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Abstract

Improving carbon dioxide and nitrogen reduction reactions (CO,RRs and NRRs) can reduce
anthropogenic greenhouse gas emissions while selectively producing chemicals needed for the fuel,
plastic, and chemical industries. Efficient CO,RRs can be used to replace fossil fuels as well as
repurpose captured CO,, while new NRR pathways can be used to supplement or replace the
energy intensive Haber-Bosch process for NH; generation with no CO, emissions. Therefore, this
review article focuses on (photo)electrocatalytic and photocatalytic conversion of CO, and N,
molecules into useful products, such as carbon monoxide, methanol, formic acid, and ammonia,
using 2D transition metal dichalcogenides (TMDCs) and metal carbides/nitrides (MXenes). These
highly tunable 2D catalysts will be evaluated for their ability to selectively and efficiently undergo
CO,RR and NRR by controlling defects, phases, edge sites, interfaces, and functional groups. We
first address the CO,RR and NRR challenges, with a particular focus on theoretical mechanisms
and minimum energy pathways. We follow this discussion with a detailed review of state-of-the-
art 2D TMDC and MXene experimental catalysts for CO,RR and NRR (photo)electrocatalytic and

photocatalytic reactions, and then address areas of opportunity for these catalytic reactions.
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1. Introduction

Motivated by growing environmental concerns and the demand of sustainable feedstocks in
the chemical sector, carbon dioxide reduction reactions (CO,RR)! and nitrogen reduction reactions
(NRR)? have garnered significant attention. Improving these catalytic production processes could
reduce anthropogenic CO, and replace/supplement the Haber—Bosch process, the industrial
ammonia (NH;3) production process that consumes ~1-2% of the world’s energy production and
is responsible for ~1% of anthropogenic greenhouse gas emissions? (Scheme 1). While many new
catalysts are being researched and developed to overcome these challenges, more progress needs
to be made before these catalysts are widely deployable. One promising class of materials for such

catalytic reactions are two-dimensional (2D) layered materials.
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Scheme 1. Future CO,RR and NRR by novel 2D layered catalysts for sustainable feedstocks and

fuels.
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Since graphene was successfully isolated from graphite in 2004, 2D materials (quantum
confined in one dimension only) have thrived due to their intriguing mechanical, chemical,
electronic, and optical properties.*8 Building on the appeal of graphene, several other 2D materials
have received a surge of interest, such as 2D transition metal dichalcogenides (TMDCs), 2D
transition metal carbides/carbonitrides/nitrides (MXenes), Xenes (such as silicene, stanene, and
germanene), 2D hexagonal boron nitrides (h-BNs), 2D metals, phosphorenes, graphynes, covalent
organic frameworks (COFs), and 2D metal—organic frameworks (MOFs).>-16 We focus in this
review on 2D TMDCs and MXenes, since they are highly tunable, relatively easy to
synthesize/exfoliate, light-active, and cost-effective compared to other classes of 2D materials.
Additionally, they are composed of transition metal catalysts (e.g. Mo and W), which can be
catalytically active. TMDCs have the general formula MX,, where M is a transition metal (e.g.,
Mo or W) and X is a chalcogen (i.e., S, Se, or Te). MXenes have the typical formula of M, 11X, T,
where M is an early transition metal, X is carbon and/or nitrogen, and T is a surface functional
group (e.g., O, OH, and/or F).!”

TMDCs and MXenes are attractive for a number of catalytic applications — including water
splitting, CO,RR, and NRR — for several reasons. First, theoretical simulations have predicted that
the coordinated active sites on 2D TMDCs and MXenes lower the activation energy barriers for
chemisorption and hydrogenation of gaseous molecules (e.g., CO, and N;), which significantly
overcomes the sluggish kinetics and poor selectivity of the reactions.!® ' Second, the surface
structures, electronic states, and mechanical properties of TMDCs and M Xenes are generally more
tunable than other 2D materials to target different reactions and reduce unwanted side reactions,
e.g., the hydrogen evolution reaction (HER).?% 2! Specifically, rich tunability of the electronic

structure of the TMDCs and MXenes results from (1) the ability to combine numerous transition
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metal atoms with non-transitional metal atoms, (2) additional tunability via doping or alloying,
and (3) phase engineering via doping, strain, etc. Third, the typical transition metal elements in
TMDCs and MXenes, W and Mo for example, are roughly 250 times more abundant in the earth’s
crust than Pt and Ru (traditional metal catalysts). Sulfur is also an abundant element, and while Se
is less abundant than S (by ~3 orders of magnitude), it is ten times more abundant than Pt and Ru
and is typically produced as a byproduct of mining metal sulfide (e.g. copper sulfide) ores.?? All
of these advantages suggest that 2D TMDCs and MXenes may be promising catalysts for
eco-friendly chemical conversion to produce fuels and value-added chemicals under mild
conditions. In recent years, 2D TMDCs especially have led to a breakthrough in catalytic studies,
specifically water splitting, hydrocarbon fuel output, and chemical feedstock production.!®- 2324
While less studied for catalytic applications than TMDCs, MXenes have a number of attractive
properties for heterogeneous catalysis and are now finding their way into pioneering fundamental
and applied studies.?

To frame the research needed to realize commercially viable 2D catalysts, it is important
to note that heterogeneous catalysis relies upon a delicate balance of the thermodynamics and
kinetics of surface-reactant interactions. A highly efficient and selective catalytic surface can be
designed by optimizing the substrate<>reactant interaction strength per the Sabatier principle:
strong enough to drive a reaction forward by absorbing the reactants, but weak enough to
regenerate the catalytic surface by desorbing the products.?® As such, appreciable research on 2D
TMDCs and MXenes catalysis has focused on surface activation, charge separation and transport,
and electronic structure manipulation for redox reactions. For example, the electronic and crystal
structures of certain 2D TMDC compounds can be tuned by phase engineering and optimized for

catalytic reactions.?” Many fundamental and applied studies have focused on metallic TMDCs,
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which feature higher conductivity and activated basal plane sites.?® In contrast, many studies on
semiconducting TMDCs search for mechanisms that improve charge transport and the activity of
(typically inactive) basal plane sites. In this vein, surface functionalization, defect engineering, and
doping have emerged as potential routes towards tuning catalytic active sites on both the edge and
basal planes.?®- 30 TMDCs can also be integrated with nanoparticles and single-atom catalysts to
trigger catalytic activity by forming new electronic states.3! Similar to 2D TMDCs, modification
of surface termination and heteroatom incorporation of 2D MXenes are mainly applied to optimize
the chemical and electronic configurations of active sites for intrinsically enhanced catalytic
kinetics.?? 33 Fabrication of various nanostructures, heterostructures, and hybrid interfaces for
increased density and accessibility of active sites is another common method for superior 2D
catalysts.?8 34

Several recent reviews have covered either advanced CO,RR and NRR catalysts by
using 2D materials other than TMDCs and MXenes (e.g., graphene, g-C3;Ny4, CuS, Znln,S,, layered
double hydroxides (LDHs))*3-37 or electrochemical HER and pollution degradation catalysts by 2D
TMDCs and MXenes.?®4! However, there is a gap in the literature reviewing 2D TMDCs and
MXenes for CO,RR and NRR. The reported yields and Faradaic efficiencies for CO, RR and NRR
are quite low, but there is a lot of space and opportunity to learn from these transition metal-based
catalysts, which could lead to large-scale deployment. When compared to other 2D materials, there
are more variables on 2D TMDCs and MXenes that can be adjusted to manipulate binding sites
and reaction pathways to increase Faradaic efficiencies and yield rates. The aim of this review
article is to highlight the potential of these two broad classes of 2D materials that arises from this
tunability. Moreover, it is necessary for a review of the current mechanistic understanding, much

of its theory-based, of reduction reactions within the transition metal-based 2D materials. As such,
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we hope that this grouping of 2D TMDCs and MXenes can identify additional mechanistic
understanding that still needs to be gleaned (especially experimentally), both for these materials
and generally for 2D nanostructures in catalytic CO,RR and NRR. Challenges and opportunities
still exist in 2D TMDC and MXene catalysts for CO,RR and NRR, which will be thoroughly

discussed below.

This review article focuses on (photo)electrochemical and photochemical CO,RR and NRR
using 2D TMDCs and MXenes. Electrochemical reactions utilize electricity from an external
circuit (Scheme 2a), photoelectrochemical reactions use both electrical and photon energy
(Scheme 2b), and photochemical catalytic reactions utilize only photon energy (Scheme 2c¢). The
structure, optoelectronic properties, and synthesis of 2D TMDC- and MXene-based catalysts will
be introduced in Section 2. Then the features of CO,RR state-of-art achievements using 2D TMDC
and MXene catalysts are reviewed with separate discussions on the CO,RR mechanism and the
(photo)electrochemical/photochemical processes in Section 3. Section 4 provides a
comprehensive review of 2D TMDC and MXene catalysts for NRR and addresses the remaining
challenges in this field, which includes selectivity, Faradaic efficiencies, and impurities. Finally,

in Section 5, we will provide a summary and outlook highlighting opportunities for 2D TMDC

and MXene catalysts in (photo)electrochemical and photochemical systems.
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Scheme 2. Schematic of a) electrochemical catalytic, b) photoelectrochemical catalytic, and c) photochemical CO,
reduction when 2D materials are applied as the catalyst.

2. Structure and electronic properties as well as synthesis of 2D TMDCs and MXenes
2.1 Classification of 2D layered materials

In 2D layered materials, each layer is held together by van der Waals (vdW) forces along the
crystallographic c-axis; therefore, the thickness of these materials is increased by incremental
amounts that are determined by the thickness of one layer (monolayer). From the bulk, it is possible
to apply sheer mechanical stress*? or chemical methods* to exfoliate the bulk material to obtain
few-layer and monolayer sheets due to the weak vdW forces*4.
2.2 Structure and electronic properties
2.2.1 TMDCs

The most common TMDCs are composed of Mo or W as the transition metal and S or Se as
the chalcogenide; therefore, we will be detailing properties of TMDC materials by using these Mo
and W series as examples unless otherwise specified. Modification of interlayer interactions,*>-47
symmetry elements, and quantum confinement of carriers in these few-layer to monolayer
materials yields unique physical and electronic properties relative to their bulk counterparts. For
example, during the transition of bulk MoX, and WX, to monolayer, the electronic structure
evolves from an indirect to a direct bandgap. For the monolayer, this direct bandgap is
accompanied by strong photoluminescence (PL), large exciton binding energy, and high charge
carrier mobility.*8-3! These characteristics make these materials attractive candidates in a variety
of opto-electronic devices such as solar cells, light emitting diodes, phototransistors,
photodetectors, chemical sensors, and logic applications.>® 327 TMDCs also have the ability to

intercalate ions/atoms in the vdW gaps (between layers), making them strong candidates for energy
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storage devices such as supercapacitors.*®-6! Moreover, these unique and tunable properties make
TMDCs great candidates for facilitating various catalytic reactions.*>47

TMDCs are generally found in three polymorphic forms: hexagonal, tetragonal, or rhombic.
Hexagonal (2H or 1H), where 2H refers to 2 or more layers and 1H refers to monolayer, has
trigonal prismatic coordination of chalcogen atoms around the transition metal, tetragonal (1T) has
octahedral coordination of the chalcogen atoms around the transition metal, and less common
rhombic (3R) has trigonal prismatic coordination around the transition metal.® The number used
to denote each phase is the number of layers along the crystallographic plane that comprise a
repeating stacking unit, and the letter refers to the symmetry (Fig. 1a). 2H TMDCs have a point
group of D3, 1T TMDCs have a point group of D34, and 3R TMDCs have a point group of Cs,.
For the most common TMDCs, 2H and 3R are semiconducting, while the 1T phase is metallic.

For MoS,;, the symmetry-induced ligand field splits the Mo 4d orbitals into three states in 2H
and 3R (Fig. 1b); the filled, non-degenerate lower energy 4d,? orbital leads to the semiconducting
properties observed for 2H and 3R MoS,. In the case of metallic 1T-MoS,, the ligand field splitting
of the 4d orbitals results in two states: the three lower energy degenerate Mo 4d,, . «,orbitals and
two higher energy unoccupied Mo 4d,? and 4d ,°_,? orbitals (Fig. Ic). The lower energy, degenerate
orbitals are incompletely occupied by two electrons, leading to a metallic ground state and unstable

1T phase.®?
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Fig. 1. a) Atomic arrangements of the polymorphic forms of MoS,. Top row shows atomic models of monolayer 1H,
1T, and 1T, respectively, and bottom row shows the arrangement of atoms and layers in bilayer 2H and 3R as well

as trilayer 3R respectively. Reprinted with permission.%> Copyright 2011 American Chemical Society. The density of
states (DOS) and orbital configuration with electron occupancy for the b) 2H/3R and c) 1T MoS,; phases, the pink

arrows denote the occupancy of a donor electron in each structure. Reprinted with permission.®? Copyright 2018 John
Wiley and Sons.

It has been found that in most cases the 1T structure observed in MoS, is not stable and distorts
to the 1T’ phase.®® This distortion is a result of Mo atoms clustering in pairs in a zig-zag Mo-Mo
path along the a lattice direction (Fig. 1a).%® The resulting distortion is considered to be a (2x1)
superlattice structure of the 1T lattice. Computation results indicate that the 1T’ structure is more
stable than the 1T structure by 0.30 eV per Mo atom, but 0.57 eV higher in energy than the

corresponding 2H phase per Mo atom.®* Therefore, the 1T’ phase is a metastable state between the
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less stable 1T phase and the stable 2H phase. Though many recent experimental studies have
indicated the distorted 1T MoS, structure (1T’) to be metallic in nature, many computation studies

have calculated a small band gap of 0.1 — 0.2 eV .64-66
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Fig. 2. a) Calculated band diagrams for MoS, with the change in the layer numbers, left most being the bulk material
then four layers, bilayers and right most is a monolyer. Reprinted with permission.*® Copyright 2010 American
Chemical Society. b) Band gaps of common semiconductors and TMDCs with reduction potentials for nitrogen to
ammonia and CO, to CO, CH,, and CO;,".

The 2D TMDCs in the 2H phase, particularly Mo and W sulfides and selenides, have been
heavily studied and employed in electronic devices as they are highly tunable 2D semiconductors.
First-principles calculations and experimentally obtained results have predicted an indirect optical

band gaps of 1.2 eV for bulk MoS; and 1.4 eV for bulk WS, that increases in the monolayers to
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direct band gaps of 1.9 eV and 2.0 eV, respectively (Figure 2b).*® The band structure of MoS, from
bulk to few layers to monolayer, calculated from first principles calculations, are shown in Fig.
2a.48

Relevant to this review article are the band edge positions of 2D TMDCs relative to the
reduction potentials for CO,RR products and NRR to ammonia. Fig. 2b summarizes the reduction
potentials for some CO,RR products, such as CO and CHy, as well as the NRR product NH; at pH
= 0, which are higher than 0 V vs. RHE. The conduction band minimum (CBM) of the
semiconducting 2D TMDC should have a more reducing potential (i.e., closer to vacuum and more
negative on the NHE scale) than the reduction potentials of CO,RR/NRR product(s) of interest.
For these reduction reactions, the counter reaction to complete the circuit would ideally be the
oxidation of water to O,, with a thermodynamic oxidation potential of 1.23 V vs NHE at pH=0.
Fig. 2b shows that monolayers of Mo and W dichalcogenides have CBMs with enough reducing
potential to reduce protons, CO,, and N, to certain products. While the MoS, valence band
maximum (VBM) is also positioned for driving water oxidation, the other TMDCs have VBMs
with insufficient oxidizing potential for this reaction. As such, they require either band edge
engineering or pairing with other semiconductor electrodes to carry out the complete reactions
photocatalytically or pairing with an electrode for photoelectrochemical reactions. Tuning the band
gap of TMDCs have been extensively discussed by others, and we direct interested readers to these
articles for more details.’-6°
2.2.2 MXenes

The latest additions to the 2D layered materials class are the transition metal carbides, nitrides,
and carbonitrides, collectively known as MXenes. Most common MXenes that have been

experimentally realized are carbides and more recently nitrides and carbonitrides have also been
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synthesized.”7 The first MXene to be synthesized was Ti3C,Ty in 2011 and since then more than
60 MXenes have been realized.”> 73 MXenes are also considered to be the 2D version of transition
metal carbides and nitrides with face centered cubic rock salt structures. Nevertheless, the MXene
exposes (0001) basal plane surface that is analogous to the transition metal carbide (111) surface
that has a large surface energy, hence the preparation of MXenes from transition metal carbides is
challenging.”

The initial MXenes were derived from etching off the A layers of a so-called MAX phase. The
MAX phase derives its name from the chemical composition M,+;AX,, where M and X are the
same elements in the MXenes and A is usually a Group IIIA or a IVA element (e.g., Al, Si).”> The
MAX phase has a layered structure with hexagonal P63/mmc symmetry where the metal occupies
a close-packed structure with the X atoms filling octahedral interstitial sites.”> M-X bonds have a
mix of covalent/metallic/ionic nature and the M-A bonds are metallic in nature. Utilizing the
differences in the MAX phase bonding strengths of the various bonds, it is possible to selectively
etch the A layer.”! After the etching process, A layers are replaced with surface termination groups:
O, OH, and/or F bonded to the terminal transition metals on the surface.”!- 7> Overall, the resulting
MXene is a hexagonal-close packed structure. Nevertheless, the ordering of the metal atom
changes based on MXene stoichiometry. For example, M,X has a hexagonal close-packed stacking
with ABABAB repeating units, whereas the M;X, and M;X; type MXenes have face-centered
cubic stackings with ABCABC ordering.”! Note that the stacking of MXenes can also vary with
other factors such as the number of d electrons in the metal M, the identity of X (i.e. a carbide,
nitride or carbonitride), and the surface termination group. For example, a DFT study by Gouveia

et al. that took into account thermodynamic and kinetic data, showed that ABABABAB stacking
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is more frequent among nitrides than the corresponding carbides and also is favored by oxygen
terminations.”®

DFT calculations have predicted MXenes with both metallic and semiconducting electronic
structures that depend on the composition.””””® Shein and coworkers used first principles
calculations to probe the chemical structures, electronic properties, and stability of pristine
MXenes (without surface termination groups Ty) of TiyC, and Ti, N, for n = 1, 2, and 3.7°
Relative to the corresponding MAX phases (Fig. 3a), it has been calculated that the density of
states (DOS) of the MXenes increases around the Fermi level (Fig. 3b). This observation was
justified by the redistribution of the surface Ti 3d states in the Ti-Ti surface bonds after the
breaking down of the Ti-Al bonds and the removal of the Al layers in the respective MAX phase.”
Experimentally, such pristine MXene surfaces are hard to obtain after the etching process of the
MAX “A” layers. Recent studies have revealed that certain post-etch treatments can eliminate the
surface terminations to a large extent. Person and coworkers employed a post-etch annealing
followed by hydrogen treatment at elevated temperatures to successfully reduce F and O
terminations in the Ti;C,Ty MXene.?? Thermal treatment at 650 °C at 10° mbar inside an
environmental transmission electron microscope (ETEM) resulted in the desorption of F. The
resulting MXene rearranges the O to the thermodynamically favorable orientations. Then,
treatment of the O-terminated MXene with H, gas at 8 mbar and 750 °C, pristine surfaces with a

Ti:O ratio of 3:0.6 was obtained, a significant decrease from 3:2.1 at room temperature.?’
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Fig. 3: Partial density of states plots (DOS) for the MAX phase a) Ti,AlC and b) Ti,AIN along with the corresponding

MXenes with various surface functional groups. Reprinted with permission.”® Copyright 2013 American Physical
Society.

