 gave the highest yield for converting CO, into CO,
with an FE of 65 %. The authors doubted that the Zn?* sites have a
crucial function in the catalytic reaction. Therefore, a Co-based MOF
(ZIF-67) was prepared with an identical linker for comparison. CO was
not detected in the ZIF-67 sample as an electrocatalyst. In addition, an
appropriate solution of NaCl is also found for the CO, reduction process.

Another study demonstrated that the role of imidazole linker in ZIF
structures is also essential in CO, conversion. Jiang et al. fabricated a
series of ZIF structures with various linkers, including 2-methylimida-
zole, 2-nitroimidazole, benzimidazole, and 4-methyl-5-imidazolecar-
boxaldehyde, which resulted in the formation of ZIF-8, ZIF-108, ZIF-7,
and SIM-1, respectively [167]. These materials were investigated for
catalytic activity under identical conditions to estimate the role of
imidazole linkers in CO5 reduction. The results reveal that ZIF-8 with
2-methylimidazole displays the best yield for transforming CO, to CO
with an FE of 81% (at —1.1 V vs. RHE), whereas ZIF-108 produces the
largest CO current density of 12.8 mA cm 2 (at —1.3 V vs. RHE), as
shown in Fig. 10a. The reaction mechanism was studied by

11

computational chemistry using density function theory (DFT). The COy
molecule is predicted to be adsorbed on the C(sp?) atoms of the imid-
azole linkers, as displayed in Fig. 10a-b. The free energy of *COOH on
the Zn node is higher than that on the linker of ZIFs. The *COOH and *H
adsorption free energies displayed in Fig. 10c-d explain why ZIF-8 is the
best catalyst among the four materials for CO;RR. ZIF-8 exhibits the
lowest free energy of *H adsorption, implying that ZIF-8 has a high
selectivity for CO, reduction.

4.3.2.2. Cobalt-based MOFs. Cobalt (Co) can exist in various reduction-
oxidation states, including Co(I), Co(II), Co(III), and Co(IV). Therefore,
Co-based materials are considered promising catalysts in the heteroge-
neous phase. Co-based MOFs have also been investigated for electro-
catalysis like hydrogen production and CO; reduction. Because MOFs
are inherently low conductivity materials, they are usually formed on
conductive wafers involving fluorine-doped tin oxide (FTO), graphene,
carbon paper, etc., that are used as electrodes in chemical reactions. For
example, Kornienko et al. prepared a thin layer of Al;(OH),TCPP-Co on
FTO, which was utilized as a cathode for CO, reduction [168]. This
catalyst displays a high selectivity for CO, with an FE of 76% (at —0.7 V
vs. RHE). The proposed reaction mechanism determined that Co(I)
created from one-electron reduction plays a role as a catalytic site in
electrocatalytic CO2RR. The formation of Co(I) active sites under reac-
tion conditions and Tafel slope of 165 mV/decade reveals that the re-
action mechanism can occur two cases: a CO5 molecule adsorbs onto a
Co(I) porphyrin coupled with a one-electron reduction or a one-electron
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reduction of a Co(I) with CO, product.Recently, Huang et al. successfully
fabricated a single crystal of NNU-15 for CO3RR [169], as displayed in
Fig. 11a. This material displays a very high selectivity of above 99% (at
—0.6 V vs. RHE) for converting CO, into CO. In addition, the catalyst
also shows high durability after testing for 110 h, as illustrated in
Fig. 11b. The reaction mechanism suggests that CO5 is adsorbed on Co
sites and then converted to HCO3 through hydroxide ions (OH™),
whereas Co(I) operates as an electrocatalytic site for CO5 reduction, as
shown in Fig. 11c-d. This mechanism was confirmed by a computational
simulation. The free energies of the transition states are illustrated in
Fig. 11le.

