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The electrochemical CO, reduction (ECO.R) is critical to enabling the widespread use of abundant
renewable energy sources. However, in order to successfully implement such technologies on an
industrial scale, necessary advancement in both the material and molecular design of electrocatalysts is
required. In recent years, metal-sulfide (MS)-based nanomaterials have been explored as promising

electrocatalysts for ECO,R. This article provides a systematic review of the design and development of
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1 Introduction

The excessive usage of fossil fuels leads to their rapid depletion,
CO, emission, and other toxic gases in the atmosphere,
resulting in global warming and climate change.* To overcome
this problem, a decrease in CO, emissions through effective
CO, capture, utilization, and storage approach has been
considered in the past few years (Fig. 1).** The conversion of
carbon dioxide to valuable products has emerged as a prom-
ising technology for CO, utilization over the past decades,
which can be executed via thermochemical,® photochemical,®
photoelectrochemical,” electrochemical,® and biochemical®
processes. Among all, the electrochemical CO, reduction
(ECO,R) to valuable chemicals and chemical feedstocks such as
small C; products (mainly carbon monoxide, formic acid
methane, and methanol)*** and high-energy dense C,. prod-
ucts (ethylene, ethanol, n-propanol),’*™® has drawn significant
attention among the aforementioned processes due to its (a)
tunability of the procedure (e.g., potential and temperature), (b)
compatibility with media (e.g., organic and aqueous), and (c)
scalability.'”'®

However, the ECO,R is challenging due to the stable and
chemically inert linear CO, molecule.*®?® CO, transformation is
driven by nucleophilic attacks at the carbon molecule, which is
an energy uphill procedure requiring a considerable input of
energy (750 k] mol™" required to break the C=0 bond) and
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guidelines for the rational design of next generation MS-based catalysts for CO, electroreduction.

convert to valuable chemicals.”* The conversion mechanism is
a complex process that involves multiple proton-coupled elec-
tron transfers (PCET) and may comprise several side reactions
and intermediates.” In this regard, the electrocatalysts are
instrumental in ECO,R to overcome the kinetically sluggish
reaction and promote the PCET reaction. Therefore, early
research emphasized developing different solid-state electro-
catalysts and discovering several reaction intermediates or final
products formed during catalysis.

When conducted in aqueous electrolytes, the ECO,R inhibits
by competition from the HER (Hydrogen Evolution Reaction),
which occurs in the same potential window as the ECO,R but
with lower thermodynamic barriers due to the energetically
favorable proton adsorption and reduction than CO, activation.
Evidently, the high stability of the CO, molecule necessitates
the use of large overpotentials for the reactant to be adsorbed
and activated at the active site. However, the HER outperforms
the ECO,R due to faster kinetics at high overpotentials, result-
ing in a high FE (Faradaic Efficiency) for hydrogen generation at
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Fig. 1 A schematic representation of closed-loop CO, recycling.
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the expense of selectivity for CO, reduction products. Therefore,
special attention should be paid to the design of catalyst
systems that maximize product selectivity for ECO,R and
suppress proton reduction as much as possible. So far,
according to the final product selectivity, ECO,R catalysts are
divided into four classes.?* For instance: - (i) Cd, Hg, Sn, In, Bi,
Pb: produce formate as the primary product with high faradaic
efficiencies;>®? (ii) Au, Ag, Zn, Pd: provide high binding
strength of *COOH intermediates into electrode surface
resulting in a fast reduction to *CO intermediates followed by
CO production;**™* (iii) Ni, Fe, Si, V, Pt: produce H, due to the
low overpotential towards hydrogen evolution reaction
(HER);*** (iv) Cu yield 16 valuable compounds under different
operating conditions, including various multi-carbon products
depending on the *COH or *CHO intermediates.”’ In this
regard, Hori et al.** performed ECO,R in 0.5 M KHCO; at 5 mA
cm 2 for one hour on different polycrystalline metal electrodes.
The results are illustrated in Table 1.*> This Table 1 exhibits that
a significant overpotential is required for each metal electrode
to achieve a specific current density (here —5 mA em ™). The
lowest overpotential (0.6 V) is required for Au to obtain CO
(87%), while the highest (1.1 V) is required for Pb to obtain
formate (97%). In addition to the aforementioned transition
metal electrocatalysts, metal oxides (MOs),** MXenes,**®
transition = metal  chalcogenides  (TMDs),"”*®*  metal-
functionalized porphyrin-based structures,*>** nitrogen-based
electrocatalysts,”® and aerogels®**® are also reported to have
promising catalytic ECO,R activity.

Despite the significant advancement that has been achieved,
some bottlenecks still exist with the practical application of
ECO,R, including high overpotential, slow reaction rate result-
ing in low current densities, competitive HER, poor product
selectivity, and unsatisfactory stability.>**” First, the process
requires high overpotential and predominantly suffers from
considerable energy input due to the thermodynamic stability
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of CO, molecules. Then, the complex PCET steps and the low
solubility of the CO, in an aqueous electrolyte hinder the elec-
tron transfer kinetics. The low current density (7 < 200 mA cm ™~ ?)
and poor faradaic efficiency (FE<90%) are insufficient to meet
the scale-up demands.”®*® As the reduction process produces
several products and intermediates, it makes the reaction paths
more complex. Finally, the reaction selectivity is found to be
considerably lower due to a competitive HER.** For these
scenarios, advanced research efforts have been desired to
design and develop novel, economic, and robust electro-
catalysts that can convert CO, at high rates with a minimum
overpotential.

Considering those limitations, metal-sulfide-based (MS-
based) nanomaterials are particularly attractive as possible
electrocatalysts or precursors due to their unique properties,
such as high electrical conductivity and good electrochemical
stability compared to their corresponding metal oxide field.®*™*
Furthermore, the following properties make them a flexible
class of materials for the design of electrocatalysts: (1) higher
electrical conductivity than other semiconductor materials,
layered MS-based nanomaterials often have good metallic
conductivity.®®* (2) Adjustable composition, crystalline phase,
structural and morphological features of functional mate-
rials.”®”* (3) An appropriate band gaps. The band gap has
a direct impact on d-orbital filling and electronic character. At
the Fermi energy level (Ey), the density of states is dominated by
d-orbital electron states.””* (4) Different atomic vibration
modes, which will directly affect the surface state of the catalyst
and the adsorption mode of the reaction intermediates, so it is
directly related to the active sites.” These remarkable properties
motivated extensive research on every aspect of these materials,
with innumerable works investigating their electronic structure,
synthesis techniques, and catalytic performance for ECO,R.
Indeed, the design of ECO,R catalytic systems capable of over-
coming all bottlenecks is becoming a critical topic in the