In addition to the dependence on layer composition, surface functional groups impact the
metallic or semiconducting nature of MXenes. Xie et al. investigated the electronic properties of
surface-terminated (O, OH, H, and F) Ti,+;C, and Ti,+N, MXenes.”® Fig. 3a shows the partial
DOS of the Ti,AIC and the derived MXenes with surface terminations. The DOS near E; for the
MAX phase is dominated by the Ti 3d orbitals (Fig. 3a) and removal of the Al layers from the
MAX phase causes the Ti 3d orbitals to redistribute or delocalize giving rise to Ti-Ti metallic
bonds. The surface terminations lead to depopulation of states near E¢. Thus, the metallic Ti,C has
a small band gap opening when adding O, surface termination groups, with a 0.24 eV band gap
calculated with PBE functional and 0.88 eV band gap calculated by HSE06 hybrid functional.”®
All other materials retain their metallic nature but a clear decrease in the DOS near the E; is

observed. A similar result is calculated for Ti,AIN and the corresponding MXenes (Fig. 3b).

Calculations by Sang et al. suggest metallic character for defect-rich monolayer Ti;C,Ty

MXene with OH terminations. Compared to the pristine Ti;C,Tx MXene surface, the authors
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observe a decrease in the DOS near E¢ for the defect-rich MXene, which was expected to reduce
the conductivity.?! Nevertheless, different Ti vacancy concentrations on OH terminated Ti;C,
MXene showed very similar DOS; thus it was predicted to exhibit high conductivity comparable
to the pristine surfaces. These theoretical results are supported by recent experimental results by
Hart et al. They studied the effect of surface termination and intercalants on the electronic
properties of Ti;C,Ty, TizCNT,, TizCNT(TBA") and Mo, TiC,Ty (delaminated using
tetrabutylammonium hydroxide, TBAOH).%? Vacuum annealing partially eliminated the F, OH,
and O surface terminations, and O terminations were more stable than F terminations. The removal
of the surface terminations improved the electronic conductivity of all the MXenes that were
probed.®? With regard to the particular CO,RR and NRR in this review, it is noteworthy that the
bare surface of MXenes without any surface function groups are naturally quite reactive and have
low energy barriers for, the typically rate-determining, dissociation of CO, and N,.%% This
interesting “surface-determining” activity and selectivity property of MXenes has been explored
and will be discussed in the following sections.4 8
2.3 Synthesis
2.3.1 TMDC Synthesis

Two-dimensional TMDCs can be obtained from both top-down (mechanical and chemical
exfoliation) and bottom-up approaches (chemical vapor deposition (CVD) and solution-based
hydrothermal techniques). Bulk TMDCs are needed for top-down approaches, but these can be
hard to obtain naturally. The only known naturally occurring TMDCs are MoS,; and WS, in the
form of molybdenite and tungstenite minerals, respectively. Bulk TMDCs are also widely
synthesized with chemical vapor transport techniques.>% 8687 Mechanical exfoliation to nanosheets,

often using the scotch tape method, can provide high-quality monolayer sheets of TMDCs (Fig.
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4a), providing the base for fundamental studies and device fabrications.?” Nevertheless, this
technique has limited scalability and the small flake sizes and poor film uniformity hinders the
repeatability and widespread use of the technique. Liquid-phase exfoliation of bulk materials under
sonication has been utilized to obtain single to few-layer sheets of TMDCs. This technique relies
on the synergy between the solvent or a surfactant to balance the cohesive energy between the
sheets.®8-20 Low yields, non-stoichiometric mixtures, and difficulty in controlling the thickness
(number of layers) has prevented the widespread use of liquid-phase exfoliation. More recent
liquid phase exfoliation methods involve Li intercalation and exfoliation in water, a highly scalable
technique that has produced single layers of MoS, (Fig. 4b),>!-%1 WS, %! TaS,, MoSe,,” TiS,% %
and TiSe,.” However, exfoliation of some TMDCs such as MoS, and WS, through Li intercalation

causes a phase transformation from the semiconducting 2H to the metallic 1T or 1T’ phases,®

limits the flake size to sub-micron sizes, and generally requires a relatively long processing time.

Recent attempts to grow high quality TMDCs with controlled thickness and wafer scale
lateral dimensions have utilized techniques such as chemical vapor deposition (Fig. 4¢),’® metal-
organic chemical vapor deposition (MOCVD), atomic layer deposition (ALD, Fig. 4d),*” molecular
beam epitaxy (MBE, Fig. 4¢),”® and solvothermal methods (Fig. 4f). CVD is a practical bottom-
up technique where precursors react and/or decompose at elevated temperatures onto a substrate,
producing mono- or few-layer TMDCs with high crystal quality, scalable size, tunable thickness,
and tunable electronic properties (Fig. 4c). MOCVD, a technique that uses gas- or solid-phase
metal-organic precursors in a CVD setup, *-1°1 has been used to synthesize high-quality wafer

scale MoS, and WS,'% and other chalcogenides of Mo and W (e.g., mono/few layer WSe,).”
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nanosheet, AC mode AFM image and the right most plots are the corresponding contrast and the height profiles.
Reprinted with permission.?’” Copyright 2011 IOP Publishing Ltd. B) Left: colloidal suspension of chemically
exfoliated MoS, using an organo-lithium salt. Right: AFM image of flakes from this dispersion, with height profile
(white trace) taken along the red trace. Reprinted with permission.’! Copyright 2011 American Chemical Society. C)
CVD technique involving the precursors MoOs reduced by the chalcogen source (S) heated in a N, environment to
obtain high quality films (MoS,), AFM image of a MoS, film obtained by this CVD technique with the height profile
showing a monolayer thickness. Reprinted with permission.?® Copyright 2012 John Wiley and Sons. D) Schematic of
ALD deposition of MoS, film with the inset showing an AFM image with triangular monolayers. Reprinted with
permission.’” Copyright 2014 The Royal Society of Chemistry. E) AFM image of a MoS, film obtained from
molecular beam epitaxy (MBE). Reprinted with permission.”® Copyright 2017 American Chemical Society. F) SEM
and TEM images of MoS; on reduced graphene oxide support obtained via a hydrothermal reaction. Reprinted with
permission.!?? Copyright 2017 Nature Publishing Group.
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Hydrothermal synthesis of TMDCs is a versatile technique for obtaining 2D and 3D
structures with large surface area for applications in energy conversion and storage applications.!%
While this technique benefits from lower temperatures and better scalability, relative to CVD,
ALD or MBE, precise control over structure and layer number is challenging. Synthesis of MoS,
in both 2H and 1T phase has been realized with this technique.%3 65 104-106 Vertically aligned or
edge-oriented TMDCs with maximized edges obtained via a hydrothermal route have been studied
extensively on a large number of substrates such as carbon cloth, 19 197,108 carbon nanotubes, %%
110 oraphene/graphene oxide (Fig. 4f),'!! reduced graphene oxide,'%% 112-114 amorphous carbon'!>
and MXenes.!!%12I The versatile nature of the technique also allows easy incorporation or doping
of TMDCs by mixing respective dopants in the reaction mixture during the synthesis.%> 105, 122,123
2.3.2 MXene Synthesis

MXenes are typically derived by etching atomic layers from their corresponding
precursors, which are usually MAX phases. There are over 60 MAX phases reported so far, and
the number is much higher when solid solutions and ordered double transition metal structures are
considered.”- 72 Selective etching of the metallic M-A bond within MAX structures stems from
the higher M-A bond reactivity compared to the more labile M-X bond.”> 124 Unlike vdW bonded
graphene and TMDC sheets, the relatively strong inter-layer bonds in MAX structures preclude
the use of shear mechanical strain to exfoliate the corresponding MXenes.”” 7! Non-MAX phase
precursors have also been used to obtain MXenes. Mo,CTx MXene was the first of its kind to be
synthesized from a non-MAX phase precursor Mo,Ga,C (Fig. 5a).!12>-127 Unlike the MAX phases,
this compound has two A-elemental (Ga) layers separating the M-X layers.!?> 126 Other examples
of non-MAX phase derived MXenes include Zr;C,T,!?® and U,CT,,'?® obtained by etching of

Al;C;s layers from Zr;Al;Cs and U,Al;C,4 precursors, respectively. 128 129
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Figure 5. SEM micrographs of a) Mo,C MXene obtained from a non-MAX phase precursor, Mo,GaC. Reprinted with
permission.'?” Copyright 2016 American Chemical Society. B) SEM micrographs of Ti;AlC, MAX phase before
etching to produce c) Ti;C,Ty MXene. Reprinted with permission.!3® Copyright 2012 American Chemical Society.
(d-f) HAADF-STEM images of Ti;C,Ty MXene synthesized using varying HF concentrations 2.7 wt%, 5.3 wt%, and
7 wt%, respectively. The smaller red circles are single Ti atom vacancies and larger blue circles indicate clusters of
Ti vacancies. Reprinted with permission.®! Copyright 2016 American Chemical Society. G) SEM micrograph of the
few layer TiyN;T, MXene obtained from etching the Al layer in Ti4,AIN; MAX phase using a molten salt approach.
Reprinted with permission.”” Copyright 2016 The Royal Society of Chemistry.

Selective etching of MAX or non-MAX phases is carried out in an aqueous fluoride-
containing acidic solution for both metal carbides and nitrides.”> The HF etchant is either added
directly or can be generated in-sifu by using mixtures of HCI and fluoride-containing salts (lithium
fluoride, ammonium fluoride, or ammonium hydrogen bifluoride).”? Ti;C, T, was the first MXene
to be synthesized by selective HF etching of the Al layer from the Ti;AlC, MAX phase (Fig. 5b
and ¢).* 139 A series of other MXene structures followed Ti;C,T, that were derived from various
MAX phases (Ti,AIC, TazAlCs, (Tig 5,Nbg 5),AIC, (Vo.5,Cro5)3A1C,, and Ti3AICN).!30 The surface
termination, defect concentration, and crystalline quality of 2D MXene sheets rely heavily on both
the etching and delamination conditions. For instance, Sang et al. studied the surface defects of

monolayer Ti;C, Ty MXene using mild conditions (HCI and LiF instead of HF) for etching the
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Ti;AlC; MAX phase.®!' Single titanium atoms or clusters of Ti atom vacancies were observed on
the MXene sheets (Fig. 5d, ¢ and f), depending on the HF concentration in the etching process.?!
Nitride MXenes took a longer time than the carbide MXenes to be realized,”! likely because of

two factors. First, calculations show that the cohesive forces in Ti,+;N, MXenes are lower than in

Ti,1C, MXenes, whereas the formation energy (AEf) of Ti, AIN, is higher than that of

Ti,+1AIC,.”° Therefore, the Al in the nitride MAX phase has stronger bonding than those in carbide
counterparts, making extraction harder.”% 7 Second, nitride MXenes dissolve in strong HF acid
solutions, due to their lower stability. Urbankowski et al. reported the first nitride MXene (Ti4N;Ty,
Fig. 5g) in 2016 using a molten salt approach to etch the Al layer in the Ti;AIN; MAX phase.”’
When a broader series of 486 MAX phases of M,AN,_; was considered by Dolz et al., the DFT
results indicated that most nitride MAX phases had a lower exfoliation energy relative to their
carbide counterparts.!3! These results were in agreement with the previous calculations of Shein
and coworkers, that saw a larger exfoliation energy for N-based MAX phases containing Al as the
‘A’ layer.”% 131
3. CO; Reduction Reactions

The growing concerns of anthropogenic fossil fuel consumption, greenhouse gas
emissions, and associated climate change have motivated various CO,RR approaches to convert
CO; into useful C-based materials, such as C-based fuels and plastics.!3> Along with the
modification of processes to reduce the CO, emissions, the CO,RR could result in the highly
desirable goal of “zero-carbon emission”. For catalytic CO, conversion to become a reality,
suitable catalysts are required to activate the CO, molecule and transform it into a wide range of
chemical compounds. CO, activation is challenging due to the low solubility and chemical

inertness of CO, that can lead to HER dominating over CO,RR. Sufficient adsorption
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(physisorption and/or chemisorption) of CO, on a catalyst surface is therefore a prerequisite for
efficient dissociation/weakening of the C=0O bond and further transduction of electrons to form
complex C-C bonds for energy-rich molecules with high-specificity.!33 13* Conventional
homogeneous and heterogeneous catalysts (e.g., metal-organic complexes, Cu, Ag, and Au) for
CO,RR have various disadvantages, such as poor chemical durability, high-cost, or photo-
inactivity.!3> As such, 2D TMDCs and MXenes featuring tunable surfaces are gaining interest in
the CO,RR community.
3.1 CO,RR Mechanism

Electrochemical CO,RR using 2D TMDC and MXene catalysts relies on good electrical
conductivity and CO, adsorption properties of the materials, where the sole energy driving the
reaction is electricity. In contrast, photoelectrochemical and photochemical CO,RR utilize
photoexcited electrons to drive the reaction and, therefore, require the 2D TMDCs and MXenes to
be semiconductors or coupled to semiconductors. For successful photo-driven CO,RR, the energy
of the conduction band minimum (CBM) needs to provide a thermodynamic driving force for the
desired CO, reduction half-reaction. (Scheme 2¢). Semiconducting MoS,!3¢ and WSe,!37 have
been extensively studied for photo-driven CO, reactions. In contrast, MXenes are usually
combined with other photoactive materials for CO, photoreduction since most MXenes are not
photoactive (Section 2).12! Nevertheless, the discussion of the CO,RR mechanism by using 2D
TMDC and MXene catalysts mainly relies on charge transfer, CO, activation, and intermediate

formation for both (photo)electrochemical and photochemical catalysts.

Table 1. Summary of the possible CO,RR pathways by 2D TMDC and MXene catalysts as well as the corresponding
standard redox potential.

Standard Redox Potential
CO;RR pathways
(E’ vs. RHE, pH=7)
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CO, 2H" +2¢ = CO + H,0 -0.116
CO,+2H*+ 2¢- > HCOOH -0.196
Cl CO, +4H" + 4¢- > HCHO + H,O -0.066
CO, + 6H' + 6e- > CH;0H + H,O 0.034
CO, +8H" + 8¢ = CH, +2H,0 0.174
2CO, + 10H" + 10e- = C,HsO, + 2H,0 0.014
C2 2CO, +12H" +12¢~ = C,H, +4H,0 0.065
2CO, +14H" +14e- = C,H¢ +4H,0 0.144
3CO, + 18H" + 18¢ = C;H0 + 5H,0O 0.103
C3
3CO, +20H" + 20e~ = C;Hg+ 6H,O 0.277
C4 4CO, + 24H" + 24e- > C4H;,0 + 7H,0 0.110
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Fig. 6. Possible reaction pathways for CO, reduction to HCOOH or HCOOr, inc

luding: a monodentate or bidentate

intermediate route (black); a CO,* radical intermediate route (orange); and a surface-bound carbonate intermediate
route (green). In addition, the reaction pathways for CO, to CO are shown (blue). Red color highlights the CO,
reduction products. Purple color marks the byproducts. Redeveloped based on the information from reference.!33
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To form C-based products from CO,, the CO, must be first activated on the appropriate
surface and then undergo proton-coupled electron transfer (PCET) reactions to generate various
products. Importantly, MXenes are predicted to adsorb and activate CO, molecules quite
strongly.!3® Depending on the number of electrons/protons transferred and surface groups available,
different catalytic reactions can occur to generate intermediates and consequently different carbon
products, such as C1 compounds and C2+ hydrocarbons.!33- 139141 Thys, controlling the product
distribution from CO,RR is a critical consideration for any catalyst. The conventional CO,RR
products from 2D TMDCs and MXenes are usually C1 products, including carbon monoxide (CO),
formic acid (HCOOH), methane (CH,4), methanol (CH;0H), and formaldehyde (HCHO). Trace
amounts of C2+ products can also be obtained (e.g., ethylene (C,H,), ethane (C,Hg), ethylene
glycol(C,HgO,), propane (C3;Hg), propanol (CsHgO), and t-butanol (C4H;0O)). The
thermodynamic potentials of these selective CO,RR pathways are summarized in Table 1, and the

detailed mechanisms are discussed below.
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In general, the simplest CO,RR involves two PCET steps, and the final products are mainly
CO and HCOOH. As shown in Fig. 6, the first PCET happens when CO, is coupled to a metal—
hydrogen bound surface or H" from solution, resulting in formate (*OHCO) or carboxyl (*COOH)
intermediates. Further PCET reduces these species to form HCOOH and CO.'33 In addition to
HCOOH and CO, three other C1 molecules can be produced from CO,RR, including HCHO,
CH;0H, and CHy, which are believed to be produced by the step-by-step hydrogenation of the
surface intermediates (*CO, *CHO, *CH,0, and *CH;0)!3* or glyoxal converted from *CQ,—!4?
(Fig. 7).

Higher order C products can be formed from surface intermediates. Surface CO can react
to produce *CHO and *COCHO intermediates and these intermediates can then selectively
generate C2 compounds — C,Hy, C,Hg, and C,H¢O, — following the ethylene and ethanol
pathway.'43 Alternatively, the association of CO with hydrogenation induces the *COCHOH
intermediate on the catalyst surface and produces C,H,; (Fig. 8). Although the mechanistic
pathways of C3+ chemicals have been proposed on the coupling of Cl1 and C2 surface
intermediates with PCET, such products are typically only produced in very low yields. So far, 1-
propanol, propane, and t-butanol are the only reported C3+ products from CO,RR using 2D

TMDC catalysts'#4.
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The maximum efficiency and selectivity of a catalytic surface occurs when the

adsorbate—surface interaction strength is optimal as per the Sabatier principle: strong enough to

drive the reactions forward but weak enough to permit product desorption.?® Therefore, stabilizing

a reacted intermediate (more negative binding energy) but weakening the corresponding sequential

intermediate in a certain CO,RR is crucial for a high performance CO,RR catalyst. For example,

calculations by Chan et al. 1% found a linear scaling relationship between the reacted and sequential

produced intermediates in the selective CO,RR for CO production when evaluating different

transition metals, where the binding strength linearly increased or decreased for *COOH and

*CHO compared to produced intermediate *CO, which prevented tuning the reaction pathway by

changing the transition metal. However, they found that the linear scaling relationship could be

overcome when evaluating MoS, and MoSe, edge sites, where the *COOH and *CHO binding

strength were constant but *CO binding strength could be reduced, which would propel the CO,RR

reaction forward (Fig. 9).147-130
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Fig. 9. Breaking of the linear scaling relations between a) *COOH and b) *CHO with *CO on MoS, or MoSe,
edges. The vertical dotted lines indicate the E,(CO) at which an isolated *CO is in equilibrium with 0.01 bar gaseous
CO. The catalysts to the right of this line bind CO weakly and are expected to be selective for CO production. The
catalysts to the left should further reduce adsorbed CO to hydrocarbons and/or alcohols. ® was defined as the edge
site coverage by different atoms (H, S, Se) and doping of edge sites was also evaluated. Reprinted with permission.'°
Copyright 2014 John Wiley and Sons.