4.3.2.3. Iron-based MOFs. Like cobalt-based MOFs, Fe-based MOFs
have been recognized as efficient electrocatalysts in CO5 reduction ap-
plications. For instance, Dong and co-workers introduced a composite of
PCN-222(Fe)/C that was used as a catalyst for COoRR [170]. The crystal
structure and morphology of PCN-222(Fe) are displayed in Fig. 12a-b.
The results reveal that PCN-222(Fe)/C with a mass ratio of % is an
optimal sample for electrocatalytic COoRR. This catalyst displays the
highest FE¢o of 91 % in the first two h and is maintained at a high FEco
after testing for ten hours, as shown in Fig. 12¢. In addition, Fig. 12d
implies that the electrode is stable for 10 testing hours. Another study
based on Fe-based MOF was provided by Hod et al. [171]. Fe-MOF-525
was grown on FTO, which was used as a cathode for CO5 conversion.
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This catalyst exhibits an FE of 54 % for CO and 45 % for Hj in the
absence of 2,2,2-trifluoroethanol (TFE). FE¢q is promoted from 54 % to
60 % with TFE in the electrolyte.

4.3.3. MOF-derived composites as electrocatalysts

Pristine MOFs have been scrutinized for the transformation of CO5 to
valuable chemicals, as mentioned above. However, the low charge
conduction restricts their application in electrocatalytic reactions.
Therefore, many approaches have been developed to alter MOF’s
properties for increased catalytic activity. In terms of electrocatalytic
CO-RR, MOFs have also been utilized as initial molecules to create
composites for efficient catalysis. In particular, they could be combined
into the adjustable pores of MOF structures or bounded by MOF sheets to
fabricate MOF composites with core-shell architectures, which expedi-
tiously impede the loss of active centers [172].

4.3.3.1. MOF-derived metal nanoparticles. Cu is an extremely desirable
catalyst for CO, conversion due to its availability, inexpensive and the
ability to produce several chemicals. The role of the morphology of Cu-
related electrodes is significant in CO; conversion by the electro-
chemical process with high selectivity. In particular, Cu nanoparticles
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with few nanometer sizes are very desirable for electrocatalytic CO»
reduction because of their resistant to electrochemically caused aggre-
gation. Hupp et al. reported on the results of a thin layer of NU-1000
uniformly interspersed with Cu®" centers via a solution-phase analog
of atomic layer deposition in MOFs (SIM). Metallic Cu NPs were formed
by electrochemical reduction of Cu in the film inhibited by the networks
of the MOF, following in an electroactive Cu-SIM NU1000 thin layer for
CO, conversion [172].

In one study, Luna et al. illustrate an exciting work by using Au
nanoarchitecture microelectrodes (AuNMEs) as a template to deposit
various MOF materials through two-step of layer-layer and solvothermal
technique toward CO> conversion. The result indicated the usage of
MOF prevents the formation of CO and generates a little content of
methane and ethane on AuNMESs. Besides, the CO creation can be
detected when a voltage of —1.0 V (vs. RHE) was applied for the elec-
trochemical system, which was attribute to the MOF decomposition
[173].

4.3.3.2. Metal nanoparticles/MOF hybrid structure. Buonsanti et al.
fabricated a hybrid structure of Ag@AI-PMOF for CO, conversion by the
electrocatalytic method [174]. The as-synthesized Ag@AI-PMOF
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architecture exhibited about two times higher than that of Ag alone to
transform CO, into carbon monoxide and a drastic reduction in
hydrogen production. Consequently, the Ag/Al-PMOF interface showed
a very enhanced catalytic performance. The synthetic tunability boosts
the transport of charge from MOF structure to nanocrystals, while the
mass transport was improved by the porous structure of MOF film.

In addition to anchoring metal NPs, another approach to address the
low electron-donating ability and electronic conductivity of MOFs was
illustrated by Lan et al., where an implanted metallocene (MCp2) was
utilized as a promising electron donor and transporter to enhance the
charge density of the MOF architecture. As a result, MCp,@MOF-545-Co
shows a high yield for CO3 conversion by electrochemical technique. In
Particular, CoCp2@MOF545-Co gave a high selectivity for converting
CO;, to CO with an FE of 97 % at —0.7 V vs. RHE.