Table 1 Different metals with the FE of several products produced at a particular potential and constant current density”

E jtotal
Group no. Metal (Vvs.RHE) (mAcm ?) CO (%) CH, (%) C,H, (%) EtOH (%) PrOH (%) HCOO (%) H, (%) Total (%)
(@ Pb —-1.24 5.0 0 0 0 0 0 97.4 5.0 102.4
Hg —-1.12 5.0 0 0 0 0 0 99.5 0 99.5
Tl —-1.21 5.0 0 0 0 0 0 95.1 6.2 101.3
In —-1.16 5.0 2.1 0 0 0 0 94.9 3.3 100.3
Sn —1.09 5.0 7.1 0 0 0 0 88.4 4.6 100.1
Cd —-1.24 5.0 13.9 1.3 0 0 0 78.4 9.4 103.0
(if) Au —0.65 5.0 87.1 0 0 0 0 0.7 10.2 98.0
Ag —0.98 5.0 81.5 0 0 0 0 0.6 12.4 94.6
Zn —-1.15 5.0 79.4 0 0 0 0 6.1 9.9 95.4
Pd —-0.81 5.0 28.3 2.9 0 0 0 2.8 26.2 60.2
Ga —0.85 5.0 23.2 0 0 0 0 0 79.0 102.0
(iii) Ni —-1.09 5.0 0 1.8 0.1 0 0 1.4 88.9 92.4
Fe —0.52 5.0 0 0 0 0 0 0 94.8 94.8
pt —0.68 5.0 0 0 0 0 0 0.1 95.7 95.8
Ti —-1.21 5.0 Tr 0 0 0 0 0 99.7 99.7
(iv) Cu —-1.05 5.0 1.3 33.3 25.5 5.7 3.0 9.4 20.5 103.5

“ The potential values have been converted from the reported standard hydrogen electrode (SHE) potential to the reversible hydrogen electrode
(RHE) scale [T = 18.5 °C, pH = 6.8] by adding (RT/F)In 10 pH = 0: 39 V: (Copyright 2019, American Chemical Society)*
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context of the widespread adoption of these electrocatalytic
technologies. Till now, several physical and chemical method-
ologies have been developed for preparing high-quality MS-
based nanomaterials, including mono, bi, and multi-metallic
sulfides.” Based on those methodologies, synthesis methods
are divided into a ‘top-down’ and ‘bottom-up approach.”®”® The
top-down approach uses mechanical methods to crush bulk
materials into smaller pieces to generate nanoparticles. Many
top-down approaches, including sputtering,”* electro-
spinning,*"* lithography,*** ball-milling,***® exfoliation,**°
etc., are already reported in the literature for MS-based nano-
materials synthesis. The bottom-up technique is a well-known
approach to synthesizing structures of nanomaterials made
atom-by-atom or molecule-by-molecule. The atoms/molecules
are attached through covalent or non-covalent bonds.”* The
commonly used bottom-up approaches are chemical vapour
decomposition,”®® atomic layer deposition,’*** spray pyrol-
ysis,*®®” pulsed layer deposition,®®*® thermal deposition,******
combustion,'**'*®*  micro-emulsion,'**'*  precipitation,**®*%’
hydrothermal,'®**** solvothermal,"*>*** sulfidation,"*'** micro-
wave irradiation,"***® and electrodeposition."*>*** Thus, the
strong connections between the various nanomaterials and
their unique properties have encouraged research to perform
the controlled fabrication of noble electrocatalysts with modi-
fied nanostructures.

This review attempts to fill the gap and create a pedagogical
guide on the morphology and structural variation of MS-based
nanomaterials in terms of their unique capacity and control
over the CO, reduction process. It provides an overview of the
various synthesis methods for MS-based nanomaterials prepa-
ration and their structural, chemical, and physical properties
modification for ECO,R. The correlation between synthesis
methods, metal loading, sulfur concentration, morphology, and
structures to the catalytic activity will also be summarized.
Finally, insights on future research and development of MS-
based compounds for next-generation ECO,R catalysts will be
discussed.

2 Metal-sulfide-based
electrocatalysts for ECO,R

MS-based electrocatalysts composed of metal and sulfur are
now the alternatives for researchers due to their tunable and
unique chemical structures, which can be synthesized through
a green process.”” This review categorizes MS-based catalysts
into ten effective systems, including copper, cadmium,
bismuth, indium, molybdenum, lead, tin, titanium, and zinc
(Table 2). Subsequently, their electroreduction properties are
also explored.

2.1 Copper-based sulfide

The copper sulfide system shows various stoichiometric struc-
tures over a wide range. Their structures varies from copper-rich
to copper-deficient (Cu,S to CuS,), such as chalcocite Cu,S,
djurleite Cu,.06S, digenite Cu,gS, anilite Cu,5S, geerite
(Cuy.6S), spionkopite (Cu, 30S), yarrowite (Cu, 1,S), covellite CuS

This journal is © The Royal Society of Chemistry 2023
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and villamaninite (CuS,)."**"** Owing to their variations in
phase states, morphologies, and crystal structures, these copper
sulfide systems have been used in many applications, including
photocatalysis,"””  optoelectronic  devices,””®  sensors,"
batteries,'** supercapacitors,'** and many others. This section is
designed to summarize several strategies of copper sulfide-
based electrocatalysts in converting CO, into valuable products.

2.1.1 Substrate coupling. The deposition of a thin, nano-
meter layer of metal sulfide catalyst on top of a substrate
material with well-defined morphological and electrical prop-
erties makes possible the optimization of the exposure of the
active sites and the maximization of the electrochemical surface
area (ECSA) of the resulting catalytic framework. This technique
was widely used for electrocatalysis and was thoroughly dis-
cussed in comprehensive review works.”**'** Coupling the
catalyst layer with a conductive substrate with controlled
morphology is specifically effective for metal sulfides. Indeed,
despite their high intrinsic activity, these materials are usually
synthesized by low-temperature routes to obtain mesoporous
structures with suboptimal exposure of active sites. On the
other hand, the coupling with conductive supports, drastically
improves the ECSA as well as the conductivity of the
architecture.”* "¢ In this regard, Kahsay et al**” presented
a unique and straightforward successive ionic layer adsorption
reaction (SILAR) method to deposit CuS onto a thermally
produced Cu,O/CuO heterostructure. At low overpotential, the
modified electrocatalyst showed good selectivity for formate
production. Cu,0/CuO/CusS electrode achieved a FEgpormate Of
84% with a partial current density (jicoo-) Of —20 mA cm™ > at an
overpotential of —0.7 V vs. RHE, which is higher as compared to
metallic Cu nanowires (FEco = 60%). Similarly, Li et al.**® re-
ported that highly porous Cu,0/CuS nanocomposites (Fig. 2),
which exhibit a FEgormate 0f 67.6% with a jicoon value of 15.3
mA cm™” at —0.5 V vs. RHE. More importantly, it maintained an
average faradaic efficiency of 62.9% at the same applied
potential for at least 30 hours. The synergistic effect between the
Cu nanoparticles and S concentration reduced the activation
energy barrier for conversion of the COOH* intermediates and
enabled the CO, conversion at low potentials. That way, the rate
of HCOOH generation was boosted. In above-mention both the
cases the current density was much higher than that of the
unsupported CusS electrocatalyst.