The CO,RR mechanism using 2D MXene catalysts follow the aforementioned pathways
for possible products. MXenes are attractive as catalysts because of (1) sufficient surface metal
atoms with empty d-orbitals for gas-phase molecule activation and (2) efficient electron transport,

arising from the metallic electronic structure. Several theoretical simulations have been conducted
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for CO,RR using MXenes.!3!- 132 Cr;C, and Mo;C; are predicted to selectively reduce CO, to CH,
due to the three-coordinated terminal metals, which are active due to the empty d-like orbitals.'>3
As an example, the surface termination -O or -OH groups on Mo3;C, reduced the CO, energy
barrier significantly during the reduction process to CHy.!>3 However, the reaction pathway was
influenced by the surface termination group (Fig. 10a and 10b). Additionally, selective processes
for CO, to CH4 have also been found to occur over hydroxyl (—OH)-terminated Sc,C(OH),.
Simulations showed the interaction and change of the intermediates on the MXene surface by
exploring the migration of electrons on the carbon atoms of the different intermediates. The charge
difference for the *(H)COOH — *CO potential-determining step have the smallest values on
Sc,C(OH); and Yc¢,C(OH), among all studied M,C(OH), and M;N(OH), MXenes (M= Sc, Y, Ti,
Ta, Nb, Zr, Hf), indicating less charge transfer during this elementary step with less free energy
change, which ensured the exceptional CO,RR performance (Fig. 10c shows the Sc,C(OH),

catalyst).!5?
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Gibbs free energies (vs. SHE in eV) along the pathway (top). Corresponding surface chemical structures (middle) and
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eV), respectively. Reprinted with permission.'>3 Copyright 2017 American Chemical Society. c¢) Calculated free

energy diagrams for the lowest energy pathways to CH, using Sc,C(OH), catalyst. Reprinted with permission.!*?
Copyright 2019 American Chemical Society.

3.22D TMDC
3.2.1 Electrochemical and Photoelectrochemical CO,RR

Both theoretical and experimental studies have successfully demonstrated the activity for
electrochemical CO, reduction via TMDC catalysts in aqueous electrolytes under cathodic
polarization.!3> 134 TMDCs typically exhibit remarkably different scaling relationships of
adsorption energies for key reaction intermediates on their edges versus the basal plane,'>3 so that
manipulating the ratio of basal sites to edge sites can manipulate the scaling relationship for CO,
reduction.!’® Owing to the metallic character, a high d-electron density, and relatively low work

function of ~3—4 eV, metal-terminated edges of TMDCs generally contribute to higher catalytic
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activity, but this higher activity is not always directed towards the products of choice. For example,
Francis et al. demonstrated electrochemical reduction of CO,to 1-propanol at single-crystal
terraces (low edge density) of bulk MoS,, while thin films (high edge density) produced more H,
and less 1-propanol.'# This study suggests that complex reactions (e.g., CO, to 1-propanol is 18"
/18H™) may actually proceed more efficiently on TMDC basal planes, albeit at lower overall rates.

Reducing MoS, thickness reduces the work function'>” and increases the available surface
area, relative to bulk MoS,, resulting in faster electron transfer and intermediate adsorption (e.g.,
COOH", CO*) as well as higher overall CO,RR catalytic activity. Lv et al. exfoliated bulk MoS,
powders dispersed in N-vinyl pyrrolidone (NVP) by high-energy ball milling to generate 2D
few-layer MoS, nanosheets.!>® This exfoliated catalyst could electrochemically reduce CO, to CO
with a Faradaic efficiency (FE) of 41.2% at —0.9 V vs. RHE, which is 2-fold higher (FE = 19.8%)
than bulk MoS, (Fig. 1la). Similar improvements for electrochemical CO,RR were also
demonstrated by Asadi and co-workers by reducing the TMDC catalyst dimensions. In their
studies, 10% FE of the CO formation was achieved with CVD-grown 2D MoS; nanoflakes while

3% FE was reached for bulk MoS, at —0.164 V vs. RHE.!35: 159
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Fig. 11. a) CO Faradaic efficiency (FE) at different applied potentials for exfoliated-MoS, catalysts. Inset is the CO
FE at different applied potentials for bulk MoS,. Reprinted with permission.!*® Copyright 2018 John Wiley and Sons.
b) Faradaic efficiency for CO (red bars) and H, (blue bars) as a function of potential when using amorphous MoS, 2D
flakes. Error bar associated with each value is also provided. Reprinted with permission.'*® Copyright 2016 The Royal
Society of Chemistry. ¢) Experimental work function measurement for Ag nanoparticles (Ag nanoparticles-NPs) and
TMDC nanoflakes. Reprinted with permission.!* Copyright 2016 American Association for the Advancement of
Science (AAAS). d) Scheme shows the free energy of the system decreased for the reaction CO, + 2H* +2 e — CO
+ H,O over platinum catalyst surface in EMIM-BF, (dashed line) compared to that in water (solid line). The label
CO,—In; refers to the intermediate that forms when the first electron is transferred during the reaction. Reprinted with
permission.'® Copyright 2012 American Chemical Society. e) Stability test of WSe, nanoflakes in 50 vol% ionic
liquid (IL) at potential of -0.364 V vs. RHE (254 mV overpotential). The chronoamperometry (CA) experiment
indicate 10% decay after 27 h. Reprinted with permission.!>® Copyright 2016 American Association for the
Advancement of Science (AAAS). f) Chronoamperometry results at a potential of —0.8 V vs. RHE and the
corresponding FE of formate when using monolayer 2D SnS, nanosheets over 80 h. g) Atomic models of DFT-relaxed
SnS, monolayer and the calculated free-energy profiles for CO, reduction to HCOOH on the SnS, monolayer and bulk
counterpart surface at 0 V vs. RHE, in which the insets are the most stable configurations of the intermediates adsorbed
on the surface. Reprinted with permission.'®! Copyright 2018 Elsevier Inc._h) Electroreduction scheme of CO, into
methane on the ultrathin MoTe, layers. i) CH; FEs for ultrathin MoTe, in ionic liquid compared to other
electrocatalysts. Reprinted with permission.!! Copyright 2018 John Wiley and Sons.

Amorphous MoS, 2D flakes have also been explored for CO,RR catalysis. These materials

have the advantage of being prepared by scalable techniques (e.g., electrodeposition) at room
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temperature and atmospheric pressure as well as containing a large amount of catalytically active
edges. Li ef al. introduced amorphous MoS, on a polyethylenimine modified reduced graphene
oxide substrate as an effective CO,RR catalyst.!>* The authors observed CO production when the
overpotential reached 140 mV, and a overpotential of 290 mV catalyzed CO, reduction to syngas,
a promising feedstock for producing ethanol and methanol through Fischer-Tropsch or microbial
synthesis process.!6 193 Further incremental increases of the overpotential to 540 mV resulted in
more CO formation with 85.1% FE (Fig. 11b). The synergistic effect of polyethylenimine and
MoS,; was believed to facilitate selective CO, reduction, where polyethylenimine adsorbs CO, and
intermediate molecules and MoS, selectively binds the intermediates for CO, reduction.
Nevertheless, the CO,RR performance was still limited by the intrinsic catalytic activity of MoS,
and the inherent competition between CO,RR and HER.

Other 2D TMDC catalysts beyond MoS, have begun receiving attention for electrocatalytic
CO,RR. Asadi et al. evaluated the CO,RR performance of a series of nanoflakes of MoS,, MoSe,,
WS,, and WSe,.">° MoSe,, WS,, and WSe, all exhibited CO, reduction performance much higher
than the MoS, nanoflakes and conventional Ag nanoparticle catalysts. CO, conversion efficiency
to CO was anti-correlated with the TMDC work function (Fig. 11c¢),">® where the most active
catalyst was identified as low-work function WSe, nanoflakes terminated with W atoms. In the
same study, the ionic liquid 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIM-BF,) was
introduced in the electrolyte to form the [EMIM—-CO,]* complex. The authors proposed that the
[EMIM—CO;]* complex helps the selective reduction of CO, but suppressed the HER.!55 159 As
shown in Fig. 11d,'0 the [EMIM—CO,]" complex can thermodynamically reduce the reaction
barrier for electrons passing into CO, over the catalyst surface, such as silver, platinum, and

TMDCs, inducing the high CO production. Consequently, WSe, nanoflakes showed exceptional
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current density of 19 mA c¢cm™2 and FEcq of 24% at a low overpotential (54 mV), with a CO
production turn over frequency (TOF) of 0.28 s™! at —0.164 V vs. RHE. Good catalytic stability,

exceeding 27 h, was attributed to the stable W-terminated edges (Fig. 11e).!3

Additional studies have focused on tin disulfide (SnS,) and molybdenum telluride (MoTe;).

While Sn is not a transition metal, SnS, shares the MX, composition and layered crystal structure
with the well-known TMDCs. SnS, has emerged as a highly promising 2D semiconductor, with
performance comparable to MoS, in a number of applications, including CO,RR catalysis.'® Thus,
we include some advances of 2D SnS; in this section. Monolayer 2D SnS; nanosheets—obtained
by Li-intercalation/exfoliation of bulk SnS,!¢! performed as a robust catalyst, achieved high FE of
94 £5% at -0.8 V vs. RHE, and had excellent long-term durability (over 80 h) for CO,
electroreduction to formate in 0.1 M KHCOj; (Fig. 11f). DFT results suggested this high activity
results from the potential-determining-step of HCOO* intermediate formation on (001) SnS,
surface (Fig. 11g). For MoTe, catalysts in 0.1 M KHCO3, adsorbed CO, molecules preferred to be
reduced as CO,*” intermediates and coupled with another CO, molecule to form the CO,-
CO,*™ adduct. This adduct then ultimately converted to CH4 through PCET reactions (Fig. 11h).
The FE of methane production from CO, was ~83% at -1.0 V vs. RHE, a 137% improvement over
bulk MoTe, and similar to the best CO,RR catalysts reported thus far (Fig. 111). The activity
retention lasted for more than 45 h.!6!

Energy state engineering and band structure tailoring of TMDCs have emerged as
promising strategies for stimulating selective CO,RR by facilitating CO, activation and product
desorption. Mo-terminated edges of bulk MoS, have shown efficient CO,RR to CO with low
overpotential, where the available electrons for a given reaction can be also roughly described by

the DOS at the Fermi level.!: 155 Therefore, modulating the edges of 2D TMDCs could affect the
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adsorption strength of intermediates with edge atoms. As such, recent studies have explored the
effect of transition metal doping on MoS; edge electronic structure and CO,RR. DFT calculations
on Nb-doped MoS, have revealed low concentrations of Nb near the Mo edge atoms enhance TOF
of CO formation by modifying the binding energies of intermediates to MoS, edge atoms.!>*
Experimentally, doping of 5% Nb in vertically aligned MoS, enabled a small overpotential of 31
mV and a CO TOF of one order of magnitude higher than pristine MoS, and two orders of
magnitude higher than Ag nanoparticles (Fig. 12a).

Metal sites at transition-metal terminated edges are believed to be the active sites for
CO,RR from previous studies on pure TMDCs.!35 165 Theoretical studies by Mao et al.!%® found
that the overall higher d-band center energy, relative to Eg, induced stronger CO adsorption at
MoS, edges. This scaling relationship between the d-band center position and the binding energy
of CO could help screen transition metal dopants. Doping V, Zr, and Hf to the active Mo site could
lead to the shift of the d-band center and accordingly decreased the CO binding energy,
significantly promoting CO desorption from the MoS; edge (Fig. 12b). Interestingly, dopant
concentration did not influence catalytic activity (Fig. 12c¢). However, no experimental
investigations confirm these results yet. In contrast, CO,RR activity was predicted to depend on
Ni dopant concentration in monolayer SnS, (Fig. 12d), with the FE for CO and formate increasing
with Ni content up to 5%.'%7 Experimentally, higher Ni doping levels induced inhomogeneous
incorporation into SnS, nanosheets, creating NiS that promoted the HER over CO,RR. For
example, the 5% Ni-SnS, nanosheets exhibited the highest FEco+ormate 0f 93% at —0.9 V vs. RHE
compared to 71% FEco+formate fOr 7% Ni-SnS, nanosheets. CO and formate production rates for 5%

Ni-SnS, nanosheets were 81 mmol h™' ¢! and 587.5 mmol h™! g™, respectively. The low work
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function (Fig. 12¢) and intraband defect states introduced by Ni doping below the SnS, CBM

facilitated electron transfer and improved CO,RR.
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Fig. 12. a) Calculated CO formation TOF at different applied overpotentials for vertically aligned (VA)-Moy ¢sNby 5S,,
pristine VA-MoS,, and Ag nanoparticles. Reprinted with permission.'>* Copyright 2017 American Chemical Society.
b) Relationship between the binding energies of CO and the d-band center energy positions for MoS, and transition
metal-doped MoS,. The transition metal atoms are all doped next to the Mo edge. ¢) Different transition metal-doped
MoS, edge structures and binding energies of CO and CO, with different doping concentrations. Reprinted with
permission.'® Copyright 2020 American Chemical Society. d) Nickel doping in atomically thin SnS, nanosheets
enables highly efficient CO, reduction. ) Secondary electron cutoff of photoelectron spectra for pristine SnS, and 5%
Ni-SnS; nanosheets. Reprinted with permission.'®” Copyright 2018 John Wiley and Sons. f) The CO FE at different
applied potentials for E-MoS, (exfoliated-MoS,), N-MoS,@NCDs-X (X: 180, 200, 220) electrodes in EMIM-
BF4 solutions (94 mol% water), where NCD = nitrogen-doped carbon dots. Reprinted with permission.'®® Copyright
Elsevier Inc.

Non-metal doping can also enhance MoS, catalytic activity. Nitrogen doping was found to
enhance electron density on the Mo edge, decrease the energy barrier of COOH* intermediate
formation, and weaken CO* adsorption strength for CO production.!®® As shown in (Fig. 12f),

optimized composites of N-doped MoS, and N-doped carbon dots exhibited catalytic CO
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production with FE¢g of 90.2% at —0.9 V vs. RHE and a low overpotential of 130 mV, superior to
exfoliated MoS, (41.2%, 260 mV) and hydrothermal-synthesized MoS, (67%, 340 mV).

In addition to substitutional doping of TMDCs, alloying of multiple transition-metal
elements in the 2D TMDC lattice has been explored for CO, electrocatalysis.'®® With the
synergetic effects from low CO desorption energy by the presence of various transition metal sites
and high electron transfer for minimum overpotential, the (MoWVNDbTa)S, catalyst exhibited the
formation of CO with a small onset potential of -0.129 V vs. RHE (19 mV overpotential). The
extremely high activity was achieved with an excellent current density of 0.51 A cm 2 and a
turnover frequency of 58.3 s™! at -0.8 V vs. RHE. The FE for the formation of CO was maintained
above 92 % at a potential between -0.31 V vs. RHE and -0.4 V vs. RHE, where H, evolution started
to increase.

Engineering the metal atom on the exposed edges of TMDC could avail the CO,RR,
while ternary TMDCs with various chalcogenides also revealed the enhanced electrical
conductivity and tailored d-band electronic structure of metal atoms. Xu et al. presented a
theoretical calculation on ternary MoSeS alloy, confirming the faster electron transport ability by
increased density of states near the conduction band edge compared to pristine MoS, and MoSe,.!7°
In addition, the asymmetry of Mo-S bond and Mo-Se bond from the different electronegativities
of S and Se atoms partially deviated the charge density from the center of Mo atoms, which not
only potentially benefits stabilizing the COOH* intermediate (confirmed by the most negative
formation energy), but also facilitates the rate-limiting CO desorption step. Their experimental
results showed the MoSeS alloy monolayers attain the highest 45.2% Faradaic efficiency for CO
production, much larger than that of MoS, monolayers (16.6%) and MoSe, monolayers (30.5%)

at—1.15 V vs. RHE.
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Fig. 13. 2) HRTEM images of an exfoliated-MoS, nanosheet, showing atomic resolution structural information, and
their corresponding fast Fourier transforms. (Insets show the 2H and 1T phases, top and bottom, respectively.) b) The
hydrophobic exfoliated 1T MoS, shows the 81.2% FE of CO from CO, reduction. Reprinted with permission.!#
Copyright 2018 John Wiley and Sons. ¢) Deconvoluted S 2p and Sn 3d spectra of 1T-SnS, and 1H-SnS,. d) FEs of
CO, HCOOH, and H, at various applied potentials for 1 T-SnS, and 1H-SnS,. Reprinted with permission.'”! Copyright
2020 John Wiley and Sons.

The intrinsic semiconducting 2H phase of 2D MoS; is usually not ideal for electrochemical
CO,RR due to relatively poor charge transport. The 2H phase can be converted to the metallic 1T
phase, and the 1T phase has exhibited facile kinetics, low resistance, and a high density of catalytic
active sites.!”> 173 Ly et al. used high-resolution transmission electron microscopy (HRTEM) to
show the two MoS,; phases (Fig.13a). The metallic polymorph governed the FE of CO,RR, which
is higher than that of 2H MoS, as shown in Fig.13a. Further decoration with fluorosilane produced
a more hydrophobic electrode surface, enhancing CO, transport to active sites and increasing FEcq
to 81.2% at (Fig. 13b).!%® Similarly, XPS results (Sn-3d and S-2p) demonstrate the conversion of

the semiconducting phase (1T) of 2D SnS,-based catalyst to the metastable semimetal phase (1H)
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(Fig.13c) which enhanced CO,RR activity, resulting in stable (> 15 h) and selective CO
production.'® Theoretical calculations showed that the *COOH intermediate was more stable on
the 1H-SnS,; surface than the 1T-SnS, surface. The 1H-SnS, catalyst exhibited a high FE 0f 98.2%
at —0.8 V vs. RHE under ambient conditions while 1T-SnS, showed a maximum FE of 13.7% (Fig.
13d). This semimetal phase with excellent conductivity also has been observed for other TMDCs,
displaying enhanced CO,RR. Aljabour ef al. showed excellent CO, conversion to CO and formate
for semi-metallic TiS, with the combined Faradaic efficiency of 95% and overpotential below 0.4
mV at the current density of 5 mA cm™!'. The CO, molecules were bound to the 2D conductive
sulfur planes in TiS, as intermediate monothiocarbonate, which conducts the reducing kinetics
mainly toward CO.!74

Another method to guide electrons to CO,RR is forming heterostructures between TMDCs
and other highly conductive CO,RR active materials. Shi et al. dispersed ultrasmall Cu
nanoparticles on flower-like MoS, for CO, C,H,, and CH4 production from CO,RR.!'> The
ultrasmall Cu nanoparticles decreased HER compared to bare MoS,, and the optimum Cu loading
led to a 7-fold improvement to CH4 production (Fig. 14a). A theoretical study by Li et al. showed
significant electron transfer to the electron-deficient MoS, edge for effective CO,RR when the
MoS,; edge was interfaced with N-doped carbon, even though the electron-rich N-doped carbon
substrate was weakly bound to the MoS, edge.!” The potential-determining step for
MoS,/N-doped carbon heterojunction was reduction of the *COOH intermediate to CO, whereas
the potential-determining step for bare MoS, was formation of the *COOH intermediate from CO,.
This predicted electron donation from the N-doped carbon support to the exposed Mo edge sites
could facilitate *COOH reduction to CO and recovery of the original active Mo site (Fig. 14b and

c). Experimental studies of hydrothermally synthesized MoS,/N-doped carbon electrocatalysts
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found that the abundant active sites on MoS, exposed edges led to a low onset potential of ~40
mV and a remarkable FEcq of 92.68% at -0.7 V vs. RHE (590 mV overpotential).!”® The activity
remained stable for more than 24 h. He et al. integrated 2D SnS; nanosheets with Ag nanowires
(NWs) for CO,RR (Fig. 14d).!7¢ Owing to the similar E;of the two materials, Ag NW free electrons
participated in electron transport in the SnS,/Ag NW heterojunction. Both defect sites and the
increased carrier density in the heterojunction (5.5-fold larger than the bare SnS, nanosheet)
enhanced the conductivity and binding strength for CO, and led to FE of carbon products (CO and
formate) of ~84 % at -0.9 V vs. RHE. The FE of bulk SnS, and SnS, nanosheets were 77 % and

80%, respectively (Fig. 14e).
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Fig. 14. a) Top panel: HRTEM of Cu/MoS; (the insets are the detailed image of white dashed circle); bottom panel:
Faradaic efficiency of CO, reduction for different products over all prepared Cu/MoS, samples (-0.75 V vs. RHE).
Samples Cu/MoS,-1, Cu/MoS,-2, Cu/MoS,-3 are corresponding to the weight ratios of Cu(NOs), 3H,0 to MoS, as
10%, 15%, and 20%. Reprinted with permission.!”> Copyright 2017 The Royal Society of Chemistry. b) The DFT
calculations for demonstrating free energy profiles for CO,RR catalyzed by different models at the equilibrium
potential of —0.11 V. ¢) The illustration of charge density changes in the N-doped carbon (NC) and edge-exposed 2H
MoS; model. The turquoise-colored regions represent hole density, and the brown-colored regions represent electron
density, and thus it was expectable that the significant electron transfer from the NC substrate to the MoS, edge,
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resulting in more active edges exposed. Reprinted with permission.!”® Copyright 2019 John Wiley and Sons. d) TEM
image of Ag-SnS, hybrid nanosheets. ¢) Faradaic efficiencies for carbonaceous product over the three SnS,-based
catalysts. Reprinted with permission.!7¢ Copyright 2019 John Wiley and Sons.