4.4. MOFs for CO2 conversion into formate, formic acid, alcohols, and
hydrocarbons

4.4.1. MOFs for CO conversion into formate, formic acid

Hinogami et al. synthesized and estimated the catalytic performance
of copper rubeanate MOF (CR-MOF) in CO5RR [175]. This work reveals
that CR-MOF exhibits a high selectivity for the formation of HCOOH
with a speed of 13.4 umol/cm?/h, which is 13 times faster than that of
the Cu electrode. The reason for this being that the electron density of
CR-MOF is lower than that of Cu metal, leading to the weak interaction
between CO, and CR-MOF, which facilitates the formation of HCOOH.
Another study on Cu-based MOFs was reported by Kumar for the se-
lective electroreduction of carbon-dioxide to form oxalic acid [176]. The
authors scrutinized the influence of the solvent on the performance of
Cu3(BTC); for CO2 reduction. HCOOH was formed with a high purity of

14

90 %, and FE was 51 % in a mixture of N, N-dimethylformamide (DMF)
and tetrabutylammonium tetrafluoroborate (TBATFB) (Fig. 13). The
improved yield is attributed to the formation of Cu(I) centers, facili-
tating the generation of HCOOH. The reaction mechanism suggests that
HCOO™ is created from the dimerization process of CO3~, taking a
proton from DMF to generate HCOOH. Bi-based MOFs were also
explored in electro-reduction of CO; to formate. For instance, Lamagni
and co-workers convert Bi(btb) into Bi nanoparticles as efficient cata-
lysts for HCOO™ generation [143]. This material exhibited an excellent
catalytic activity with very high FE (approximately 95%), which was
ascribed to the well-dispersion Bi in the organic framework.

Recently, a new MOF of MFM-300(In) was grown on an In foil by the
electrochemical method for the electrocatalytic CO, conversion [177].
The work indicated that MFM-300(In)/In displayed a high-performance
(FEgcoou of 91.1%) and outstanding durability. This account also
revealed that MFM-300(In)/In gives better catalytic activity than
MFM-300(In)/carbon paper. The result was attributed to the excellent
contact between MOF and In substrated in the synthetic process.

4.4.2. MOFs for COz conversion into alcohols and hydrocarbons
Alcohols, including ethanol and methanol, were evaluated as high
energy density fuels. The reduction of CO, by MOF-catalysts is a
promising pathway to produce the alcohols because of its facial exper-
iment process. Cathode made from Cu-based MOFs is usually utilized
toward the conversion of CO; into methanol or ethanol. For example,
Albo et al. investigated the catalytic activity of various Cu-MOFs for CO2
reduction [178]. The study revealed that HKUST-1 showed the highest
performance with a FE of 15.9 % for methanol and ethanol formation.
Later, they improved CO reduction performance by mixing HKUST-1
with a Bi-based MOF (CAU-17) [179]. The authors found that the
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optimal sample exhibited a high FEyjconols 0f 36.9%. The reason for this
being that Cu/Bi-MOF created a synergic influence, which plays a vital
role in facilitating interaction between active moieties and transition
states. Perfecto-Irigaray and co-workers reported another work related
to the HKUST-1 for CO transformation [180]. Various metals doping
(Pd, Zn, and Ru) was conducted to improve the electrocatalytic activity
of HKUST-1. The authors found that Ru-doped HKUST-1 exhibited the
best activity with a FE of 47.2 % for methanol and ethanol. However, its
performance was reduced above three times after an hour of operation.

On the other hand, methane and ethylene were also considered as
useful compounds in particular applications. To date, using MOFs as
electrocatalysts to transform CO; to hydrocarbons is still limited.
Recently, Yang et al. illustrated a potential MOF in the reduction of CO,
to methane and ethylene [144]. Cu nanoparticles were created from
Cu'l/ade-MOFs, play as active centers for CO, reduction to CH4 and
CoHy, In addition, Li and co-workers studied the formation of methane
using molecular lignad called N-heterocyclic carbene molecules(NHCs)
[181]. This lignad have a ring structure with one nitrogen (N) atom and
one divalent carbon (C) atom in a six-electron valance shell. Copper SAS
(2Bn-Cu) was combined with NHC linker to produce methane with FE
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upto 81 %. The NHC acted as a reduction catalytic center by anchoring
the Cu SAS via the metal carbon bond. Also, the adsorption of CHO*
intermediate can be increased due to the electron donator effect of NHC.