On the other hand, the coupling with conductive supports,
usually carbon-based, drastically improves the electrochemical
surface area as well as the conductivity of the framework. In this
context, Oversteeg et al.™*® investigated the role of carbon-
supported copper sulfide (CuS@C and Cu,S@C) catalysts
prepared via a liquid phase sulfidation of CuO@C nanoparticles
(Fig. 3a-f). They did cyclic voltammetry and in situ X-ray
absorption spectroscopy experiments, which revealed that
CuS@C and Cu,S@C nanoparticles undergo metallic Cu
reduction during CO, electroreduction. Later, the group re-
ported that compared to the CuO@C-derived catalyst, the
selectivity towards the formate synthesis was increased at low
current densities for the CuS@C- and Cu,S@C- derived cata-
lysts. Surprisingly, with less than 4% carbon surface coverage,
the catalyst obtained a maximum of 12% FE for overall formate

J. Mater. Chem. A
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Fig. 2 (a) Schematic illustration of the synthesis of Cu,O/CuS nano-
composites. (b and c) SEM images of Cu,O/CuS nanocomposites
grown on a copper gauze collected at different magnifications. (d) HR-
TEM image collected from a representative Cu,O/CuS particle. (e)
Corresponding FFT image of (d). Blue and yellow dashed lines highlight
the diffraction rings of polycrystalline Cu,O and CuS particles,
respectively. (f-i) HAADF-TEM image of Cu,O/CuS nanocomposites
and the corresponding mapping images of elements O, Cu, and S
(reprinted with permission from ref. 138. Copyright 2021, American
Chemical Society).

selectivity. The use of sulfide-derived Cu with carbon catalysts
can improve the efficiency of formate production in ECO,R.
Furthermore, the substrate/catalyst interaction can also
improve the ECO,R stability: Zhang et al.**® synthesized multi-
walled carbon nanotube (MWCNT) supported Cu, ;S catalyst
through a simple two-step coupling strategy. The Cujg;-
S@MWCNT-600 composite catalyst shown in Fig. 3g-j was
accomplished with better ECO,R performance with a 30 h
stability upon continuous operation owing to the highly active
sites of homogeneously dispersed Cu, g;S particles (Fig. 3i) and
efficient electron transfer and active sites granted by MWNCT.
Later, they reported that oxide-modification Cu, g;S@MWCNT-
600 (Cuy4S@MWCNT-600-OD) exhibited better catalytic
activity with a high FErqrmate Of 82%. The authors attribute this
enhancement in electrocatalytic activity belongs to copper oxide
compounds which undergo restructuring in a needle-like
morphology and offer more active sites during electrolysis.
2.1.2 Nanoscale engineering. Since the electronic structure
of the catalyst can be optimised by acting on the atomic and
molecular organization, extensive research effort has been
devoted to fine-tuning the nanoscale structure of MS-based
nanomaterials, and a number of reviews'*'*> have detailed
the modifications induced on the electronic structure and,
consequently, the positive effects of this technique on
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Fig. 3 TEM images of (a) CuO@C, (b) CuS@C and (c) Cu,S@C nano-
particles and corresponding particle size histograms, indicating an
average particle size of 9 £ 3 nm, 25 +£ 13 nm and 17 £ 1 nm,
respectively. SEM images of the carbon paper substrate (d) without any
catalyst and (e) with Cu,S@C deposited on the carbon fibers by
spraying. (f) X-ray diffractograms of the bare GNP-500 carbon support
(orange) and of the CuO@C (black), CuS@C (red) and Cu,S@C (blue)
nanoparticles on this carbon support. (Reprinted with permission from
ref. 139. Copyright 2020, Elsevier); representative (g) SEM and (h) TEM
micrographs of Cu;g;S@MWCNT-600, () HAADF-STEM image and
corresponding EDS maps revealing the uniform distribution of Cu
(blue), S (purple) in the Cuyg;S particles, and (j) HRTEM of Cuyg;-
S@MWCNT-600 (reprinted with permission from ref. 140. Copyright
2021, Elsevier).

electrocatalysis. The nanoscale engineering strategy enhances
both the ECSA by maximizing the surface area to volume ratio
and the intrinsic activity of the material because nanoscale
effects like quantum confinement or plasmonic resonance
modify the electronic structure at this length scale.™*>**

For example, Shinagawa et al.'**> synthesized size-controlled
carbon-supported nanometric CuS catalysts using the wet
chemistry method. The experimental study revealed that
synthesized nanometric CuS was further reduced to S-modified
copper (Cu-S) catalysts during ECO,R. Therefore, S-modified
copper (Cu-S) showed formate production (FE> 60%) with
only trace amounts of CO at moderate overpotential (—0.8 V vs.
RHE). They observed that HCOOH generation enhanced slightly
as particle size increased from 3 nm to 20 nm, which highlights
the correlation between particle size and catalytic effect. Later
on, in the same work, it was also shown that the submicron-
sized CuS electrodes prepared via solvothermal method
exhibited much higher FEycoon (80%) for electroreduction of
CO, to HCOOH compared to the nanometric CuS electrodes
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Fig. 4 Top-view and cross-sectional SEM images of (a) Cu-0 min
without sulfur species and (b) CuS,-40 min catalysts. (c) Average
particle size and surface density of CuS, NPs calculated by
a computing-based image analyzer. (d) EDX spectra of Cu and CuS,
catalysts (reprinted with permission from ref. 146. Copyright 2020,
American Chemical Society).