Photoelectrochemical reactions use both photons and electrons to help drive the reaction.
This type of reaction separates the photoinduced electron-hole pairs more efficiently via band
bending generated by an external potential. In one example, 2D MoS, and MoSe; thin films were
deposited on Si substrates by photoelectrochemical deposition of corresponding metal oxides,
followed by thermal annealing with sulfur and selenium. Visible illumination of MoS,/Si or
MoSe,/Si photocathodes increased the current density by 2.6 and 9.3 times compared to the dark
electrochemical reaction, respectively, relative to bare Si. The authors argue that the narrower
bandgap, and thus broader visible absorption, of MoSe; is the main reason for enhanced CO,RR,!"’
but more detailed mechanistic studies and product investigations are needed.

3.2.2 Photochemical CO,RR

Many TMDCs are semiconducting in their few- or mono-layer forms. Strong (in many
cases direct-bandgap) and tunable visible absorption'’® 17 in semiconducting TMDCs coupled
with good charge transport and catalytic sites, ' promote potential applications in photochemical
catalytic reactions. However, only a few reports focus on the reduction of CO, using 2D TMDCs
as photocatalysts, which makes this area promising for future exploration.

MoS, nanoflowers have been utilized to photoreduce CO, to CO in the gas phase, acting
as both the photoabsorber and catalyst site (Fig. 15a).13¢ The nanoflower shape increases the
number of catalytically-active edge sites and the authors explored growth and post-growth
conditions to manipulate flake edge morphology, lateral size, and MoS, thickness. A faster
temperature ramp during CVD growth increased the nanoflower flake thickness and edge planes

while post-synthetic H, treatment impacted stacking geometry and introduced more edge sites,
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which decreased the band gap of MoS,; from 1.83 eV to 1.38 eV. Simultaneously, structural strain
stretched the lattice toward the unstable MoS, 3R phase. The highest activity occurred for the small
band gap material, which exhibited lower recombination and increased charge transport at thick
edge sites and basal defect sites. A 30-min, post-treatment under reducing conditions (1% H,/Ar)
increased the photocatalytic CO generation rate from ~0.17 (non-treated) to ~0.35 umol gg,' h-l.

2D MoS, sheets with the co-existence of 2H and 3R phases were also explored for CO,
photoreduction,'®! where ultraviolet illumination generated CH;OH and CH;CHO (Fig. 15b).
Manipulating the electrolyte cations influenced scavenging of photoinduced holes, providing a
different number of accumulated electrons for selective CO,RR product generation. Using
NaHCO; medium, 27.4 umol ge,' h'! CH30H and 2.2 pmol g, ! h'' CH;CHO were produced,;
while CI- in NaCl solution acted as an efficient hole scavenger for higher-order hydrocarbon
products to give a production rate of 7.8 umol g. ' h'! for CH;OH and 4.8 pumol g., ' h'! for

CH;CHO (Table 2).
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Fig. 15. a) MoS, nanoflowers for gas-phase CO, photoreduction to generate CO. Reprinted with permission.!3¢
Copyright 2019 American Chemical Society. b) Photocatalytic CO,RR over MoS; nanosheets to produce CH;0H and
CH;CHO. Reprinted with permission.'®! Copyright 2019 Elsevier Inc. ¢) TEM image of WSe,-graphene and possible
carriers transport scheme of photocatalytic reduction of CO,. Reprinted with permission.'3” Copyright 2017 Nature
Publishing Group. d) SEM images of T-SnS, (top) and F-SnS, (bottom). ¢) CH, and CO yield under visible-light
irradiation for T-SnS, and F-SnS,. Reprinted with permission.!8? Copyright 2020 Elsevier Inc.

Photocatalytic CO,RR has also been achieved for 2D WSe,. WSe,—graphene
nanocomposites were synthesized via ultra-sonication and measured under irradiation with
UV/visible light for photocatalytic CO, reductionto CH3;OH (Fig. 15¢)'37 The nanoscale
morphology of the as-synthesized WSe,—graphene powder included nanoparticles, nanowire, and
several-layer nanosheets. The binary structure of WSe, and graphene promoted electron transport

and suppressed electron—hole recombination compared to pure WSe;, resulting in CH;0H yields

of ~3.55 umol g! h'' under visible light and 2.35 pmol g'! h' under UV light for 48 h. Coupling
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with sacrificial agent Na,SOj; further enhanced photocatalytic CO,RR activity, with CH;OH yields
of 4.33 umol g'! h'land 5.03 umol g*! h-!, respectively.

It is well known that catalyst morphology affects catalytic activity due to unique adsorption
energies and catalytic activities of different crystal facets.!®3-185 Li ef al. confirmed this principle
for photocatalytic CO,RR in TMDCs by synthesizing and comparing tablet-like (T) and flower-
like (F) SnS, flakes.!3> While both morphologies were in the 2T phase, they were dominated by
different facets, with the [0 0 1] direction being inhibited in F-SnS,. The smaller thickness
compared to the electron mean-free-path shortened the carrier diffusion time to the catalyst surface
in F-SnS,. The flower-like morphology (Fig. 15d) also had larger specific surface area and
Sn?* surface defects. While F-SnS, produced 5.7x higher yield of CH4 compared to the T-SnS,,
the main CO,RR product on both catalysts was still CO (Fig. 15¢), except for the very last time
point (24 h).

Doping is another route to influence CO,RR activities of 2D TMDC photocatalysts. Billo
et al. studied selective photocatalytic CO, reduction to CH, in carbon-implanted 2D SnS; thin
films grown by chemical vapor transport.!8¢ As shown in Fig. 16a, both CBM and VBM of carbon
doped SnS,; (C-SnS,) shift downward by 0.24 and 0.13 eV compared to the as-grown SnS,, leading
to better redox potentials for multielectron CO, reduction and H,O oxidation. This C—SnS, sample
demonstrated high densities of surface electrons and CO, adsorption sites, discrete electronic states,
enhanced charge mobility and light harvesting, and reduced electron-hole recombination. These
C-SnS, properties resulted in over two orders of magnitude enhancement in CO, conversion
efficiency—relative to SnS,—and about 89% product selectivity toward CH4 formation as shown

in Fig. 16b.
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simulator). Reprinted with permission.!®¢ Copyright 2020 Elsevier Inc. ¢) Schematic for CO, reduction using
Bi,WO¢/MoS, catalysts to generate methanol. Reprinted with permission.'®” Copyright 2017 Elsevier Inc. d) 1D/2D
Ti0,/MoS; is used to photoreduce CO, to methane and methanol. Reprinted with permission.'® Copyright 2018 John
Wiley and Sons. e) Schematic illustration of the charge separation and transfer in the MoS,/TiO, system for the
photoreduction of CO, to CH;0H, and Mo sites especially Mo-terminated edges on MoS, nanosheets stabilize the
intermediate products (CH,Oy,). Reprinted with permission.!8¥ Copyright 2017 The Royal Society of Chemistry. f)
Diagram of the energy band structure and electron transfer in the SnS,/SnO, composite semiconductors. g) Free energy
diagrams of CO, photoreduction to CO for the SnS, atomic layers, the poorly oxidized SnS, atomic layers, and the
mildly oxidized SnS, atomic layers. Reprinted with permission. % Copyright 2017 American Chemical Society. h)
HRTEM image of SnS,/SnO, with schematic (right panel) showing the lattice distortion at the SnS,/SnO, interface. 1)
Photocatalytic CO, reduction of SnS,/SnO, nanoparticles and hollow spheres with different numbers of shells.
Reprinted with permission.'*® Copyright 2020 John Wiley and Sons.

Although the strategies of phase engineering, doping, and introducing defects in pristine
TMDC materials are promising avenues for CO,RR activity enhancement, investigating other
TMDC materials with unique intrinsic photochemical properties among the 40+ TMDC family

members could be another essential route to achieve highly efficient CO,RR photocatalysts. As a
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narrow bandgap (~1.5—1.6 eV) TMDC, ReS, with direct band gap has significant visible and near-
IR absorbance. Weak interlayer coupling in ReS,, compared to other TMDCs, leads to more
exposed active sites and lower energetic barriers for interlayer molecular diffusion. Trion
formation in ReS; also would not necessarily depend on the precise control of layer number.!°!
These advantages make ReS; a promising photo-catalytic candidate.'®> 93 Zhang et al. reported a
heterojunction composed of 2D ReS,nanosheets and CdS nanoparticles for photocatalytic
CO, reduction. Because of the high-efficiency interfacial photogenerated electron—hole separation
and migration as well as the adsorption/activation of CO, intermediates from surface sulfur
vacancies, the ReS,/CdS heterostructure exhibited a high photocatalytic CO yield of
7.1 umol g~! with a high selectivity of 93.4% over 7 hours.!**

Similar as above, integrating a 2D TMDC with another semiconductor in a Type-II
(staggered band) heterostructure is a simple way to increase optical absorption and improve
photocatalytic activity. In such heterojunctions, the 2D TMDC serves as surface catalyst for charge
transfer and stabilizing intermediates, while another semiconductor serves as the photoactive
absorber. Dai et al. combined Bi,WOg nanoflowers with a few-layered MoS, co-catalysts for CO,
photoreduction into methanol and ethanol.!8” Photoinduced charge separation at the Bi,WO¢/MoS,
interface yielded electron transfer to MoS, for reduction reactions, resulting in 36.7 umol g, of
methanol and 36.6 umol g.,! of ethanol after 4 h of visible light excitation. The authors propose
that CO, in aqueous solutions produces CO;?, HCO?*-, and H,COj3, which are reduced on the few-
layered MoS, (Fig. 16¢).

Another heterostructure configuration employed for 2D TMDC CO,RR photocatalysts
was demonstrated by coupling 2D MoS, to Ti0O,.!?> 19 Under UV-vis illumination, photoexcited

electrons in 1D TiO,; are transferred to 2D MoS, and used for CO,RR (Fig. 16d). In this catalytic
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reaction, methane and methanol are produced at 2.86 and 2.55 umol g h!, respectively. The
possible mechanism for methanol production was detailed in another work;!® where, it was
proposed that photoexcited electrons in TiO, transfer to Mo sites, where they participate in
CO, reduction with the CH,O, intermediates stabilized on Mo-terminated edges (Fig. 16¢).

Efficient charge transfer across heterostructure interfaces can be achieved by low-
dimensional TMDC layers that produce a depletion region with large electric fields that can be
created by in-situ synthesis.!””> 19 Jiao et al. presented a facile in-situ oxidization of 2D SnS; to
achieve atomically bonded SnO,/SnS; heterostructures for visible light CO, photoreduction, where
the SnO, layer has high electron conductivity and SnS, efficiently absorbs light.!3 As predicted
by the band structure diagram (Fig. 16f) and simulation results (Fig. 16g), this atomically thin
SnS,/Sn0O, heterojunction supports electron-hole separation and active site exposure, while
electron localization on Sn atoms lowers the CO, activation energy barrier through stabilizing the
COOH* radical intermediate. The mildly oxidized SnS, atomic layers resulted in a CO formation
rate of 12.28 umol g!' h™!, roughly 2.3 and 2.6 times higher than those of the poorly oxidized
SnS, atomic layers and the SnS; only atomic layers, respectively. By utilizing the reverse process,
You and co-workers sulfurized hollow multi-shelled structured SnO, to create a
SnS,/Sn0O; heterostructure.!*® Sulfurization introduced a large amount of oxygen vacancies and
interfacial lattice distortions (Fig. 16h) that increased the active sites for CO, adsorption.
Additionally, reflection and scattering in the hollow spherical multi-shell structure increased light
absorption, relative to the planar SnO,/SnS, heterostructure. These advantages led to 100 % CO
selectivity with a production rate of 47.5 umol g-! h™! for over 20 h (Fig. 161).

TMDCs have been interfaced with other nanomaterials for CO,RR. Lu et al

hydrothermally synthesized 2D MoS,-wrapped Mn,,CdysS nanospheres with varying weight
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percentages of MoS; to tune photocatalytic activity.!*® Photoinduced electrons are transferred from
Mny,CdysS to MoS,; to reduce CO, to CH30H (Fig. 17a). The heterostructure with an optimal
MoS; loading of 3 wt% yielded 2.13 umol h™' of CH;OH, which was 5.4 times more than bare
Mn,,Cd, S nanospheres (Fig. 17b). NiSe,, a high electrical conductivity TMDC was interfaced
with WSe, for photocatalytic CO, reduction into methanol.!”® When NiSe, was incorporated into
the hydrothermal synthesis process of WSe,, it reduced the size of WSe, flakes, which maintained
the rich exposed edges and active sites. The specific surface area increased to 8.52 m? g!
compared to 3.01 m? g”! of bare WSe, flakes sample. The NiSe,/WSe, catalyst showed 380 pumol
g'h! yield of CH;0H from CO,RR, which is more than 3 times of bare WSe, catalyst.
Compared to the Type II heterostructure configuration, an all-solid-state artificial Z-
scheme heterojunction has been considered as a more efficient photocatalyst by expanding the
light absorption spectrum and providing long-lived, photoinduced electrons and holes. In a Z-
scheme, both sides of the interface absorb photons and the lowest energy photoexcited electrons
and holes recombine leaving behind high-energy electrons and holes on each side of the
interface. As an example, 2D MoS,/SiC nanoflower interfaces support oxidation on the MoS, side
and reduction on the SiC side (Fig. 17¢ and d).2%° This Z-scheme interface yields CH4 and O, at
323 and 621 pL g! h'!, respectively, under visible light without sacrificial reagents. Another Z-
scheme heterojunction for CO, photoreduction was constructed by fabricating MoS,/g-CsNy
composites (Fig. 17¢).2°! The MoS,/g-C3N4 composites have strong visible light response, efficient
exciton dissociation, and high specific surface area. This Z-scheme optimally generates CO (58.59
umol g.,. ") with 10 wt% MoS,/g-C;Ny catalyst for 7 h with visible light irradiation, which was up

to three times more than bare g-C;N,.
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Fig. 17. a) Reaction energetics for the improved activity of MoS,/Mn,,CdsS nanosphere composites for CO,
photoreduction. b) CH;0OH production rate comparison among MoS,, Mn;,Cd, S and MoS,/Mn,,Cd, S composites:
MCSMSX, where X is the wt% of MoS,. Inset is the SEM image of MoS,/Mn;,CdsS composite. Reprinted with
permission.!?® Copyright 2020 The Royal Society of Chemistry. ¢) and d) MoS, interfaced with SiC undergoes a Z-
scheme redox reaction to reduce CO, and oxidize H,O. Bottom panel of d) is the SEM morphology of MoS,@SiC.
Reprinted with permission.?® Copyright 2018 American Chemical Society. e) Z-scheme band energetics of the MoS,
and g-C;Ny interface for CO, photoreduction. Reprinted with permission.?! Copyright 2018 The Royal Society of
Chemistry. f) Z-scheme band energetics of MoS,/SnS,/r-GO system under UV light irradiation which increases charge
separation to photoreduce CO, to CO and CH,. Reprinted with permission.292 Copyright 2019 American Chemical
Society. g) Comparison of average gas production rates of SnS,, S-covalent triazine frameworks (CTFs), and
SnS,/S-CTFs. h) Schematic diagram of the photogenerated charge separation and transfer in SnS,/S-CTFs. Reprinted
with permission.?* Copyright 2020 John Wiley and Sons.

Z-schemes can also be constructed by interfacing 2D materials together. Yin ef al. reported
2D MoS,/SnSy/reduced graphene oxide (r-GO) heterostructures for ultraviolet light CO,
reduction.??? Reduced graphene oxide provided the high specific surface area, conductivity, and
carrier mobility needed for efficient CO,RR. Electron spin resonance spectroscopy revealed the
composite of MoS,/SnS,/r-GO has preferred active species for production of superoxide radicals

(*Oy"), indicating a more negative CBM potential compared to the redox potential E (O/*O,") (-
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0.33 eV vs. NHE). Since the CBM of individual SnS; is more negative than E (O/+O;") but that of
individual MoS, is more positive than E (O/*O,7), the Z-scheme energetics suggest that SnS,
electrons produce superoxide, while the MoS, CB electron recombines with the VB hole of SnS,
(Fig. 17f). The yield of CO and CH4 was 173- and 222-fold higher than bare MoS, photocatalyst,
respectively.

Z-scheme interfaces pairing SnS, with other materials have been reported for CO,RR,
including g-C3N4/Au/SnS,,2% SnS,/Ti0,,2% 206 and SnS,/SrTi03.!82 In these heterostructures,
product selectivity and light absorption were governed by the semiconductor other than SnS,,
which enhanced CO, photoreduction performance. Guo et al. used 2D SnS,/triazine frameworks
for a Z-scheme CO, photocatalyst.2> The covalent triazine framework (CTF) captured and
activated CO, molecules.2”- 208 The addition of 2D SnS, to the covalent triazine framework
improved electronic conductivity, carrier lifetime, and efficiency of the bare covalent triazine
framework. Both CO, uptake and reduction yield of the SnS,/triazine framework showed

remarkable improvement of CO and CH,4 generation compared to the individual components (Fig.
17 g)_203

Table 2. Summary of Experimental CO,RR works by 2D TMDCs-based catalyst.