Overall, the generation of various products depends on the natural
properties of metal sites and organic linkers. Notably, Zn -, Co -, Ni, and
Fe-based MOFs have been recognized as promising materials for COy
transformation to CO, whereas Cu-, Bi-based MOFs facilitate the trans-
formation of CO3 to formate, formic acid, alcohol, and hydrocarbons.
The reaction mechanisms were also proposed in a large number of
studies, which were based on the calculation Gibb energy of in-
termediates. Besides, the role of linkers is incredibly significant in CO2
reduction. For example, various linkers, including 2-methylimidazole, 2-
nitroimidazole, benzimidazole, and 4-methyl-5-imidazolecarboxalde-
hyde was utilized to prepare the different ZIFs for CO, reduction
application by electrochemical method [167]. The study revealed that
the imidazolate linkers play a crucial role in the adsorption of inter-
mediate species. Especially, 2-methylimidazole gave the lowest total
free energy on the proposed-reaction pathway. As a result, ZIF-8 con-
structed from 2-methylimidazole displayed the highest FE for CO»
conversion into CO. Moreover, electrolyte also influences the selectivity
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of product. As a case in point, six various electrolytes, involving
TBAB/DMF (TBAB = tetrabutylammonium bromide; DMF = dime-
thylformamide), TBAP/CH3OH (TBAB = tetrabutylammonium
perchlorate), =~ CH3COOK/CH3OH, KHCO3/H;0, TBAB/CH30H,
KBr/CH3OH was evaluated for the catalytic activity of Cu-MOF/GO for
CO5, transformation into HCOOH [142]. Authors found that TBAB/DMF
shows the largest FEgcoon (58%), whereas CH3COOK/CH3OH gave the
lowest FEycoon (15%).

5. Conclusion and outlook

In this review current progresses made in the electrocatalytic COoRR
were investigated with their corresponding examples. The utilization of
layered double hydroxides (LDHs) and metal-organic frameworks
(MOFs) as electrocatalysts for CO2 reduction holds tremendous promise
for addressing the pressing challenges of climate change and energy
sustainability. Throughout this review, we have explored the funda-
mental properties, synthesis methods, and electrocatalytic performance
of LDHs and MOFs in CO; reduction reactions. LDHs, with their layered
structure and tunable composition, offer high surface area, abundant
active sites, and excellent ion conductivity, making them highly
attractive for COy electrocatalysis. Similarly, MOFs exhibit remarkable
structural diversity, pore size controllability, and metal ion variability,
enabling tailored design and enhanced catalytic activity for COq
reduction.

Advancements in LDH- and MOF-based electrocatalysis has revealed
exciting opportunities for improving CO, conversion efficiency, selec-
tivity, and stability. LDHs have demonstrated impressive catalytic per-
formance in COy reduction, with notable achievements in enhancing
electron transfer kinetics, optimizing active site density, and mitigating
side reactions. Studies have shown that, even if a lot of developments
have been made, the efficiency and selectivity of the MOF catalyst are
low and need further improvement. Several approaches include core-
shell nanostructure, MOF/carbon material composite, and confine-
ment engineering conducted to accelerate CO3RR efficiency. First, the
core-shell nanostructure is a potential strategy for obtaining high
selectivity in CO2RR. Because it illustrates a useful way to regulate the
electronic properties of the surface environment, facilitating the
adsorption of intermediates in the catalytic process. Second, the com-
bination of MOFs with carbon materials (graphene oxide, carbon
nanotubes) is a facial approach for producing high-performance CO,RR
catalysts due to boosted electron transfer. In terms of confinement en-
gineering. The metal ions and organic linkers existing on MOFs may
effectively confine single or dual metallic atoms as high active centers
through a facial annealing process [182,183]. As a result, the perfor-
mance of the catalytic reaction is enhanced. Moreover, the development
of catalysts with high selectivity of organic small molecules and prod-
ucts having long carbon chains still is a challenging task.

For excellent electrocatalytic CO2RR performance, advancements
can be made by addressing these two areas of research. Looking for
catalysts with unique structures, properties and compositions must
remain to be the priority in electro and photoreduction of CO5 investi-
gation. Researches directed by theoretical calculation are an influential
tool for producing and studying newly found catalysts by relating the
overpotentials needed for the reaction intermediates and energy barriers
available. In addition, recent techno-economic analyses have proposed
lower limits of FE and partial current density for desired product. To
commercialize CO2RR technologies, rational reactor design with high-
performance catalysts utilizing gas-phase CO; reactant must be
preceded.
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