(FEncoon > 60%), revealing the crucial role of particle size in
enhancing catalytic activity. On the other hand, Lim et al.**
examined the efficiency and product selectivity of a size-
controlled CuS, catalyst prepared by dipping Cu foil in an
industrial CO,-containing H,S in aqueous media. It was shown
that the interaction between Cu foil and sulfur enhanced as the
concentration of dissolved sulfur increased in an electrolyte
(Fig. 4a and b). The simultaneous interaction increased the
average particle size and surface sulfur density to 133.2 £
33.1 nm and 86.2 + 3.3%, respectively, for CuS, nanoparticles
(NPs) (Fig. 4c and d). The FEgomate Was also enhanced from 22.7
to 72.0% at —0.6 V vs. RHE as the sulfur concentration and
particle sizes of the CuS, NPs increase gradually. Although the
CusS, catalysts showed less current density, the stability of 72 h
must also be considered for converting industrial CO, to
formate.

2.1.3 Morphology and structure modification. Modulating
the morphology and structure of MS-based nanomaterials has
always been a practical approach to optimizing catalytic
performance and has achieved many outstanding research
outcomes. By modulating the morphology and structure, the
physicochemical properties of the promoter can be changed,
thereby changing the catalytic activity and selectivity.*”'** For
example, it can effectively improve the active surface area of the
catalyst, increase active sites for specific needs, generate novel
and exciting physical phenomena, change the adsorption
strength of the catalyst on the electrolyte or CO,, etc.”*”*

Furthermore, this approach can tailor the microenviron-
ments near the catalyst surface for target products. A study by
Zhu et al.**® showed that the Cu,S-modified Cu foam acts as an
active electrocatalyst for CO, reduction in an H-cell setup. They
deposited Cu,S nanoarrays on Cu foam via a two-step anod-
ization method followed by heat treatment. In the first step,
anodization occurred in an electrochemical cell where Cu foam
worked as an anode and platinum foil as the cathode in an

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d2ta08209h

Published on 12 April 2023. Downloaded by Technische Universiteit Delft on 5/1/2023 11:34:51 AM.

Review

Fig. 5 SEM images of the samples (a—c): (a) Cu,O MCs, (b) h-Cu;S4
MC:s, (c) h-CuS MCs. (d) TEM image of h-CuS MCs. (e) SAED patterns of
the white circled region in (d). (f) HRTEM image of the h-CuS MCs.
(Reprinted with permission from ref. 150. Copyright 2017, Elsevier).
SEM of the different CusS catalysts. (g and h) CuS-TU, (i and j) CuS-TAA,
(k and 1) CuS-STS, and (m and n) CuS-SS at a low magnification and
high magnification (reprinted with permission from ref. 151. Copyright
2023, American Chemical Society).

aqueous Na,S solution. In the second step, the anodized copper
foam was rinsed with distilled water and thermally treated. The
synthesized three-dimensional (3D) Cu,S/Cu-foam electrode
exhibits significantly better HCOOH production (85% of FEco
with j = 5.3 mA cm ™2 at —2.0 V vs. Ag/AgCl) than the Cu-foam
electrode (maximum 38.9% of Feco at —1.8 V vs. Ag/AgCl).
Shao et al.** reported CO, reduction over hollow CuS micro-
cubes (MCs) electrodes (Fig. 5a-c) and reported less over-
potential. It was shown from Fig. 5d-f that as-prepared h-CuS
MCs led to a higher density of defective edge exposed sites
and are considered a key in the improved performance and
stable selectivity (FEco = 32.7% at a low onset potential —0.2 V
vs. reversible hydrogen electrode). In 2023, Guo et al''
synthesized a series of CuS catalysts with various sulfur
precursors via hydrothermal synthesis (Fig. 5g-n). Among all,
CuS-thiourea exhibited superior ECO,R activities compared to
CuS-sodium thiosulfate, CuS-thioacetamide, and CuS-sodium
sulfide CO,-saturated 0.1 M KHCO; electrolyte, high CO selec-
tivity of 72.67% @ —0.51 V vs. RHE. The fast S decomposition of
the thiourea precursor resulted in a higher $>~ concentration
for faster nucleation rate and subsequent growth of unique
nanoflower-shaped CuS-thiourea catalyst for facilitated mass
transfer and favorable ECO,R kinetics (Fig. 5g and h).

Later on, Zhao et al.*** successfully synthesized efficient and
stable CuS nanosheet arrays supported on nickel foam
(CuS@NF) substrate via a facile hydrothermal route for ECO,R
activity. The highly-dense CuS nanosheet is uniformly distrib-
uted on the Ni foam framework and forms a 3D hierarchical
foam structure. The developed CuS@NF possessed highly open
and porous structures with a thickness ranging from 20 to
25 nm. It was observed that modification with S species
promotes CO, adsorption and produces CO," intermediate.
Afterward, the CO,’~ intermediate reacts with H" and e~ to

This journal is © The Royal Society of Chemistry 2023
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generate the CH,. As a result, the CuS@NF obtained excellent
FEcu4 of 73.5% with a stability of 60 h for CH, production with
a high overpotential of —1.1 V vs. RHE.

Chen and co-workers™® prepared a series of differently
structured copper sulfides using a simple ethylene glycol sol-
vothermal process for ECO,R to HCOOH. Then the group varied
the morphology and composition of CuS nanoparticles by
changing the Cu/S feed ratio and reaction temperature (Fig. 6a-
f). Among all the synthesized Cu-rich nanoparticles, CuS
nanoflowers exhibited the maximum ECO,R performance with
a significantly better FEycoon of ~52%. Likewise, Dou et al.'>*
prepared CuS nanosheet arrays decorated on the brass mesh
(BM) using a facile and energy-saving one-step chemical bath
deposition process (Fig. 6¢ and h). Meanwhile, coupling of CuS
with BM enhanced a large total current density up to 75 mA
em > at —0.7 V vs. RHE with an FE of 67.8 & 1% for HCOO™
generation. But CuS/BM coated with PTFE obtained an FE of
70.2 + 1% for HCOOH/HCOO™ at —0.7 V vs. RHE. Systematic
studies show that a significant enhancement in catalytic reac-
tivity was achieved through the restructuring of CuS/BM during
the reduction process, resulting in a highly dispersed nanowire
network with many active sites. They combined DFT studies
with experimental observations. According to the study, excel-
lent selectivity for HCOO™ generation was attributed to the
reconstructed development of Cu (111)/CuS (102) facet during
the reduction process. The theoretical study also indicates that
S under the Cu® layer was found to reduce the binding energies
of HCOO* and *COOH on Cu(111)/CuS(102) compared to the

Fig. 6 (a) SEM image, (b) XRD pattern, (c) HR-TEM image, (d) EDX
spectra of CuS nanoflowers synthesized at 150 °C with Cu/S feed ratio
of 1/3. (e) SEM image of Cuy 455 nanoplates synthesized at 150 °C with
Cu/S feed ratio of 1/0.75; (f) SEM image of Cu;s4S nanoflowers
synthesized at 180 °C with Cu/S feed ratio of 1/3. (Reprinted with
permission from ref. 140. Copyright 2020, Elsevier); (g) SEM image of
CuS/BM. (h) EDS mapping result of the CuS nanosheet for S, Cu, and
Zn elements (reprinted with permission from ref. 154. Copyright 2021,
American Chemical Society).
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Cu(111) plane, facilitating the production of HCOOH or
HCOO*.