Materials Condition Activity Product Reference

Electrochemical Process

Nb-doped MoS, CO, and EMIM-BF, ~31 mV overpotential, CcO 154
solution TOF = 0.36s"! (overpotential=100
mV)
Single-crystal MoS, film Nz-purged KH PO, with  FEj_propanoi=~3.5% (MoS; single  C3HzO, HCOOH, 144
Na,COj; solution crystals) C,Hs0,, C4H;00

FE | _propano=~ 1% (MoS, thin film)
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Vertically aligned MoS, CO, with EMIM-BF, FEc0=98% (overpotential = 650 CcO 155
Nanoflakes solution mV)
Cu/MoS, CO,-saturated NaHCO; Max. FEco=43.81% CcO 175
solution Max. FEcps=17.08% C,H,4
MaX‘FEC2H4:3 A45% CH4
MoS,, MoSe,, WS,, WSe, CO, and EMIM—-BF, FEco=24% (overpotential= 54 mV), CO 159
Nanoflakes
solution TOF=0.28s! (-0.164 V vs. RHE)
Ultrathin MoTe, CO,-sparged [Bmim]BF, FEcps =83 +3% CH,4 161
(25.6 mA cm™ at—1.0 V vs. RHE)
solution
TiS, NBuy-PFs and EMIM- FEco =83% (—0.5 V vs. RHE, 390 (6(0) 174
BF, in acetonitrile water mV overpotential, 5 mA cm2)
HCOOH
MoS,/N-Carbon CO; Emim-BF, solution ~ FEco = 92.68% (34.31 mA cm™2, CcO 176
590 mV overpotential)
Fluorosilane Decorated CO,-saturated FEco =81.2% (—0.9 V vs. RHE) CO 158
Exfoliated MoS,
EMIM-BF4 solutions
rGO/PEI/MoS, CO, sparged NaHCO; ~140 mV overpotential, CcO 159
solution FEco=85.1 %,
TOF=2.4s"! (overpotential 540 mV)
Photoelectrochemical Process
2D MoS,, MoSe,/Si CO, sparged 2.2 (MoS,/Si) and 1.2 (MoSe,/Si) N/A 177
NaHCOs; electrolyte
times higher current density (CO,),
2.6 (MoS,/Si) and 9.4 (MoSe,/Si)
times higher current density (light),
Photochemical Process
MoS, nanoflowers CO, in H,0, ~589 Wm2 0.22 to 0.35 pmol geat! h'! CcO 136
illumination (400-700
nm)
WSe, NaHCO; solution 115 pmol g! h! CH;0H 199
Xe Lamp (>420 nm)
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ReS,/Cds 0.5 M Na,SO,4 aqueous 1.01 pmol g h! CcO 194
solution
Xe Lamp (>420 nm)

MoS,/SiC CO, with H,O vapor, 323 uL gt h! CH,4 200
Visible light

MoS,/g-C5Ny CO, with H,O vapor, 8.37 umol g h'! CcO 201
Xe Lamp

MoS,/Bi,WOg¢ CO; in H,O, Visible light 36.7 umol gcat™! (Methanol) CH;0H, 187

36.6 umol geat™! (ethanol)
CH;CH,0OH
1D TiO,/2D MoS, CO, with H,O vapor, 2.86 umol g'! h'! (Methane) CH,, CH;0H 196
2.55 pmol g'!' h'! (Methanol)

Xe Lamp

TiO,/MoS, Nanosheet CO, saturated NaHCO; 3.1-10.6 pmol g'' h! CH;0H 188
solution, Xe Lamp

MoS,/Mn,Cdy S CO, saturated NaOH 1.18 = 2.13 umol g'! h'! CH;0H 198
solution
Xe Lamp (>420 nm)

NiSe,/WSe, NaHCOj solution 380 pmol g'' h'! CH;OH 199
Xe Lamp (>420 nm)

WSe,/graphene NaHCO; solution 3.55 umol g h! (visible light) CH;0H 137
Visible light and UV light 2.35 pmol g h'! (UV light)

sacrificial agent-Na,SO;:
4.33 umol g'! h-! (visible light)
5.03 umol g'! h'! (UV light)

2H and 3R phase MoS, NaHCO;, NaOH, and InNaHCOj;: 27.4 umol g-1 h'! CH;0H, 181

NaCl solution, UV light (CH30H) and 2.2 pmol g-1 h’! CH5;CHO

(254 nm)

(CH;CHO).
In NaOH: 11.2 pmol g-1 h-!
(CH30H) and 2.5 pmol g-1 h'!
(CH;CHO).

In NaCl: 7.8 umol g-1 h'' (CH;0H)

and 4.8 umol g-1 h'! (CH;CHO).
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MoS,/g-C5N, CO, with H,O vapor, 8.37 umol g h! CcO 201
Xe Lamp
MoS,/Bi,WOg¢ CO, in H,0, Visible light 36.7 umol geat™! (Methanol) CH;0H, 187
36.6 umol gcat™! (ethanol)
CH;CH,OH
1D TiO,/2D MoS, CO, with H,O vapor, 2.86 umol g'! h'! (Methane) CH,, CH;0H 196

2.55 umol g'! h'! (Methanol)
Xe Lamp

3.3 MXene
3.3.1 Electrochemical CO,RR
The viability of MXene catalysts for CO,RR was recently investigated by computational
screening.!33 209 The activity and selectivity of CO, reduction over MXenes are closely related to
the hydrogenation process and surface-terminated active sites. Hydrogenation of CO, on M;C, (M
= Sc, V, Mn, Zr, Nb, Hf, Hf, Mo, and W) MXene surfaces was theoretically studied by Xiao et
al.’® The calculation results predicted two mechanisms, distinguished by the first protonation step,
for CO,RR over M;C, MXenes, with methane as the final product. The formation of bicarbonate
intermediate species *HCO,, from CO, and successive protonation (*HCO, — *H,CO, —
*H,CO, — *H,COOH — *H,CO — *H;CO — *O (+ *CH;) — *OH — *H,0), is the
energetically favorable pathway for most studied MXenes, whereas the mechanism of *COOH —
*HCOOH — *CHO — *HCHO — *H,COH — *H;COH — *CH; — *CH, is more favorable on
Ta;C, and W;C,. Such binding features of *HCO, or *COOH were suggested to be determined by
the M—O—C or M—C-O binding.
Further experimental investigation was conducted on the hydrogenation of CO, on pristine
B-Mo,C and B-Mo,C modified with Cu nanoparticles in a gas-phase reactor by Posada-Pérez et
al.,% which showed the surface-determining CO,RR activity and selectivity phenomena. The

results revealed the direct activation and dissociation of the CO, molecule to methane and CO on
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clean B-Mo,C, whereas hydrogen-assisted CO,RR occurred on Cu/pB-Mo,C for CO and methanol
production. It is believed that CO* and H3;CO* dissociation are favorable processes on bare [3-
Mo,C surfaces for methane and CO. New routes involving the hydrogenation of CO,* for the
formation of HCOO* and subsequent H,COO* at the interface of Cu/B-Mo,C could ultimately
produce CH30* and then CH;OH. These observations demonstrate a critical aspect of MXenes—
even the surface of pristine MXenes can dissociate highly stable molecules such as CO,, which
are normally the rate-determining steps of the studied reactions. The activity and selectivity for
CO, hydrogenation can be controlled by basal plane modification. Such low energy barriers are
also featured on clean patches of MXenes for efficient catalytic dry reforming of methane from
CO,RR.%

The influence of oxygen and hydroxide MXene-termination groups on CO,RR has also
been theoretically investigated. Owing to the hydrogen-bond interaction between *HCOOH and
the surface groups, particularly -O, the unique CO,RR behavior on Ti,CTy and Mo,CTx MXenes
has been noticed, where the *HCOOH pathway dominates the surface CO,RR instead of the
typical *CO pathway over most transition metal catalysts. The C atoms on the MXene surface
determine the type of surface groups. In general, *COOH binds to the -OTx group on MXene
surfaces through the C atom, whereas *HCOOH binds through the H atom. Such *HCOOH
intermediate preferences result in non-linear scaling with *COOH in terms of their binding
energies, as these two intermediates are coordinated differently on the MXene surfaces.?!® With
-O and -OH surface functionalization, the energy barrier for CO, reduction to CH, over
Cr;C,T, and Mo3C,T, could be reduced compared to the unfunctionalized MXenes.?!! Handoko
and co-workers reported a CO, reduction pathway on O-terminated MXene catalysts that

preferentially binds *CO to selectively generate CH, at low overpotentials. They concluded that
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W,CO; and Ti,CO, are highly promising MXenes for CO,RR to form CH, with theoretical
overpotentials of 0.52 and 0.69 V, respectively (Fig. 18a).2!?

Chen et al. utilized thermodynamic and kinetic first-principle approaches to study CO,
reduction over various (—OH)-terminated M,C and M,;N MXenes (M = Hf, Nb, Sc, Ta, Ti, V, Y,
and Zr). The simulations resulted in the potential-limiting step of *(H)COOH — *CO for most
OH-terminated MXenes, where the adsorbed *CO is stabilized by capturing H atoms from the OH
termination group. Due to the proximity to the peak of the volcano curve, Sc,C(OH), and
Y,C(OH), (Fig. 18b) were identified as the most promising catalysts for CO, to CH, conversion
with the least negative limiting potential of -0.53 V and -0.61 V, respectively, in aqueous reaction
conditions.!>?

Although experimental studies on the role of MXene-termination groups for CO,RR are
still rare, a few pioneering studies have been reported. In the experimental work by Handoko et
al., formic acid was the main CO, reduction product on Ti,CTy and Mo,CT, MXenes, where a
maximum FE of over 56% at 0.17 V vs. RHE was observed for Ti,CTy. According to their DFT
results, CO,RR activity depended on the Ti,CTy fraction of —F and —O surface termination groups,
where lower amounts of —F and higher amounts of —O led to lower potential energy steps for
formic acid generation (Fig. 18¢).2! The impact of oxygen terminated MXenes on CO,RR was
further explored in detail by Attanayake et al?'*> The DFT results indicated that the surface-
terminated oxygen vacancies performed as CO,RR active sites. With regards to the free energy,
CO, exhibited weak binding at the vacancy site on oxygen terminated Ti3C,, while it is physically
adsorbed at the oxygen vacancy on the oxygen terminated Mo,C. Following activation of *CO, to
*COOH, the hydrogenation step required 0.26 eV less free energy input of Mo,C compared to

Ti3C,, which spontaneously dissociated and formed H,O and *CO, promoting better CO,RR on
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Mo,C (Fig. 18d). Adding the ionic liquid 1-ethyl-2-methylimidazolium tetrafluoroborate as an
electrolyte in acetonitrile suppressed the competing HER, and Mo,C and Ti;C, exhibited Faradaic
efficiencies of 90% (250 mV overpotential) and 65% (650 mV overpotential), respectively. To
the best of our knowledge, there are no reports of photoelectrochemical CO,RR; however, there

are a few reports of photochemical CO,RR with MXenes.
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Figure 18. a) O-terminated MXenes display low theoretical overpotential for CO,RR. Plot of U (CO,) — U (H,) as a
function of U (CO,) showing the selectivity of CO,RR to generate CH, relative to HER for MXenes. Vertical line
marks the equilibrium potential for the reduction of CO, to CH, (0.17 V vs. RHE). Reprinted with permission.?!
Copyright 2018 The Royal Society of Chemistry. b) Volcano curve of OH-terminated MXenes to generate CHy. For
most OH-terminated MXenes, the potential-limiting step is determined to be *(H)COOH — *CO. The equilibrium
potential for CO,RR to CH, is 0.17 V vs. RHE. Reprinted with permission.!3? Copyright 2019 American Chemical
Society. ¢) DFT results for CO,RR to generate formic acid on Ti,CTy with varying ratios of Ty. Reprinted with
permission.?!® Copyright 2020 Elsevier Inc. d) The free energy diagram for CO,RR at the oxygen vacancy on Ti;C, (in
black) and Mo,C (in red) calculated using the PBE functional. Reprinted with permission.?'3 Copyright 2021 The
Royal Society of Chemistry.

3.3.2 Photochemical CO,RR
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Both computational and experimental results indicate that MXenes can exhibit high carrier
mobilities and appropriate band gaps (when semiconducting) for photocatalytic CO, reduction.
Zhang et al. theoretically investigated CO, photoreduction at oxygen vacancies on three MXene
monolayers (Ti,CO,, V,CO,, and Ti;C,0;) and found the best performance from monolayer
Ti,CO,, a semiconductor with 0.91 eV band gap and large electron mobility.'>!- 214 They proposed
that incomplete O-termination, along with CO and H, introducing additional oxygen vacancies,

promoted the selective reaction pathway of CO, — HCOO — HCOOH.!31: 214

5TC-OH/P25

5TC/P25

d= 1.0 nm
Ti,C, (002)

P25 S5Pt/P25

Q.
~

CH, production rate (pumol h™')

=
-

50 nm

n ‘f S0am
—
h) ..
TT350 TT450 TT550 TT650 P25 === B

_ Samples h)Iz - j)

e

4
=

TBOS  TBI
Samples

Products evolution rate (umol-g "-h 1)

2>400nm

— ‘;N?.j‘ L.

CH, Production (umol/g)

i

2 5 TEOA TEOA* [ §

Fig. 19. a) HRTEM image of the interface structure of Ti;C,-OH and TiO, P25 NPs. b) Evolution rates of CO and
CH,4 over P25, 5%Pt/P25(5Pt/P25, 5%Ti;Cy/P25(5TC/P25), 5%Ti;C,-OH/P25(5TC-OH/P25) under irradiation by a
300 W Xe lamp; Reprinted with permission.?!> Copyright 2018 John Wiley and Sons. ¢) Field emission scanning
electron microscope (FESEM) image of rice-crust like TiO,/Ti;C, composite. d) Comparison of the photocatalytic
CO; reduction of the TiO,/Ti;C, composite samples without calcination and with calcination (TT350, TT450, TT550
and TT650 were defined as the TiO,/Ti;C, prepared under different calcination temperatures) and P25 for
CH, production. Reprinted with permission.?!® Copyright 2018 Elsevier Inc. ¢) TEM image of 2% TisC; in
Ti;C,/Bi;WOg and the element mappings of Bi, W, O, Ti, C of selected area. The red circles indicate the Bi particles
derived from Bi,WOg nanosheets under the high-power electron beam. f) Photocatalytic activity of TBO to TBS, where
TBX= Ti;C,/Bi;WOg and X= the % of Ti;C,. Reprinted with permission.?!” Copyright 2018 John Wiley and Sons. g)
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SEM image of 5% Ti;C,/g-C;N4 sample. h) 5 h accumulated production of CO and CH,4 on g-C5N4 (CN), 5% Ti;Cs-
CN (5%TC-CN), and 5% Ti;C,-OH-CN(5%TCOH-CN). Reprinted with permission.?!'® Copyright 2020 Elsevier Inc.
i) Co-Co layered double hydroxide/Ti;C,Tx nanosheets (LDH/TNS) for CO, reduction with triethanolamine (TEOA)
as sacrificial agent. Inset is the SEM image of the catalyst morphology. Reprinted with permission.2!® Copyright 2020
Elsevier Inc.

Since most MXenes exhibit metallic behavior, coupling MXenes to other photoactive
materials is an important strategy for CO, photoreduction. For example, Ye and coworkers coupled
TiO, nanoparticles (P25) to Ti;C,—~OH MXenes for CO, photoreduction (Fig. 19a).2!> These
MXene/TiO, heterostructures have superior electrical conductivity and charge-carrier separation
ability as well as abundant CO, adsorption and activation sites, where the heterostructure activities
for CO,RR to generate CO (11.74 pmolg'h™!) and CH,4 (16.61 umolg'h™!) were greater than that
of bare P25 (Fig. 19b) and for P25 loaded with 5 wt % Pt (5Pt/P25). Annealing a Ti;C, MXene
precursor has also been used to produce TiO,/Ti;C, hybrids with a unique “rice-crust” like
structure (Fig. 19¢).21¢ Efficient interfacial charge transfer enabled outstanding photocatalytic
activity for CO, reduction to CH4 with a rate of 0.22 pmol h™!, 3.7-fold higher than a P25 TiO,
control (Fig. 19d).

Cao et al. prepared ultrathin Ti3C,/B1, WOg nanosheets via hydrothermal methods (Fig.
19¢).2'7 The interface energetics of this heterostructure induced photoexcited electron transfer
from Bi,WOg¢ nanosheets to metallic, O-terminated Ti;C, and subsequent reduction of adsorbed
CO,. As shown in Fig. 191, the optimized Ti;C, loading of 2% in Ti;C,/Bi,WOg4 (TB2) gave
CH;and CH;0H yields of 1.78 and 0.44 umol h!g™!, respectively, while significantly
outperforming pristine Bi,WOg. Similarly, MXene fraction-dependent photocatalytic CO,RR was
also observed by Tang et al. for heterostructures between graphitic carbon nitride (g-C;N4) and
T13C,-OH (Fig. 19g), with the optimal composite producing CO and CH,4 yields that were ~6x

times and 4x higher than pure g-C3;Ny, respectively (Fig. 19h). 218 In addition, Liu et al. synthesized
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the CeO,@Ti;C, composite, where a Schottky junction was realized by the built-in electric field
between CeO, and MXene.?? The best CO yield catalyzed by CeO,@ Ti;C, under visible
illumination was 40.2 umol m~2 h™!, ~1.5x higher than pure CeO,.

Another recent study demonstrated nanocomposites pairing Co-Co layered double
hydroxides with Ti;C,Tx for CO,RR photocatalysis (Fig. 191). The MXene enhanced conductivity
and surface activity, which resulted in rapid electron transfer and adequate catalytic sites for the
separation and utilization of electrons. It also exhibited good CO,RR quantum efficiency (0.92%
at 420 nm) and stability (5 cycles, 5 h/cycle) to produce CO. The CO generation yield was much
higher than that of the pristine Co-Co photocatalyst, reaching 12,500 umol g~ ! h™! under visible-
light irradiation (>400 nm).?!?

Recent efforts have coupled CsPbXj; perovskite nanocrystals to 2D MXenes due to the
favorable bandgap, high carrier mobility, and long carrier lifetimes of perovskites. For example,
Liu et al. found that CsPbBr;@Ti;C,T, composites reduced CO, under simulated solar
irradiation.??! Ethyl acetate was used as the solvent for enhanced CO, solubility and CsPbBr;
nanocrystal stability. The 1.5 eV conduction band offset drove electron transfer from photoexcited
CsPbBr; to Ti3C,T,, resulting in higher product yields compared to that of pure CsPbBr; and other
CsPbBrs-based  heterostructures (e.g., CsPbBr3/GO, CsPbBrsy/g-CsNy,  CsPbBr3/TiO,,
CsPbBrs/Zeolitic Imidazolate Framework). Only CO and CH4 were detected with the yield of
26.32 and 7.25 umol g~! h™!, respectively, with no H, being detected, indicating a highly selective

CO, reduction.

Table 3. Summary of Experimental CO,RR works by 2D MXene-based catalysts.