In 2021 Zhang et al.** reported that MOF-derived hierar-
chical CuS hollow polyhedron (CuS-HP) structures effectively
enhance ECO,R performance in neutral pH aqueous condi-
tions. Their analysis showed that the CuS-HP is reduced into
a sulfur-doped metallic Cu catalyst during catalysis. The dura-
bility of the in situ evolved catalyst observed a stable perfor-
mance for 36 hours at a formate partial current density of 16 mA
em 2 at —0.6 V vs. RHE with a faradaic efficiency of >90%.
According to theoretical research, S-doping in the metallic Cu
(111) facet does not change the reaction pathways but decreases
the activation energy barriers for formate generation while
suppressing HER. These works provide a clear understanding of
enhancing HCOO™ selectivity mechanisms for CuS electrode
materials. Similarly, He et al.**® studied the catalytic behavior of
Cu,_,S derived polycrystalline Cu (Cu-S) catalyst for CO,
conversion to C,H, formation. The nanostructured Cu-S cata-
lysts exhibited better catalytic activity (FE of C,H, was 68.6%
and partial current density of 40.8 mA cm™?) due to the high
index facets during surface modification. In situ operando
Raman techniques proved that the Cu-S catalysts follow the
*COCHO pathway to produce C,H, during the ECO,R process.

The modifications in electronic structure triggered by the
surface modification can be fine-tuned to control the selectivity
of the material for the desired electrocatalytic application
against the competitive HER, Phillips and their team investi-
gated the formate selectivity over copper electrodes derived
from copper sulfide by in situ electro-reduction.”” The surface-
enhanced infrared absorption spectroscopy (SEIRA) observed
that the S-derived Cu catalyst suppresses H, and CO generation
while increasing the formate generation. The authors explain
this improvement of formate selectivity via a plausible reaction
mechanism: the CO,4; tightly occupy some active catalytic sites,
which interrupt the adsorbed hydrogen species (H,qs) to
combine and create an H, molecule. Therefore, H,q4s could only
form H, in the solution phase by bonding protons via PCET.
DFT calculations show that H,4s might react with a CO, mole-
cule in the solution phase instead of a solution containing H' to
produce HCOOH. Thus, H,qs intermediates adsorbed on S-
derived Cu produced formic acid with solution-phase CO,
through PCET." In 2018, Deng et al'® compared ECO,R
activity for active CuS, (AC-CuS,), desulfurized CuS, (DS-CuS,),
and bare Cu catalysts (Fig. 7a—c). The AC-CuS, catalyst reported
good selectivity and activity for formate synthesis (FEgcoo =
75% and jycoo = 9.0 mA ecm ™2 at —0.9 Vgyg) compared to DS-
CuS, (FE of 29.3%) and bare Cu (FE of 22.5%). The DFT analysis
confirms that sulfur concentration reduces the adsorption
strengths of HCOO* and *COOH, with *COOH exhibiting less
adsorption energy than HCOO* (Fig. 7d-i). According to the
findings, the high surface coverage of *COOH intermediates
occupies Cu sites surrounded by the sulfur atom, which thus
interrupts electron transfer from those Cu sites to the inter-
mediates (Fig. 7h and i). Therefore, the high amount of sulfur
doping also weaker the adsorption of HCOO*, which resulted in
energy downhill of the rate-limiting step for formate production
and increased its formation (Fig. 7e and f). Huang and the
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Fig. 7 (a) SEM images, (b) TEM images, and (c) XPS spectra of (i) fresh
CuS, sample, (ii) AC-CuS, sample, (iii) AC-CuS, samples after 40 min of
CO5 reduction in 0.1 M KHCOs at —0.85 V vs. RHE, and (iv) DS-CusS,
sample. Free energy diagrams of the HCOO* pathways to formate on
Cu (111) and CuS; surfaces at (d) O V and 0.063 ML (monolayer) of
HCOO*, (e) —0.45 V and 0.375 ML of HCOO¥*, and (f) —0.65 V and
0.375 ML of HCOO*. Free energy diagrams for *COOH pathways to
CO on Cu (111) and CuS; surfaces at (g) 0 V and 0.063 ML of *COOH,
(h) —0.45 V and 0.375 ML of *COOH, and (i) —0.65 V and 0.375 ML of
*COOH (reprinted with permission from ref. 158. Copyright 2018,
American Chemical Society).

group™’ prepared novel sulfur-doped Cu catalysts derived from
Cu,O to give CO, to HCOOH. The authors observed that opti-
mizing sulfur concentration is crucial in activating HCOOH
production. Their study claimed that electrocatalyst (Cu-5000S)
containing 2.7 atom% sulfur exhibits higher catalytic activity
and formate selectivity (FE = 75% and j = —13.9 mA cm > at
—0.9 V vs. RHE). The mechanistic studies show that the sulfur-
doped Cu lowers the binding strength of CO production inter-
mediates COOH*, which facilitates the production of HCOOH.

A novel electrochemically driven cation-exchange (ED-CE)
technique introduced as a powerful method to systematically
tune and modify the composition, morphology, and phase
structure of a target nanocrystal (NC) assembly by a precise
replacement of metal cations in a predesigned NC template: He
et al.*® used ED-CE approach for obtaining highly active ECO,R
copper sulfide catalysts. This synthesis method converted 3D-
shaped CoS, into Cu,S with the novel 3-dimensional shape,
although high grain boundaries were preserved (GBs), as illus-
trated in Fig. 8a. A ~87% faradaic efficiency (at —1.9 Vgyg With
aj =19 mA cm ?) for CO, conversion to HCOOH was reported
with the Cu,S nanocrystal electrode. Similarly, Jinghan Li et al.***
incorporated ED-CE method that used copper sulfide as a growth

This journal is © The Royal Society of Chemistry 2023
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Fig. 8 (a) Schematic illustration of the experimental pathways and
mechanisms for electrochemically driven cation exchange (ED-CE);
synthetic strategies for Ag/Cu sulfide catalysts (reprinted with
permission from ref. 160. Copyright 2020, John Wiley & Sons, Inc). (b)
Cu sulfide nanosheets (C-nano-0, 100 nm lateral dimension, 14 nm
thick) were obtained through colloidal synthesis with CuSCN in
oleylamine (OAM). (c) Cu sulfides on Cu foil (C-foil-x) were obtained
through electrooxidation in 1 M NaOH to produce an oxide layer of
a few 10 s of microns thick, followed by sulfurization with 0.1 M Na,S.
After cation exchange where Ag* replaces the Cu® in the Cu sulfides,
Ag/Cu sulfide nanosheets (CA-nano-x) remain nanosheet structure
with some distortion in shape as the Ag/Cu mass ratio ranges from 0.3
to 25; while for C-foil-x, Ag nucleates at higher Ag concentration, that
impedes the uniform distribution of Ag and Cu (reprinted with
permission from ref. 161. Copyright 2021, The Royal Society of
Chemistry).

template to synthesize Ag/Cu bimetallic catalysts for ECO,R
(Fig. 8b and c). They used Cu,_,S nanosheets (denoted as C-
nano-0 with a lateral dimension of 100 nm and 14 nm thick)
as a precursor. It was observed that during synthesis increasing
Ag' concentration (by changing Ag/Cu mass ratio ranges from 0.3
to 25) in the exchange solution possesses a steady shift in crystal
structures from Cu,S, to Ag,S (CA-nano-x, where x denotes
higher Ag concentration). Therefore, both C-nano-0 and cation-
exchanged nanosheets showed extremely good FEpcoon at
a low overpotential (—0.2 V vs. RHE). Surprisingly, the Ag
combination enhanced the generation of C,, products at —1.0 V
vs. RHE compared to C-nano-0, which mainly generates formate.
In the next step, Cu sulfides to a depth of a few 10 s of microns
were deposited using a two-step electrooxidation/sulfurization
on Cu foil (C-foil-x). They observed that cation exchange
creates evenly dispersed Ag at lower Ag* concentrations; however,
at higher Ag" concentrations, Ag particles nucleate on the
surface. Their findings show that the production of ethylene and
methane initially increased with time for silver/copper sulfides
on Cu foil (CA-foil-x-y). Later, it decreased as H, evolution
occurred, and the catalyst's shape evolved towards a nest-like
structure with a diameter of 20 nm, which could explain the
change in selectivity. This result is due to the ED-CE process,
which modified uncoordinated sites, crystal phase structure,
composition, and density, enabling the construction of addi-
tional active sites for ECO,R catalysis.

This journal is © The Royal Society of Chemistry 2023
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2.1.4 Defects engineering. Theoretical and experimental
studies revealed the possibility of tuning the electronic struc-
ture by introducing defects (i.e., chalcogen or distortion in the
material's lattice). Introducing defects and distortion is the
most investigated technique employed to activate the otherwise
inert basal plane. The primary role of the vacancy sites has been
comprehensively studied in the literature:'®**** the missing
chalcogen atom exposes the underlying metal surface, whose
dangling bonds states of the d-orbital are responsible for the
creation of the gap states near the Fermi level, with an energy
reaching that of the Fermi level as the chalcogen vacancy
percentage increases. These gap states can hybridize with the
orbitals of the reactant, thus favoring their adsorption and
improving the catalytic activity of the material.

A shift in selectivity can be obtained by employing S-vacancy
metal sulfide-based catalysts, where CO, can be transformed
into value-added C,; products. Zhuang and colleagues'®
demonstrated that incorporating sulfur atoms in the catalyst
core and copper vacancies in its shell present excellent ECO,R
activity. The bifunctional Cu,S-Cu-V (V denotes vacancy) elec-
trocatalyst consists of S atoms in the nanoparticle core and
copper vacancies in the shell with high electron density. The
Cu,S-Cu-V catalyst exhibited excellent electrochemical activity
by generating C,, alcohols (i.e., C;H,OH and CH;CH,OH) with
a faradaic efficiency of 32% =+ 1%. Compared to simple copper
nanoparticles, the alcohol-to-ethylene ratio increased six times,
suggesting an alternate path for alcohol production rather than
alkenes. DFT simulations revealed that core-shell vacancy
engineering increases the energy barrier of the C,H, route
(1.148 eV) but has no effect on the CH;CH,OH path (0.427 eV).
Peng et al.**® investigated the roles of double-sulfur vacancies
(DSV) structure in ECO,R. It was shown that the DSV in CusS,
enabled the stability of both CO* and a *C, dimer (i.e., OCCO¥*),
with a subsequent coupling with a third *CO through CO-
OCCO, as depicted in Scheme 1. The DSV-rich CuS, showed an
enhanced FE,pon Of ~15.4% for n-propanol generation at
—1.05 Vryg in 0.1 M KHCO; in the H-cell configuration.

2.1.5 Interfacial engineering. Interface engineering is an
essential strategy for modulating electrocatalytic activity.
Interfaces enable rapid charge transfer and modified free
energies of intermediates due to the strong interfacial interac-
tions between components.*®’

co, n-propanol
co, n-propanol
s gf::::gf::so~c§;§>:;gi O

7

CO* adsorption  OCCO* stabilization CO-OCCO coupling

00 co” Ocu Os

x Sulfur Vacancy

Scheme 1 Schematics of CuS, with double sulfur vacancies for con-
verting CO, to n-propanol, and the corresponding calculations. A
Mechanism of n-propanol formation on adjacent CuS,-DSV, showing
the dimerization of CO-CO followed by CO-OCCO coupling
(reprinted with permission from ref. 166. Copyright 2021, Nature
Publishing Group).
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Constructing bridging bonds at the interface to form
strongly coupled hybrid catalysts can significantly increase the
ECO,R activity. For example, Wang et al.**® synthesized novel
hierarchical 0D/2D heterostructures of SnO, nanoparticles
confined on CuS nanosheets (SnO,/CuS NSs) for syngas
production with a ratio tuned of 0.11-3.86 (CO/H,). Their
catalytic system was found to be highly selective for syngas
production with a FE of >85%, a turnover frequency (TOF) value
of 96.12 h™', and long-term stability of 24 hours. The authors
explain this higher catalytic activity for two reasons: (a) the
uniformly dispersed ultrasmall SnO, nanoparticles on ultrathin
CuS nanosheets provide the highest number of active sites,
which allow a faster rate of electron transfer; and (b) the distinct
SnO, and CusS interfaces reduce the activation energy of reac-
tion intermediates, thus improving ECO,R activity to produce
high-ratio tunable syngas. The DFT study revealed that indi-
vidual SnO,(110) and CuS(001) surfaces favored HCOOH
generation, but in this case, SnO,/CuS interface significantly
reduced free energy of 0.52 eV for COOH* intermediate
formation and promoted CO formation.