Materials Electrolyte Activity Product Reference

Electrochemical Process
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Ti,CTy CO, sparging, acetonitrile, FE formic acia= 56% (—1.73 V vs. SHE) HCOOH,CO,CH, 210
water, and (BEMIMBE,)
(KF-HCI etching) electrolyte

Mo,CT, CO, sparging, acetonitrile, FEtfommic acia = 34% (—1.23 V vs. SHE) HCOOH,CO,CH, 210
water, and (BEMIMBE,)
(HF etching) electrolyte
Delaminated Mo,C CO, saturated FEco=90% (—2.24 V vs. SCE,Mo,C) CO 213
and Ti3C2
EMIMBF, FEco= 65% (—2.54 V vs. SCE, Ti;C,)
Photochemical Process
P25/Ti3C, CO, in de-ionized H,0, Xe 11.74 umol g! h'' (CO) CO,CH, 215
Lamp 16.61 umol g'! h"'(CHy)
TiO,/Ti;C, NaHCO; and HCI in H,0, Xe 4.4 pmol g'! h! CH, 216
Lamp
Ti3C2/Bi2W06 NaHCO3 and HQSO4 in Hzo, 1.78 pmol g_l h! (CH4) CH4’CH3OH 217
nanosheets Xe Lamp 0.44 pumol g'! h''/(CH;0H)
Ti3Cy/g-C3Ny CO, in H,0, Xe Lamp 2.24 umol g h'! (CO) CO,CH, 218
0.38 umol g'! h'! (CHy)
Ce0,/TizC, NaHCO;, HCl and H,O 40.2 pumol m~2h™! CcO 220

vapor, Xe Lamp

CsPbBr3/ TizC, Ty CO,, cthyl acetate solvent, CO,CH, 221
26.32 umol g 'h~! (CO)
Xe Lamp (420 nm cut-off)
7.25 umol g 'h~'(CH,)

4. N, Reduction Reactions

In this section, we review the performance of 2D TMDC and MXene materials used in
electrochemical, photoelectrochemical, and photochemical NRR. To compare the available studies,
we first discuss the NRR reaction mechanisms and underlying factors that influence each reaction
before reviewing NRR results with 2D TMDC and MXene catalysts. Since these NRR occur via
concerted PCET reactions, the mechanisms involved in these reduction reactions proceed similarly.

Thus, in this section, we will introduce the pathways deciphered by DFT calculations that are
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deemed the most probable. There are two basic associative reaction mechanisms that have been
proposed for PCET NRR to NHj: distal and alternating, which are distinct from the dissociative
reaction mechanism that the Haber-Bosh process follows.???
4.1 NRR Mechanisms

The major challenges of employing NRR catalysts discussed in this review stem from a lack
of selectivity and activity for (photo)electrochemical and photochemical processes. First the
selective synthesis of ammonia from nitrogen has been plagued by the competition with HER,
which occurs with far less kinetic barriers. Thus, there are no known reports of heterogeneous or
homogeneous catalysts showing 100% Faradaic efficiencies or quantum yields for NRR to
ammonia. To circumvent the selectivity issue arising from the competing binding of H* vs Ny, it
is desirable to realize materials that preferentially bind N, over H". Although the reduction of N,
to ammonia or NH," is thermodynamically favorable, the potential window between the HER and
NRR is quite small across the entire pH scale (Fig. 20a).223> For most electrocatalysts reported the
applied potentials are more negative than 0 V vs. SHE (Fig. 20b),>?* where the potential window
for NRR becomes even smaller. Second, sluggish NRR kinetics have translated to low yield rates
for the reaction. The large energy (945 kJ mol! @ 298 K) required to break or weaken the inert
triple bonds of N, molecules and the 6e/6H" PCET steps to yield two NH; molecules slows down
the reaction rates further. Third, the contamination of adventitious ammonia has been a clear
problem for verifying the low yields observed in the experimental results presented. Most studies
have yields of ammonia that are in the parts per billion concentrations (<10 pg mL-"). Reports
point to the presence of NH; or NH4" contamination giving false results where the contamination

could be from aqueous solutions, low purity gases, contaminated surfaces (latex gloves, lab coats,
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and tubing), human breath, and Nafion membranes.?>3-228 The possibility of catalyst decomposition

has also been reported to produce ammonia.??°
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Fig. 20. a) Pourbaix diagram for the N,/water system with dashed lines indicating the water oxidation (labeled (b) and
water reduction (labeled (a)). Reprinted with permission.??*> Copyright 2018 American Association for the
Advancement of Science (AAAS). b) Theoretical onset potentials for NRR and HER on different materials obtained
through DFT calculations that are classified according to different families of materials. The materials that are
favorable for the NRR are shown below the dashed line. Reprinted with permission.?** Copyright 2019 Elsevier Inc.
¢) Volcano plots for the N binding energy on (111) surfaces of transition metals and the H binding energies versus
calculated limiting potentials. Reprinted with permission.?” Copyright 2010 John Wiley and Sons. d) Different
reaction pathways on heterogenous/homogeneous catalysts for the NRR, the blue circles indicate N atoms, and the
white circles indicate H atoms.

To address contamination issues, stringent protocols and control experiments are required for
verifying ammonia yields in (photo)electrochemical and photochemical catalytic NRR results.??"
228,230 To rule out contamination of ammonia species from the catalyst or experimental setups,

control experiments should be performed in an Ar gas atmosphere under identical conditions to
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the NRR experiments. To rule out NH; contamination from the N, gas feed, running the
experiments at open circuit potential has also been strongly encouraged. Moreover, to avoid other
nitrogen containing species such as NO;, running the N, gas through an absorbent such as copper
has been suggested. 220-225, 227,228,230 To confirm the origin of the NHj, control experiments should
employ isotopically labelled '’N,, where '"H-NMR can confirm the presence of 'NHj, and
quantitative analysis of 'NH;3; and '“NH; under identical conditions should provide similar
concentrations of detected ammonia.?2 230

The 6 PCET steps for the (photo)electrochemical and photochemical NRR to NHj results in
many intermediates and intermediate steps. Depending upon the minimum energy pathways, the
reaction proceeds along a purely distal or alternating pathway, or the reaction can alternate between
the two mechanisms. However, the basic mechanism of PCET remains unchanged. Skulason et al.
first proposed a DFT model based on the associative NRR.?3! Since then other models have been
explored and scaling relations predicted based on DFT calculations (Fig. 20¢).232 233

In these three basic pathways (Fig. 20d, many intermediates can be formed, such as N,H, or
NH; (where n = 0, 1, or 2), where hydrogenation occurs from H atoms adsorbed on the catalyst
surface (Tafel type mechanism) or from protons in solution (Heyrovsky type mechanism).
Skulason et al. have shown that the Tafel type mechanism has a large activation barrier for most
transition metals, thus giving a relatively slow rate for NRR and suggesting that an associative or
dissociative Heyrovsky-type reaction route is more likely.?3! For the dissociative pathway, the N,
molecule dissociates on the catalyst surface and the adsorbed N atoms undergo PCET. The
dissociative reaction mechanism is predicted for surfaces with exothermic N adsorption
enthalpies.?3! Metals on the right hand side of the plot in Fig. 20c have weaker binding towards N

atoms and are therefore predicted to follow an associative pathway (e.g., Ru, Rh, Pt, Mo, Fe). The
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adsorption of molecular nitrogen and the first protonation step to form *N,H is usually the potential
limiting step for such metals. In these studies, the authors show that the adsorption free energy of
the N adatoms scale linearly with the adsorption free energy of the N,H, intermediate species. 23!
232 Thus, volcano plots-based on the N adsorption free energy versus the calculated onset potential
can be constructed to identify the most catalytically active metal surfaces (Fig. 20c). From the
volcano plot constructed, it is clear none of the metals would have an ideal binding free energy. In
aqueous solution, HER competes with NRR, and according to Montoya et al., HER will always
prevail over NRR on metal surfaces, which limits the selectivity for NRR.?*? Hence, the necessity
arises to probe materials that are alloys, have defects, or contain compounds with hetero single-
atoms?34 that can be tuned to break the scaling relations and selectively bind N, over H'.

2D TMDCs and MXenes have been explored as potential catalysts for (photo)electrochemical
and photochemical NRR. Zhang et al. performed DFT calculations on 2D MoS, to map out NRR
pathways.?*> They identified that the most active site was the Mo edge (Fig. 21a), owing to the
partial positive charge on undercoordinated Mo atoms. This partial positive charge polarizes the
N, molecules to activate N, on the surface. They also showed that the NRR potential determining
step to be PCET of the first hydrogenation (Fig. 21a) along a distal pathway. The DFT results
indicated that the N-N bond length significantly increased upon adsorption and the first
protonation step (*NNH), which implied that a charge transfer occurred between the adsorbed N,
and the Mo-edge atoms, thus weakening the N triple bond.?*3 A similar distal mechanism has been
predicted by X. Li et al. on defect rich MoS,.233 They showed that the bond lengths of the adsorbed
N, significantly increase on defect sites, which lowers the barrier for the first protonation step (Fig.

21b).2% In contrast to Zhang et al.’s findings, the potential determining step for MoS, defect sites
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was the last PCET step (*NH, to *NHj). Nevertheless, both studies revealed that the most
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favorable reaction pathway to be a Heyrovsky type distal pathway for 2D MoS,.?3
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Fig. 21. a) Minimum energy pathway for NRR on edge sites of MoS,, Reprinted with permission.?3> Copyright 2018
John Wiley and Sons. b) Vacancy sites of MoS, influence the minimum energy pathway. Reprinted with permission.?3?
Copyright 2018 John Wiley and Sons. ¢) Minimum energy pathway for NRR on edge sites of V3C, MXene. Schematic
in panel c¢) shows bound reaction intermediates and N—N triple bond lengths (blue labels) for V;C, reaction pathway.
Reprinted with permission.???> Copyright 2016 The Royal Society of Chemistry.

Li and coworkers systematically explored the 2H phases of MS, (M = Mo, W, V, Nb, Ti and
Ta) using first principles calculations towards electrochemical NRR.??! Similar to studies by X. Li
et al. and Zhang et al., F. Li et al. investigated zig-zag edges of the metal-terminated TMDCs as
the most probable reaction sites.??!» 235 F. Li and coworkers initially probed the adsorption
configuration of the N, molecules on the edge sites of the six TMDCs and showed that a bridge-
on chemisorption is preferred over the end-on and side-on configurations. Comparing alternating
and distal pathways, the authors showed that the distal pathway is more thermodynamically

favorable. Thus, a comparison of the distal pathways on these TMDC systems showed that the
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edge sites of VS, to have the most favorable NRR energetics, with catalytic activity of 2D
nanoribbons following the trend: VS;>NbS,>TiS;>MoS,>WS,>TaS,.??!

Fewer theoretical reports exist for MXenes and NRR; however, there are similarities with the
2D TMDC:s, such as favoring Heyrovsky type distal mechanisms. Azofra and coworkers evaluated
metal carbide MXenes for N, capture and conversion to NH; using DFT.?22 They looked at pristine
MXene surfaces—without surface termination groups—to reveal that M;C, MXenes, such as V;C,
and Nb;C,, exhibited promising results for NRR (Fig. 21¢). They showed that N, adsorption free
energy is exergonic (thus spontaneous) on MXenes having d?, d?, and d* configurations on the
transition metals, such as Ti, V, and Mo, respectively. Due to the strong adsorption energy, the N—
N bonds are activated, making the first hydrogenation step (*N-N to N-NH) more feasible. The
minimum energy pathway observed in these DFT studies was the Heyrovsky type distal pathway,
with the potential determining step being the last hydrogenation step (NH, to *NHj3). Zhao et al.
made similar observations for Ti;C,Ty MXene, Ty = F or OH,?¢ where the surface functional
groups did not change the mechanism outlined by Azofra and coworkers.??? Side-on adsorption of
the N, molecule was slightly preferred over the end-on adsorption (Fig. 21¢).23¢ Since
thermodynamics simulations typically assume only a small kinetic contribution to the activation
barrier for electrochemical reactions, this assumption can lead to contradictions with both
experimental results and kinetics studies. Recent simulation advances for electrocatalytic
processes attempt to accurately capture these Kinetic contributions,?”- 238 and would be more
realistic for better understanding 2D TMDC and MXene catalysts.

4.2 2D TMDCs

4.2.1 Electrochemical and Photoelectrochemical NRR
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Undercoordinated sites of 2D MoS, have primarily been shown to be active towards
electrochemical NRR. Edge and vacant sites on 2H-MoS; and phase-engineered MoS,; polarize the
adsorbed N, atoms, a necessary but insufficient parameter.??!- 235 239 N, polarization is identified
as a key step to activate N, for NRR, without which a large energy penalty (1 — 1.5 eV for metal
surfaces) exists for the first PCET step.?®> As a proof of concept, Zhang et al. synthesized MoS,
on a carbon cloth support (Fig. 22a) for NRR.?3> The MoS, catalyst achieved 1.7% FE and an
ammonia yield of 2.8x10-!! mol s*! cm™ at an applied potential of -0.5 V vs. RHE (Fig. 22b). As
discussed in the previous section, DFT calculations on this system suggested that the partial
positive charge on the Mo edge atoms were catalytically active towards NRR (Fig. 21a).2% 2D
MoS, defect sites have also resulted in enhanced NRR activity. Li et al. investigated the influence
of defects on NRR for hydrothermally synthesized MoS, nanoflowers,?* where defects were
introduced by changing the sulfur source and reactant molar ratios. Defect-rich MoS,
outperformed defect-poor MoS, nanoflowers for NRR (Fig. 22c). The optimized defect rich-
catalyst had a FE of 8.34% and a yield rate of 29.28 ug h-! mg-! at -0.40 V vs. RHE, while the
defect poor catalyst had a FE of 2.18% and 13.41 pg h'! mg! ammonia yield rate (Fig. 22d). First
principles calculations suggested that nitrogen adsorption and activation occurred at the rim sites
of sulfur vacancies. The distal pathway was favored over the alternating pathway, and the

potential-determining step was identified as the conversion of *NH, to *NH3.240
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Fig. 22. a) SEM images of MoS, on a carbon cloth. b) Ammonia yield rate and FE for the NRR to ammonia from
MoS, on carbon cloth. Reprinted with permission.?*> Copyright 2018 John Wiley and Sons. ¢) HRTEM of basal plane
(100) of defect rich MoS, showing dislocations and distortions, and d) average yield and Faradaic efficiency of
ammonia production at different applied potentials. Reprinted with permission.?*® Copyright 2018 John Wiley and
Sons. €) SEM image of Co-MoS, for (20:1) of Co:Mo, f) HRTEM image showing the carbon support and the Co-
MoS, and g) plot of ammonia production rate for Co-MoS, at various potentials vs. RHE. Reprinted with
permission.?*! Copyright 2020 The Royal Society of Chemistry. h) TEM image of Au incorporated MoS, showing the
(111) facet of Au. 1) Comparison of the yield rate and the FE of AuNP@MoS, with MoS, and AuNP@C in different
electrolytes. Reprinted with permission.?*? Copyright 2019 Elsevier Inc.

Incorporating transition metals into 2H MoS,; structures has been evaluated as a strategy to
improve NRR. Zeng et al. synthesized 3D hollow nanostructures of MoS, incorporated with cobalt,
and nickel-iron (NiFe) in two separate studies.?*! With Co-MoS, NCs (Fig. 22e and 22f), Zeng et
al. achieved an NHj yield rate of 129.93 pg h'! mg! with a FE of 11.21% at -0.4 V vs. RHE (Fig.

22g). The unique cube-like structure of Co-MoS,; allowed more accessibility to active sites, and
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the cell design promoted mass transfer of N, molecules, which contributed to the improved catalyst
performance. Moreover, interfacing Co-MoS, with nitrogenated (pyrrolic, pyridinic, graphitic and
oxidized) amorphous carbon increased charge transfer (lowering charge transfer resistance) and
performance.?*! NiFe-incorporated MoS, nano cubes showed similar activity for NRR, with NH;
production rate of 128.17 ug h'' mg! and FE of 11.34% at -0.3 V.>** DFT calculations revealed
that the extensive surface area and unsaturated NiFe sites act as centers for adsorbing and
activating N, molecules. Using evidence from in-situ electrochemical FTIR and DFT calculations,
an alternating associative pathway was suggested for the NiFe-MoS, catalyst.?*+3

Other groups have evaluated 2D MoS,; incorporated with transition metals for NRR with the
goal of reducing HER. Zhou et al. investigated NRR on MoS, nanosheets interfaced with gold
(Au) particles (AuNPs@MoS,) at varying pH (Fig. 22h).?*> MoS, nanosheets prepared under
hydrothermal conditions were reacted with HAuCly (gold source) and C¢HsNa3;07+2H,0 (reducing
agent) to produce AuNPs@MoS,. The highest FE of 9.7% was observed for neutral pH (0.1 M
Na,S0,) at -0.3 V vs. RHE with a modest ammonia yield rate of 5.65ug h'! mg! (Fig. 22i).
However, the ammonia yield rate was greatest when electrocatalysis occurred under basic (0.1 M
KOH) conditions: 25 pg h'! mg! at -0.3 V vs. RHE, but with a much lower FE: 3.9%. Under both
acidic and basic conditions, the FE suffers due to competition with HER.?#?

Suryanto and coworkers synthesized Ru-decorated MoS, for selective NRR.?** They
hypothesized that the MoS, phase (i.e., 1T or 2H) controls the extent of parasitic HER. To make
the various phases, lithiated MoS, (LixMoS,) was reacted with a Ru precursor at 80 °C for 72 h to
obtain the 1T phase, and the 2H phase was obtained by hydrothermal treatment of Ru/1T-MoS, at
150 °C for 12 h. Comparison of the HER and NRR activities showed that pure 2H MoS, and

Ru/2H-MoS, were better for NRR than pure 1T MoS; and Ru/1T-MoS,. Ru/2H-MoS, was the best
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NRR catalyst in the series, with ammonia yield rate of 6.98 pug h-'mg-! and a FE of 17.6% at 50 °C
and -0.15 V vs. RHE. Notably, a dissociative reaction mechanism for NH; formation was predicted
by DFT calculations for these Ru based system.?#

1 T-MoS; offers higher conductivity of electrons and more active basal plane sites than the
semiconducting phase, but few reports have studied 1T-MoS, for NRR. Patil and coworkers
explored the electrochemical NRR activity of 1T-MoS, grown on a Ni foil (Fig. 23a), employing
LiClO; as the electrolyte.>*® In the presence of the Li, the 1T-MoS,-Ni showed a FE of 27.66% at
-0.3 V vs. RHE (Fig. 23b), yielding NH; at a rate of 1.05 pg min! cm? (63 pg h'! cm2). DFT
calculations on this system predicted that a pseudo-six-membered ring with N, (Fig. 23¢) forms in
the presence of Li*. This pseudo-ring formation reduced the energy barrier towards NRR and was
also believed to suppress HER through the formation of strong Li-S interactions. Comparison of
the adsorption free energies of NRR intermediates for the 1T phase, the 2H phase, and the 1T
phase in the presence of Li*, suggested the most favorable pathway to be the 1T phase in the

presence of Li* (Fig. 23d).2%
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-0.2

In addition to 1T MoS, nanostructures, 1T MoS; heterostructures have been reported for NRR.
Xu et al. grew 1T MoS; nanoparticles on exfoliated Ti;C,Ty using a hydrothermal method (Fig.
23e).13 The optimized NRR results had an NHj yield rate of 36.28 pug h'! mg! at -0.35 V vs. RHE
with a FE of 5.26%. FE increased at lower applied voltages, albeit at the expense of lower ammonia
production rates (Fig. 23f). In a separate study, Xu et al. constructed 1T-MoS; nanodot (ND)

catalysts anchored on g-C;N, (Fig. 23g), where the 1T-MoS, was obtained via a hydrothermal
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reaction and interfaced with the g-C3N, via ultrasonic mixing.?*® Optimized N, electrolysis had an
NHj yield rate of 29.97 ug h-! mg! at -0.3 V, with a FE of 20.48% (Fig. 23h). At higher applied
potentials the rate decreased significantly to 7.9 pug h'! mg'! and the FE dropped to 0.62%. This
large drop in FE was attributed to increased competition with HER.?3*° DFT calculations performed
to explore the NRR mechanism on the 1T-MoS, NDs indicated favorable N, adsorption. The
alternating pathway was found to be more favorable (*NNH to *NHNH), where the potential
determining step was the fourth PCET step (*NHNH, to *NH, + NH3).23? In analyzing the results
presented in Table 4, the 1T-MoS, catalysts does not show a clear advantage in comparison to the
2H phase. With an increase in both conductivity and active sites one would expect a higher yield
rate on these 1T materials. Nonetheless, the increase in conductivity and the active basal plane

sites provide more sites for the parasitic HER, which could in turn reduce the sites available for N

binding and NRR.

Page 70 of 104



Page 71 of 104

Energy & Environmental Science

<3 — = WMoSrGo
= —--— MoSz1Go
E e -~ Mosz
- ﬂ‘
= 5
- t “NHzNHs
3 :I:I_T\:\‘_’N_N' - ] .1 ZMS
o ANHNHz | i
% NN i i
= L N NH
< 0 i
035 04 045 05 06 aliial
Potential (V vs. RHE) . Reaction Coordination
0 o B 18
= ‘ \ % 1075 V (v5. RHE)
x o270 0. 25mm ) 430
> b e —_—
=X Ay 3Ist £
- ’\ - ol TH 425 -
! > « . T o
= g \ S
4 - - 12} 20 > 104
= o E
= o 3
2 9t 158 T
2 E &
£ 6l m; C
= =
2 {5 &
% 8 E
= [
“o 0 =
e '0'4:0“::‘1: (V-:f;}lé?js psd MoS, NDYRGO MoS, NSIRGO RGO cc
. 2
h) MoS,JC,N 120 |) i1 (MoS)
Sl S POS === Hoth (MoS,/CN,
wih, = W
: ® g le \
/ 12w 0 o, Y — j—
Tl \L_
1 f P s — | — NH,
2 SR =
< | I] IR w PDS _ .\"-_.NHz .:.c
b 2 T —
0.6 05 4 0.3 0.2 Reaction coordinate

£ 0 \
Potential (V vs. RHE)

Fig. 24. a) TEM image of MoS; heterostructure grown on rGO, b) the yield and FE% for ammonia generation on
MoS,/rGO, and c) comparison of the free energy pathways for MoS, edge sites with and without the rGO. Reprinted
with permission.?* Copyright 2019 The Royal Society of Chemistry. d) TEM showing MoS, nanodots anchored on a
rGO (MoS, NDs/tGO) support, ) ammonia yield rates and FE% for the MoS, NDs/rGO heterostructure, and f)
comparison of the yields of ammonia at -0.75 V vs. RHE for MoS, catalyst with and without the rGO support.
Reprinted with permission.?*’ Copyright 2020 American Chemical Society. g) TEM image for MoS, catalyst on
graphitic C;Ny4 support (MoS,/C;Ny), h) the yield and FE% for ammonia generation for the corresponding catalyst,
and 1) free energy diagram of the distal pathway for NRR on Mo edge sites of MoS, in the presence (Molh) and
absence of the graphitic CsN4 (Mol). Reprinted with permission.?*® Copyright 2020 American Chemical Society.

Heterostructures of C-based materials, such as reduced graphene oxide and g-C;N,4, with 2H
MoS; also generate NHj. Li et. al. found that a reduced graphene oxide (rGO)/MoS, (Fig. 24a)
heterostructure generated an ammonia yield rate of 24.82 ug h''mg! and FE of 4.56% at -0.45 V
vs. RHE (Fig. 24b).2*6 DFT calculations predicted that the PCET step "NH,NH, to “NH,NHj is the
potential-determining step (Fig. 24¢).24 Liu Y. et al. studied MoS, nanodots anchored on rGO

(Fig. 24d) as catalysts and achieved an NHj yield rate of 16.41 pg h-'mg! with a FE of 27.9% at -
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0.75 V vs. RHE (Fig. 24¢).24’ The authors note that strong bridging between the C-S-C bridging
bonds enhanced electron transfer, thus improving electrocatalytic NRR on this hybrid structure
(Fig. 241).247 A study by Chu and coworkers found that 2D/2D MoS,/g-C;N, heterostructures (Fig.
24¢) produced NHj; at a yield rate of 18.5 ug h'! mg! and 17.8% FE at -0.3 V vs. RHE (Fig.
24h).>*8 DFT calculations revealed that interfacial charge transfer from g-C5N, to MoS, stabilized
a key intermediate *NH, on Mo edge sites, concurrently decreasing the reaction energy barrier in
the consequent step (Fig. 241). Moreover, their DFT results showed that S edge sites favorably
bind H atoms, thereby protecting the Mo edge sites that are active for NRR.?*® In another study of
a MoS,/g-C3Ny heterostructure catalyst,”*® Zhao et al. found an NHj; yield rate of 19.86 ug h!
mg ! and 6.87% FE at -0.5 V vs. RHE. The authors suggested that interfacial Mo-N coordination

and associated charge redistribution aided N adsorption and activation.?*’
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Fig. 25. a) TEM image of hollow MoSe, (H-MoSe,) with a flower like morphology, and b) the yield and FE% for

ammonia generation on (H-MoSe,) in 0.1 M LiClO,. Reprinted with permission.””’ Copyright 2020 American
Chemical Society. c) Comparison of the NHj; yield rates and FE% of exfoliated and bulk NbS, catalysts for the NRR.

Reprinted with permission.23! Copyright 2020 Elsevier Inc. d) HRTEM of boron doped VS, with sulfur vacancies

circled, e) comparison of free energy pathways for NRR on VS, with S vacancies (VS,-Vy), and boron doped VS,
with S vacancies (B-Vs-VS,) along a mixed pathway, and f) NH; yield rates and FE% for B-VS, in a LiClO, electrolyte.
Reprinted with permission.?>? Copyright 2020 Royal Society of Chemistry. g) SEM images of self-supported NbSe,
nanosheet arrays (NbSe, NSA) on a Ni foam, h) FE and yield rate plot for NbSe, NSA in a Na,SOy electrolyte, and i)

free energy pathways (distal and alternating) for NRR on NbSe, catalyst. Reprinted with permission.”>” Copyright
2020 Elsevier Inc.

Most of the TMDCs employed for electrochemical NRR are MoS, based. There are a few
reports of MoSe; based catalysts, and we did not find any NRR studies on MoTe, being employed

as catalysts for the electrochemical NRR. Yang et al. employed a hydrothermal technique to
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synthesize hollow MoSe, (H-MoSe,) for NRR (Fig. 25a).>3° The study reports a FE of 14.2% at -

0.1 V, and the highest yield rate reported was 11.2 pg h'! mg! at an applied voltage of -0.6 V vs.
RHE. The FE was low (0.2%) at -0.6 V, which the authors claim to be the NRR threshold voltage
(Fig. 25b). DFT calculations were used to identify the probable reaction pathways and revealed
that H-MoSe, edge sites were the probable reaction sites. The calculations also show that the

alternating path is preferred over the distal, with the rate-determining step being the protonation

of *NHNH, to *NH,NH,.?>"

Wau et al. studied multiphasic (1T/2H) MoSe, for electrochemical NRR.>* 1 T@2H MoSe, was

synthesized using a hydrothermal technique that formed aggregates of sheets, and the ammonia
yield rate reached 19.91 pg h™! mg™! at an applied potential of -0.6 V vs. RHE. The authors also
examined different solvents (0.1 M KOH, 0.1 M LiClO,, and 0.1 M HCI), where the highest
ammonia FE and yield rates were in neutral solvents LiClO4 and Na,SO,. For all solvents the

highest FE was observed at -0.5 V vs. RHE and the highest yield rate occurred at -0.6 V vs. RHE.

The decrease of the FE at higher potentials was attributed to increased HER.>* Since the results

from these MoSe, studies are on par with the FEs and yield rates of MoS, catalysts, it is not yet
clear if changing the chalcogen atom can lead to considerable differences in NRR.

Studies have also explored different transition metals in TMDCs other than Mo. DFT studies
performed by Li and coworkers, described earlier in this chapter, predicted that among six
transition metal sulfides (V, Nb, Ti, Mo, W and Ta) the activity for the NRR to follow
VS,>NbS,>TiS,>MoS,>WS,>TaS,.2?! Among the series of 2D TMDCs studied, independent

studies led by various groups have explored V, Nb, Mo, and Ti disulfides (Table 4) for
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electrochemical NRR, and we did not find NRR studies on W or Ta disulfides. 23! 2 Interestingly,

the disulfides of vanadium and niobium show superior ammonia yield rates to most of the

molybdenum disulfide-based catalysts. Wang et al. synthesized NbS, nanosheets via a liquid

exfoliation method using N-Methyl-2-pyrrolidone (NMP) and reported a maximum NRR FE of

10.12% and a NHj yield rate of 37.58 pg h™' mg™! (-0.5 V vs. RHE in 0.1 M HClI electrolyte, Fig.

25¢).! Li et al. investigated VS, as a potential NRR catalyst by activating the basal plane using a

synergistic effect of creating S vacancies and boron doping (Fig. 25d).2>?> The results indicate a
relatively high yield rate for NH;3 generation (55.7 pg h'! mg! at -0.4 V) in a LiClO, electrolyte.
The highest FE of 16.4% was recorded at -0.2 V vs. RHE (Fig. 25¢). In comparison to pure VS,,
which produced NHj at a rate of ~18 pg h'! mg-!, the B doping and sulfur vacancies improved the
activity at least three-fold. DFT calculations on the basal plane of VS, did not show favorable
binding towards nitrogen, nevertheless the sulfur vacancy sites on the basal plane showed
sufficient binding of N, molecules in an end-on orientation. Relative to VS, with S vacancies, B-

doped VS, showed stronger binding of N,; moreover, the binding free energy for H (AGy) becomes

> 0 eV, implying a lower binding for H and preferential binding of N, over H.?5? The electron

deficient site due to boron doping creates a partial positive charge on the site, which has been
shown to enhanceN, activation.?3>> 232 More importantly, the potential-determining step (*N, to
*NNH) has a lower reaction barrier on the B doped surface, thus improving NRR catalytic activity
(Fig 251). Jia et al. probed the catalytic activity of TiS,; nanosheets (TiS, NSs) in electrochemical

NRR, where electrolysis of N, in 0.1 M Na,SO, for 2 h produced ammonia at a yield rate of 16.02
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ug h'' mg! at -0.6 V with a FE of 5.50%.25> Overall, it is not possible at this time to provide a

direct comparison of each system due to the use of various experimental conditions and fabrication
techniques of the catalysts and electrodes. Nevertheless, theory-led predictions on TMDCs can be
utilized to identify reaction sites and improve the catalytic activity of TMDC based electrocatalysts
for NRR.

Wang et al. has reported the use of a self-supported NbSe, nanosheet array (NbSe,-NSA) on a

Ni foam as a NRR catalyst (Fig. 25g).2°3 The use of the Ni foam led to a 3D nanoarchitecture that

increased the exposure of active NbSe, active sites and reduced mass diffusion limitations. The
catalyst achieved a highest FE of 13.9% at -0.4 V vs. RHE and a highest yield rate of 89.5 pg h™!
mg ! at -0.45 V vs. RHE in a Na,SOj, electrolyte (Fig. 25h). DFT calculations revealed that Nb
edge sites favorably bind nitrogen molecules and activate the N, molecule for NRR (Fig. 251).
Charge transfer from Nb atoms helps in the activation of the N-N triple bond. The calculations
also revealed that the most favorable pathway for the reaction is the alternating pathway, owing to

the potential determining step of the first hydrogenation step (*NN, to *NNH).

In addition to electrochemical nitrogen reduction, 2H MoS, has also been successfully
interfaced with TiO, to form ammonia in photoelectrochemical studies. Ye ef al. proposed NRR
on a MoS,/Ti0, heterostructure catalyst 2°° The authors show coupling to MoS, reduces the optical
band gap of TiO, from 3.15 eV to 2.98 eV, allowing the catalyst to utilize a wider range of the
solar spectrum (Fig. 26a). The transient photocurrent response is shown in Fig. 26b. The presence
of the heterostructure provided good charge separation (electrons and holes) minimizing charge

recombination. The catalyst recorded a yield rate of 1.42 umol h'! cm with FE of 65.52% at -0.2
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V vs. RHE (100 mW cm?, AM 1.5 G) (Fig. 26¢). In this heterostructure, MoS, accepts

photogenerated electrons from TiO; and acts as NRR cocatalyst (Fig. 26a).2%
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Fig. 26. a) Schematic of the N, reduction mechanism on MoS,@TiO, under PEC conditions. b) Transient photocurrent
response for the MoS,@Ti0O, (100 mWcem2, AM 1.5 G) with repeated ON-OFF cycles and ¢) ammonia yield rates
under PEC. Reprinted with permission.?’¢ Copyright 2019 American Chemical Society.

4.2.2 Photochemical NRR

The use of TMDCs as NRR photochemical catalysts has only been reported in a few studies.
Although most of these photochemical studies have focused on TMDCs coupled to metal
cocatalysts or heterostructures, one report used ultrathin MoS, alone in photocatalytic NRR.!4
Ultrathin MoS, sheets were obtained by sonication of hydrothermally synthesized MoS, bulk
particles. The authors suggest that photogenerated excitons (electron-hole pairs) and negative
trions (two electrons and a hole) allow multiple electrons to transfer to nitrogen adsorbed at S
vacancies (Fig. 27a). These multi-electron transfers reduce the number of intermediates towards
NH; production, thus reducing the kinetic and the thermodynamic barriers associated with multiple

intermediates. The authors show that a simultaneous six-electron reduction on these ultrathin
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sheets of MoS, yields ammonia at a rate of 325 pmol g-! h'! (5.525 ug h'! mg!) (Fig. 27b) using a
500 W Xenon lamp as the illumination source.!4

Most 2D MoS, photocatalysts require a metal cocatalyst or heterostructure to undergo N,
photoreduction to generate NHj;. Zhu and coworkers synthesized a Pt loaded, N-doped MoS,
(Pt/N-MoS,) (Fig. 27¢) microsphere for nitrogen fixation.>>” In this study, the authors showed that
Pt/N-MoS, microspheres generate NHj at a yield rate of 121.2 umol g'! h'! (300 W Xenon lamp),
and the NHj yield rate was improved by performing photochemical NRR under ultrasonication
(sonophotofixation): 133.8 pumol g-! h'! (2.275 pug h'! mg!') (Fig. 27d). N doping is believed to
introduce an impurity energy level above the VBM of MoS,, which reduces the band gap (Fig.

27c¢). The presence of the Pt nanoparticles creates a Schottky barrier, such that conduction band

electrons become centralized on surface Pt and have a higher chance of reducing N,.2>7
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Fig. 27. a) Schematic representation of trion formation and nitrogen fixation on ultra-thin MoS,. b) Plot of ammonia
yield of ultra-thin MoS, samples under illumination from a 500 W Xenon lamp with a 420-nm cutoff filter. Reprinted
with permission.!'* Copyright 2017 Elsevier Inc. ¢) Band diagram with schematic representation of the NRR on Pt/N-
MoS,; under sonophotofixation conditions. d) Plot of NHj; yield rate and FE for Pt/N-MoS, under irradiation (300 W
Xenon lamp). Reprinted with permission.?3” Copyright 2020 Elsevier Inc.
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Sun et al. employed an oxygen doped 1T-MoS,/CdS heterostructure rich in sulfur vacancies
(SV-1T-MoS,/CdS) for photochemical NRR.>® The 30 wt% SV-1T-MoS,/CdS (30wt% refers to
the percentage of SV-1T-MoS, relative to CdS) outperformed a 0.1 wt% Pt/CdS catalyst under
similar reaction conditions (simulated solar AM 1.5 G). The 30 wt% SV-1T-MoS,/CdS showed
an NHj yield rate of 8220.83 pmol L' h'! g'! (0.1398 mg L! h'! mg!.,) in a 20 vol% methanol
solution, where methanol acts as a hole scavenger. The sulfur vacancies introduce defect sites that
act as electron capture sites for the photoexcited electrons to reduce N,. According to their DFT
results, the reaction mechanism contains mixed alternating and distal pathways, where the
potential determining step is *NHNH, to *NH, + *NHj3.!7! The 2D TMDCs as NRR catalysts are
showing promising results; however, there are still areas of opportunity within the structure,

composition, and phase engineering to overcome the NRR challenges.

Table 4. Comparison of the NRR activity of 2D TMDC:s.

Materials Electrolyte Activity FE Potential V vs. RHE Reference

Electrochemical Process

MoS,/CC 0.1 M Na,SO, 4.94 mg h'! cm? 1.17 05V 235
DR MoS, 0.1 M Na,SO, 29.28 mg h'! mg! 8.34 04V 240
MoS,; with Li 0.1 M Li,SO4 43.4 mg h'! mg! 9.81 02V 759

interaction

MoS,-rGO 0.1 M LiClO4 24.82 mg h'! mg! 4.58 -045V 260
3D hollow Co-MoS, 0.1 M Na,SO, 129.93mg h'! mg’! 11.21 -04V 241
NiFe@MoS, NCs 0.1 M Na,SO4 128.17mg h'! mg! 11.34 03V 243
AuNP@MoS, 0.1 MHCI 4.40 mg h'! mg’! <1% 03V 249
0.1 MKOH 25.0 mg h! mg"! 3.9
0.1 M Na,SO, 5.65 mg h'! mg’! 9.70
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6.98 mg h'! mg"!

29.97 mg h'l mg!

63 mg h'! cm™?

35.7 mg h'! mg!

69.82 mg h'! mg'!

30.33 mg h'! mg!

18.5 mg h'' mg™!

19.86 mg h'! mg!

16.41mg h'! mg! @-0.75

V vs. RHE

11.2 mg h'' mg!

19.91 mg h'! mg!

89.5 mg h'! mg"!

at -0.45 V vs. RHE

37.58 mg h'! mg!

80.4 mg h'! mg’!

16.02 mg h'! mg!

55.7 mg h'! mg!