Modulating and understanding the intermediates that form
on the surface of an electrocatalyst during ECO,R is vital to
overcome limitations associated with the adsorption of CO,
molecules. Han et al.*®® constructed an intermetallic ternary Bi-
Cu,S heterostructure catalyst prepared by the one-pot solution-
phase method. Owing to the strong chemical interaction effects
between Bi and Cu,S and its unique heterostructure, it attained
a reduced overpotential (240 mV lower than Bi) and an excep-
tional FE (>98%) for formate generation with a high partial
current density (2.4 and 5.2 times more —/icoo than bare Cu,S
and Bi at 1.0 Vgyg). Mechanisms study demonstrated that the
higher rate of electron transfer from Bi to Cu,S at the interface
preferentially stabilizes the *OCHO intermediates over *COOH
and *H, which facilitates HCOOH formation. Similarly, Xiong
et al.”’° synthesized bimetallic CuInS, hollow nanoparticles with
a homogeneous mixing procedure. The combined benefits of
the synergistic effect of the metal center and hollow nano-
structures resulted in faster electron transfer. As a result, the
bimetallic catalyst achieved a FEqo of 82.3% at —1.0 Vgyg, while
FEncoon Was 72.8% at —0.7 Vryg. In situ Raman spectroscopy
revealed that CO, was activated to CO,"~ intermediates, and
electron redistribution occurred under differing potentials,
resulting in a change in product distribution (CO to HCOOH).
In addition, according to Nyquist plots, CulnS, hollow nano-
structures have a significantly higher charge-transfer rate
during the CO, reduction reaction because their interfacial
charge-transfer impedance (R.) is lower than that of Cu,In.

In another effort to modulate interfacial charge distribution
and promote CO, adsorption, Wen and co-workers proposed
a robust technique based on local sulfur doping of a Cu-based
metal-organic framework precatalyst and stable Cu-S motif
distributed throughout the HKUST-1 framework (denoted as S-
HKUST-1). The regenerative catalysts matrix exhibits a high C,
product (C,H,) selectivity of up to 57.2% at the operated current
density of 400 mA cm™>. For ECO,R catalysis, this is the best
selectivity and activity value for C,H, among the Cu-based
metal-organic species and MOFs. The operando XAFS
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investigation and systematic characterizations depicted that the
Cu-S motif is stable during the process and stabilizes more
active Cu®" species. The authors rationalize the excellent selec-
tivity of S-HKUST-1 compared to copper or copper sulfide as
follows: the approximate Cu’~Cu’" distance was favorable for
the *CO dimerization step at the Cu/Cu,S interface. Moreover,
an extremely high S-content catalyst (i.e., Cu,S) exhibited a long
Cu-Cu distance, which hindered *CO dimerization geometri-
cally; the Cu/Cu,S interface offered lower binding energy to *CO
species in rising to *CO dimerization than a pure metallic Cu
catalyst.'”

2.2 Cadmium (Cd)-based sulfide

Cadmium sulfide (CdS) is a low-cost II-VI group semiconductor
material with a narrow bandgap energy of 2.42 eV. Because of its
inexpensive cost, variety of polymorphs, and outstanding
optical/electronic properties, it has been extensively explored
for solar energy applications. The above-mentioned inherent
characteristics of CdS make it suitable for photochemical and
electrochemical water-splitting, photochemical CO, reduction,
etc. Several strategies, such as heterojunction formation, co-
catalyst loading, and heteroatom doping, are being
reported.””"”* Among all, doping heteroatoms in CdS have
proven to be a very useful technique because it manipulates the
intrinsic electronic structure and revises the Fermi energy level.
It also unveils some impurity levels between the conduction
band maximum and the valence band maximum, which are
normally electron trapping centres."”® For example, Ag material
has been chosen for doping because it has excellent electrical
and thermal conductivity and is also ideal for electrical appli-
cations."® In some recent studies, CdS is doped with two or
more reactants as precursors, with the goal of overcoming the
difficulty of modulating electronic configuration and nano-
structures due to the multi-component reaction.””*’®* Some
promising findings for CdS-based hybrids with various mate-
rials for various applications have been reported such as pho-
tocatalytic and electrocatalytic water splitting, photocatalytic
CO, reduction, photoelectrochemical water splitting, and it is
also used in solar cells."”**** This section will discuss current
advancements in CdS-based electrocatalysts for CO, reduction
in terms of their morphological structures, doping, vacancies,
and electrode surface modification.

2.2.1 Morphology and structure modification. Apart from
the inherent properties of electrocatalysts, the surface
morphology also plays a crucial role in tailoring the efficiency of
electrocatalytic CO, reduction. Since the superior accessibility
of porous configuration with gas molecules, it is notably
important to design porous electrocatalysts for the improve-
ment of CO, adsorption and efficiency of ECO,R.*** Sulfur
atoms attachment of an electrocatalyst to amorphous and
porous Cadmium (Cd) support (P-CdlS) has been shown to
selectivity shift from HCOOH to CO as demonstrated by Wu
et al.'® in which Cd>" cations were tetrahedrally coordinated
with $>~ anions via covalent orbital hybridizing s and p bands
(Fig. 9a-g). They reported the DFT study, as shown in Fig. 9h-1.
According to this finding, the hybridized sp band of CdIS

This journal is © The Royal Society of Chemistry 2023
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systems adsorbs CO, to generate *COOH intermediate, which
accelerates CO formation.