17.6

20.48
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9.14
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17.8

6.87
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MoS,@TiO, 0.1 M Na,SO, 1.42 umol h'! cm? 65.52 02V 256
100 mW cm?2,
AM15G

Photochemical Process

Ultra-thin MoS, 500 W Xenon 5.525 ug h'l mg! N/A 114
lamp in pH 3.5

Pt/N-MoS, 300 W Xenon 2.060 pg h'! mg! 257
lamp

300 W Xenon 2.275 pg h'! mg'!
lamp,
Ultrasonication

SV-1T-MoS,/CdS Simulated solar 0.1398 mg L' h'! mg! 171
AM 1.5 Gin 20
vol% methanol

Fe-MoTe, 300 W Xenon 129.08 umol g! h! 263
lamp in Milli-Q
water

*CC-carbon cloth, DR-defect rich, rGO-reduced graphene oxide, NC-nanocube, ND-nano dots, the rates indicated are
the amount of ammonia in pug produced per hour of electrolysis on a unit mass of catalyst in mg. N/A- not applicable

4.3 2D MXenes
4.3.1 Electrochemical and Photoelectrochemical NRR

In 2016, Azofra and coworkers predicted the 2D d?-d* M;C, transition metal carbides (MXenes)
to be prospective NRR catalysts.??? Since then, a handful of studies have looked at electrochemical
NRR with MXenes (Table 5). Zhao et al. found that Ti;C, Ty, T,=F, OH (Fig. 28a) could achieve
an NHj yield rate of 20.4 ug h''mg! with FE of 9.3% at -0.4 V vs. RHE (Fig. 28b).2° DFT
calculations revealed that the most favorable orientation for N, adsorption was side-on, where the
N-N bond elongates to 1.268 A. In contrast, end-on adsorption showed bond elongation to 1.194
A. First-principles calculations showed that a distal pathway is preferred over the alternating
pathway (labeled as mixed in Fig. 28c). 23 Xia and coworkers engineered Ti;C,T, surfaces to
obtain OH, F, and O surface-terminated MXenes as shown in Fig. 28d, e, and f, respectively.?64

They found that the best performance was with OH surface termination at 60 °C (reaction
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temperature) to give an ammonia yield rate of ~12 ug h''em (0.8 ug h'! mg'!) with FE of 9.03%
at -0.2V vs. RHE (Fig. 28g). DFT results suggested that OH terminations, compared to the F and
O surface terminations, increase the DOS around the Fermi level and thus lower the charge transfer

resistance to the adsorbed N,.264
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Fig. 28. a) SEM image of Ti;C,Tx (Ty=F, OH) MXene. (b) Ammonia yield rate plots for the Ti;C,Ty, MXenes at
different applied potentials and c) reaction scheme for the nitrogen fixation for Ti;C, MXene for distal and mixed
mechanisms. Reprinted with permission.?3¢ Copyright 2018 The Royal Society of Chemistry. d), e) and f) are HR-
TEM images of the Ti;C,Ty MXene with varying functional groups OH, F and O, respectively. g) Plot of ammonia
yield for different surface functional groups on Ti;C, T, MXene and for different surface terminations. Reprinted with
permission.2%* Copyright 2020 Elsevier Inc.

Other reports have increased NRR performance with MXenes by using heterostructures,
defects, and metal cocatalysts. Luo et al. explored Ti;C,T, MXenes attached to a vertically
(perpendicular) and horizontally (parallel) aligned metal host electrode (FeOOH nanosheets) for
NRR (Fig. 29a and b).?®> The vertically configured Ti;C,T, assembly had better NRR
electrochemical activity yielding 5.78% FE at -0.2 V vs. RHE (Fig. 29¢) but with a low yield rate
of 0.148 pg h'' mg!'. DFT results revealed that Ti;C,0, edge sites have optimal N, binding

energies, with exposed Ti atoms being particularly active towards NRR. Thus, the vertical
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orientation with more exposed Ti edges (confirmed with HRTEM and FFT patterns) had better
NRR activity.26

The etching process used in MXene synthesis is thought to reduce the density of surface metal
sites that are predicted to be most active for NRR, since O, F, and OH surface terminations are
unavoidable.?®¢ Guo et al. modified the surface terminations by introducing iron (Fe) in the etching
step to replace F*/OH* surface terminations with Fe atoms (Fig. 29d).2°¢ The Fe surface
modification reduced the Ti;C,Ty surface work function, which increased the DOS near Er and
lowered the energy barrier for efficient electron transfer from the catalyst to the adsorbed N,
molecules and reaction intermediates. This Fe-modified Ti;C,Ty (Fig. 29¢) catalyst generated
ammonia at a rate of 21.9 pug h'! mg-! with FE of 25.44% at -0.2 V vs. RHE (Fig. 291).2% Fang et
al. coupled oxygen-vacancy-rich TiO, to Ti;C,Tx by reacting Ti;C,T, in ethanol under
hydrothermal conditions, where TiO, nanoparticles attached to exposed edge Ti sites.?6” The
Ti;C, Ty support prevents TiO, nanoparticle aggregation and also provides a conductive backbone
to give an ammonia yield rate of 32.17 ug h-''mg! with FE of 16.07% at -0.55 V vs. RHE. DFT
results identified oxygen vacancies as the active sites, where the adsorbed N, had an increased
bond length from 1.109 A to 1.136 A, and then the activated N, proceeds via a distal pathway with
an end-on orientation. The potential-determining step was identified as the second PCET step
(NNH* to NNH,*), whereas the potential-determining steps for pure TiO, and Ti;C, Ty surfaces

were identified as the first PCET step (i.e., NN* to NNH*).267
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Fig. 29. a) SEM images of vertical configured Ti;C,Tx on FeOOH and b) HRTEM image of MXene nanosheets with
exposed Ti. ¢)Yield rate for the formation of ammonia on the Ti;C,T, grown on vertically aligned FeOOH. Reprinted
with permission.?%3> Copyright 2019 Elsevier Inc. d) Schematic of surface functional groups being replaced with Fe
calcination on the Ti;C,T surface. €) HRTEM showing the TiO,/Fe,O; on the MXene surface. f) Comparison of the
NH; yield rates and FE of pristine MXenes with TiFeOy heterostructures. Reprinted with permission.?%¢ Copyright
2020 American Chemical Society. g) STEM-EDS mapping of single atom (SA) Ru on Mo,CT, MXene, and h)
ammonia yield rate comparison on the pure MXene, Ru/C, and SA Ru-Mo,CT,. Reprinted with permission.?%®

Copyright 2020 John Wiley and Sons.

MXenes have also been coupled with metal cocatalysts for NRR. Liu and coworkers interfaced
gold nanoparticles with a Ti;C,Ty (T,=OH) MXene.?*° The interface between the Au and Ti;C,

weakened (activated) N, molecules by increasing the N—N triple bond length. The Au@Ti;C,
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showed an ammonia yield rate of 30.06 pug h''mg!' reaching a FE of 18.34% at -0.2 V. DFT
calculations identified an alternating pathway as the most probable route for NH; production with
the potential-determining step being *NH,NH, to *NH, + NH3.2%° Ru decorated Ti;C, MXene
(Ru@Ti;C,) was studied as an ambient NRR catalysis by Liu et al, where they achieved an
ammonia yield rate of 2.3 umol h-'em with a FE of 13.13% at -0.4 V vs. RHE.?”° Peng et al.

demonstrated Ru-decorated Mo,CTx MXenes (Fig. 29g) that produce NHj at a yield rate of 40.57
ug h'mg-! and 25.77% FE of at -0.3 V vs. RHE (Fig. 29h).268 X-ray absorption studies revealed a
positive valence state (+3.27) of Ru in the heterostructure, which under operando electrochemical
conditions increased up to +3.56. This increase is due to a delocalization of the unpaired electrons
in the Ru 3d orbital and charge transfer from Ru atoms to the N, antibonding ©* orbitals activating

N, for NRR.?®® To the best of our knowledge, photoelectrochemical NRR with MXenes is very

rare or do not exist; therefore, this is an area ripe with opportunity.

4.3.2 Photochemical NRR
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Fig. 30. a) HAADF-STEM image of TiO, grown on Ti;C,Ty MXene (Ti;C,Ty/Ti0,-400). b) Plots of ammonia yield
rates for (Ti;C,Ty/Ti0,-400) with full spectrum irradiation using a Xe lamp. Reprinted with permission.?”! Copyright
2020 Elsevier Inc. ¢) SEM micrograph of 6% Ti;C,Ty MXene-P25, and d) corresponding ammonia yield rates for

samples with varying weight fraction of Ti;C, (full spectrum irradiation with a 300 W Xe lamp) carried out in methanol.

Reprinted with permission.?”> Copyright 2020 Elsevier Inc. €) SEM image of as-prepared RuO,@TiO,-MXene, and
f) ammonia yield rate comparison for RuO,@TiO,-MXene with TiO,-MXene and RuO, samples irradiated with a Xe
lamp (100 mWcm?). Reprinted with permission.?’? Copyright 2020 Elsevier Inc.

Since most MXenes are metallic, photochemical catalytic reactions primarily use MXenes as
NRR cocatalysts with a second semiconducting photoabsorber, which is similar to CO,RR in the
previous section. As an example, several studies have successfully converted some of the surface
Ti atoms in Ti;C, Ty to TiO, to act as a photoabsorber. Hou and coworkers synthesized a
Ti;C,T/TiO, hybrid structure by heating Ti;C,Tx (T,=OH, O, F) at 400 °C under ambient
conditions (Fig. 30a).2”! The Ti;C,T,/TiO, hybrid structure produced NHj at a yield rate of 7.174

ug h'lmg! under full spectrum irradiation of a xenon lamp. The hybrid catalyst also exhibited a
considerable yield rate of ammonia (~80 umol h-'mg!) with near infrared (NIR) illumination only
(Fig. 30b). The Ti;C,Tx/T10, hybrid showed a broad plasmonic absorption band at ~550 nm, which
resulted in visible and NIR light generating hot electrons. The presence of defect states (oxygen
vacancies) on the TiO, enabled charge separation, efficiently trapping electrons at these oxygen
vacancies for NRR, and DFT results supported this conclucusion.?’!

Liao et al. constructed a Ti;C,T,/P25 heterostructure (P25 = 80% anatase and 20% rutile
phases of TiO,) by mixing P25 with different MXene weight ratios followed by calcination at 300
°C in a N, atmosphere (Fig. 30c).2’> NRR in water showed an optimal NHj3 yield rate of 10.74
umol h'! gl with 6% MXene loading. The same reaction carried out in methanol produced a 4-
fold improvement (43.44 umol h'! g!), where the improved activity was attributed to methanol
being a better hole scavenger than water (Fig. 30d). The authors claim the MXene loading

generated oxygen vacancies (due to partial migration of oxygen from P25 to the interface between
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the P25 and the MXene during the calcination) that slowed electron-hole pair recombination and
promoted N, adsorption and activation.?’> Hao et al. used a TiO,-Ti;C,Ty loaded with RuO, (Fig.
30e), where photoexcited TiO, can transfer electrons to Ti;C,Ty for NRR catalysis.?’> Under
irradiation with a xenon lamp, the RuO,@TiO,-MXene catalyst yielded 425 umol L' g-! of NH;
after 450 min (Fig. 30f). The authors claim the large adsorption energies on the Ti;C,Ty captured
and activated the N, molecules for NRR and that RuO, nanoparticles with significant amounts of
Ru(0) reduced the energy barrier for the first PCET step, thus increasing the NRR activity.?”> With
2D MXenes still being realized, there is a lot of opportunity for overcoming the current NRR

challenges with these emerging 2D catalysts.

Table 5. Comparison of the NRR activity of 2D MXenes

Materials Electrolyte Activity FE Potential V vs. RHE Reference

Electrochemical Process

Ti3C, Ty 0.1 M HCI 20.4 mg h'! mg! 9.3 04V 236
Ti;C,OH 0.1 M KOH 1.17 mg h'! cm? 7.01 -0.2 V@20 °C 264
12 mg h"! cm2 9.03 0.2V @60 °C

TisC,T,-SSM* 0.5 M Li;SO, 2.68 mg h! mg"! 4.62 0.1V 265

Ti3C,Ty-FeOOH 0.33 mg h'! mg! 0.09 05V
TisC, Ty ironed 0.05 M H,SO,4 21.9 mg h'! mg! 25.44 02V 266
TiO,/TisCyTy 0.1 M HCI 32.17 mg b mg’! 16.07 0.55V 267
Au@Ti;C, 0.05 M HCI 30.06 mg h'! mg'! 18.34 02V 269
Ru@Ti;C, 0.1 M KOH 2.3 mmol h'lcm2 13.13 -04V 270
Ru-Mo,CTy 0.5 M K,SO, 40.57 mg h'lmg! 25.77 03V 268

Photochemical Process
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Ti;C,Ty/TiO, hybrid ~ Full spectrum 7.174 mg h''mg! 271
Xenon
Ti;C, T, /P25 300 W Xenon lamp 10.74 mmol h'! g’ 272
Methanol 43.44 mmol h'! g1
RuO,@Ti0,-MXene xenon lamp 425 mmol L1 g’ 273

*SSM-Stainless steel mesh, the rates indicated are the amount of ammonia in pg produced per hour of electrolysis on
a unit mass of catalyst in mg

5. Conclusion and Perspective

Environmental concerns related to greenhouse gas emissions and energy-intensive chemical
manufacturing processes have instigated a large push for fuels, fertilizers, and feedstocks to come
from renewable materials and chemicals in an energy efficient manner. One emerging strategy
involves 2D TMDCs and MXene catalysts for CO,RR and NRR that we have highlighted in this
review to be a potential environmentally friendly and low-cost option. To realize commercially
viable 2D catalysts, innovative strategies seek to use the tunable structures, energetics, and
mechanical properties of 2D TMDCs and MXenes to lower activation energy barriers for
chemisorption and hydrogenation of CO, and N, and improve reaction kinetics and selectivity.

In this Review, we introduced the recent progress on developing 2D TMDC and MXene
catalysts through (photo)electrochemical and photochemical processes for CO,RR and NRR. We
discuss the relevant electronic and physical structures along with the various synthesis methods,
possible reaction mechanisms including key intermediates and final products, and the current
achievements in theoretical and experimental studies for CO,RR and NRR. Despite recent efforts
on 2D materials and their heterostructures for enhanced intrinsic catalytic activity, it is important

to note that CO,RR and NRR continue to face challenges on the slow reaction kinetics and poor
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product selectivity. In practice, there are still several uncultivated ‘lands’ for rational design of
CO,RR and NRR catalysts based on 2D TMDCs and MXenes, which remain to be ‘ploughed’ for
reaching the efficiency, stability, and cost needed for industrial applications.

First, the active sites of most intrinsic 2D TMDCs and MXenes are usually limited to the edges.
Developing strategies for activating the inert basal planes (e.g., strain, phase change, defects, and
functionalization) and increase edge densities through different morphologies (e.g., vertically
oriented 2D materials and flower shape) are promising avenues for efficient CO,RR and NRR.
Second, the recent development of single-atom catalysts opens additional avenues for 2D materials
as host materials. Coupling single atom catalysts (SAC) with 2D host materials has the opportunity
for dense decoration of single atoms, due to the large surface/volume ratio. The single atom
catalyst also has the potential to locally perturb the electronic states of 2D TMDC/MXene and
could impact the activation/intermediate steps, as has been previously suggested.’! The roles of
catalytic control and regulation by each component within these SAC-TMDC/MXene catalysts are
still poorly understood and represent areas of opportunity. The engineering of the single atom/2D
material is suitable for both theoretical and experimental studies for CO,RR and NRR, where
controllable synthesis methods need to be developed for the desired configurations.

Third, the current synthesis procedures of 2D TMDCs and MXenes are complex and are
typically performed on the microscale. Therefore, industrial-scale production and manufacturing
of these 2D materials with low-cost, repeatability, and high stability is urgently needed before
commercialization of these catalysts can be realized. Some potential scalable synthesis routes
would be liquid exfoliation, chemical exfoliation, hydrothermal growth, etc.2’+ 27> Fourth, the
catalysts (composition, size, shape, oxidation state, and crystallographic structure), electrolytes

(cation, anion, concentration, and pH), temperature, pressure, and applied potentials are all critical
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to the CO,RR and NRR scheme and still need to optimized.'3* For example, the most studied
compositions of TMDCs in the literatures revolve around Mo or W for the transition metal and S
or Se for the chalcogenide. Further composition explorations are necessary to develop other
TMDCs and MXenes for CO,RR and NRR.

Overall, such 2D TMDC and MXene catalysts are not industrially viable yet for CO,RR
and NRR due to low yields and conversion efficiencies. Though the recent lab-scale
electrocatalysts can transform CO, into C; products (CO or formate) with over 95% FE with high
production rates (>20 mA c¢cm 2 for H-type cell and >100 mA c¢cm™2 for flow cell), the large intrinsic
energy barrier of CO, capture and selective production of long-chain (C,,) feedstocks in high
efficiencies are still far away from the magnitude of industrial catalysts (>100s mA cm2).>4> As a
goal for electrochemical NH; generation, DOE ARPA-E has targeted NHj3 yield rates at 10-% mols-
lem2, FE at 90%, and energy efficiencies at 60% with minimal catalyst degradation over 1000 h,
which are also much greater than the current state of the art.>4%276 Therefore, the immediate
challenge of 2D TMDCs and MXenes for CO,RR and NRR is understanding how to enhance and
control the catalytic activities and then scaling up the appropriate catalysts.

Besides the mechanistic understanding and catalyst development, future research efforts
also need to go beyond the catalyst to focus on the surrounding microenvironment to understand
how the catalytic site is affected by these other reaction conditions. For example, trace impurities
in the electrolyte can deactivate catalytic sites and affect catalyst performance, while
nonaqueous and ionic-liquid electrolyte could increase the CO, and N, solubility and product
selectivity. Also, to increase the N, and CO, solubility at the catalyst surface and improve prodcut
seperation, the reactors and electrodes could be designed to have better seperation of

cathodic/anodic products as well as control the reaction kinetics at the three-phase boundary. For
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example, gas diffusion electrodes (GDE) have been widely studied as critical components in gas-
phase electrolyzers for overcoming diffusion limitations of gas molecules from the bulk solution
to the electrode surface?’’. This exploration is still limited within the 2D TMDC and MXene
catalyst community and could be an area of opportunity to increase the FE and yield rates. 2D
TMDCs and MXenes offer great opportunities to repurpose emitted CO, into C-based fuels and
provide lower energy routes to NH; production via (photo)electrochemical and photochemical

routes and, therefore, should continue to be studied and investigated.
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Converting carbon dioxide into useful C-based products and revolutionizing industrial ammonia
generation are two scientific grand challenges with the potential to solve critical global energy
and greenhouse gas threats. In this review article, we discuss (photo)electrocatalytic and
photocatalytic methods as potential solutions to these grand challenges, specifically by
addressing state-of-the-art of 2D transition metal dichalcogenide (TMDC) and transition metal
nitrides/carbide (MXene) catalysts. We address the key advantages and challenges for these
highly tunable 2D materials for carbon dioxide and nitrogen reduction reactions, and how
defects, phases, edge sites, interfaces, doping, and functional groups can be engineered to
improve catalytic performance for carbon dioxide and nitrogen reduction reactions. Finally, we
provide our perspective on advancing these two material classes within (photo)electrocatalytic
and photocatalytic setups before they could be considered industrially viable catalysts. Overall,
this review article highlights both key (photo)electrocatalytic and photocatalytic trends and
lessons learned for improving 2D TMDC and MXene catalysts for carbon dioxide and nitrogen
reduction reactions, with an eye towards next-generation technologies with lower energetic
costs and greenhouse gas emissions.