Furthermore, Gao et al.*® reported that a high-curvature
CdS nanosized catalyst has a significant proximity effect that
results in massive electric field amplification, which may
concentrate alkali-metal cations. They synthesized a series of
CdS nanoparticles (i.e., nanoneedles, nanorods, and nano-
particles) with various tip radii by taking different reactant
quantities using a microwave heating strategy (Fig. 10a-d).
They detected that the tip-concentrated electric fields rise
tenfold at —1.0 V as the tip stiffens from a radius of 24 nm to
3 nm (Fig. 10d and e). However, Gao et al. also found that the
concentration of K" adsorbed on the surface of the CdS tip
increased by 114-fold due to the highly concentrated electric
field. The finite-element method simulations revealed that CdS
needles in close proximity could further restrict electric fields
that offer influence in K concentrations. They also exhibited
that gap width decreases with increasing K' concentration
distribution because of the higher electric field inside the
nanogap (Fig. 10f and g). Therefore, it is well established that
K" ions interact with CO, through a non-covalent effect; that
facilitates fast CO, stabilization at the CdS needle tips and
nanogaps, where CO, reduction occurs. As a result, CdS
nanoneedle exhibited excellent faradaic efficiency above 90%
at —1.2 Vgyg with a current density of 212 mA cm ™2 Gao and
his group conducted a 24 hours extreme stability test on CdS
needles at 1.0 Vgyg in 0.1 M KHCOj;. Notably, the findings
reveal a steady FEco of over 90% with a low current density
decay. This work enables ECO,R by creating a catalyst
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Fig. 9 (a) Schematic diagram of porous structure of P-Cd|S. The
morphology of P-Cd|S characterized by (b) SEM, (c) TEM, and (d—g)
HADDF-STEM. Scale bars are (b) 500 nm and (c—g) 100 nm. Gibbs free
energy diagrams of (h) Cd metal, (i) sulfur-modified Cd. Optimized
adsorption configuration of (j) *COOH and (k) *OCHO intermediates.
(1) Differential charge density of CO, adsorbed on Cd|S, regions of
yellow and cyan denote electron accumulation and depletion,
respectively. Green, yellow, black, red, and blue balls represent Cd, S,
C, O, and H atoms, respectively (reprinted with permission from ref.
183. Copyright 2020, John Wiley & Sons, Inc).
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structure that adsorbs more electrolyte cations, stabilizing the
intermediates.

Although H, is considered a “by-product” in the majority of
cases of ECO,R, and several strategies have been implemented
to reduce the HER, its formation is not entirely meaningless.
This is because H, and CO are the two main syngas components
required in various industrial processes. He and co-workers'®*
investigated a series of cadmium sulfoselenide (CdS,Se; ,)
nanorods for the ECO,R to syngas selectivity. The synthesized
electrocatalyst enabled a broad range of syngas proportions and
observed a higher current density above 10 mA cm 2. In addi-
tion, CdS,Se; _, nanorods exhibited an 81% faradaic efficiency
with a current density of 27.1 mA cm ™2 for CO production. The
experiment also showed that the faradaic efficiency for H,
emission increases at —1.2 Vgzyg When Se content increases in
CdS,Se; _, nanorods. The mechanistic study revealed that the
higher Se percentage in CdS,Se;_, nanorods improved H atoms
binding to the catalyst surface and resulted in increasing H*
surface coverage, subsequently enhancing HER in ECO,R.

2.2.2 Defect engineering. The incorporation of defects (S-
vacancy, S,) in sulfide electrocatalysts can be a promising
approach for tuning the adsorption energy of the key interme-
diates to improve the catalytic reaction kinetics.'®*® Theoretical
findings have confirmed that the surface S, is crucial for the
ECO,R because of the appropriate binding energy of COOH to
desorb the CO product further. Additionally, S, can increase the
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Fig.10 (a)—(c) SEMimages of CdS particles (a) rods (b) and needles (c).
Scale bars, 400 nm. (d) Electric field on the surface of different cata-
lysts is shown as a color map. The tip radius of the structure in each
panel is 24 nm (left), 14 nm (middle), and 3 nm (right). Scale bar, 5 nm.
(e) Adsorbed K* and the electric field intensity at the tip, revealing that
both adsorbed K* and electrostatic field intensity increase as the tip
radius decreases. (f) K" concentration intensity in the CdS needle gap
increases as the gap distance decreases. (g) K™ concentration distri-
bution in the needle gap, showing enhanced K* concentration in the
narrow gap. Scale bars from left to right: 10 nm, 10 nm, and 15 nm
(reprinted with permission from ref. 184. Copyright 2020, John Wiley &
Sons, Inc).
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carrier concentration, enhancing charge transfer during the
ECO,R."™° However, quantitative and continuous engi-
neering of S, content in CdS nanorods for CO, reduction has
only received sporadic attention. More research is needed to
gain a better understanding of the surface S, contents and their
effects on electrocatalytic properties.

Li et al.** developed simple cadmium sulfide (CdS) nanorods
for ECO,R to CO. The presence of (0002) surface with S, in CdS
nanorod increases the performance (95% FE with joo of —10 mA
cm 2 at an overpotential of —0.55 Vi) and selectivity toward
CO formation. Elsewhere, bulk CdS particles with size in micron
level exhibited 60% selectivity for CO production in 0.5 M
KHCOj; at a potential of —0.9 Vgyg. The absence of (0002) face in
CdS nanorods decreases the performance and selectivity toward
CO formation. An ECO,R to CO with low overpotential utilizing
the cadmium sulfide (Cds) catalyst with Sy was studied by Li
et al.** They observed that CdS nanorods were mainly exposed
to the (002) face with sulfur vacancies, suppressing HER while
increasing CO selectivity. Theoretical work confirmed that the
(002) plane with a medium concentration of Sy showed better
catalytic activity than without Sy due to the higher binding
energy of *COOH intermediates. They also identified that CdS
nanorods with a medium (9%) surface Sy resulted in better
faradaic efficiency and catalytic activity. Qin et al.***> reported the
CO, electrochemical reduction for cadmium sulfide-supported
carbon nanotubes composite catalyst (CdS-CNTs) (Fig. 11a-j)
synthesized by a simple solvothermal approach. The composite
material produced CO with a FE of more than 95%. Subse-
quently, the group explored the surface electron density of
cadmium sulfide with Sy and the energy required for CO
formation (Fig. 11k-s). The in situ infrared absorption spec-
troscopy with attenuated total reflection mode (ATR-IRAS) was
used to evaluate the intermediate species formed during the
process in order to detect the surface reaction on CdS-CNTs
(Fig. 11k-n). As illustrated in Fig. 11m, it was observed that
CO, adsorption above the CdS-CNTs surface increases after the
electrode is electrified. Next, the area around Cd exhibits less
blue in the presence of Sy than in the Cd without Sy, which
signifies that the negative charge is partially transferred to Cd
when Sy are created (Fig. 110 and p). DFT calculation proposed
that Sy in CdS(111) increase the electron density on the catalyst
surface and lower the energy required for COOH* to CO*
conversion, facilitating the electro-reduction of CO, to CO (Fig.
11qg-s).

In recent years, a new 2D material, MXene, emerged
comprising transition metal carbides, nitrides, and carbo-
nitrides.'**'** These breakthrough materials are developed from
three-dimensional (3D) ternary ceramic material MAX (M =
transition metal, A is an A-group which is typically IIIA and IVA,
or groups 13 and 14 components in the periodic table, and X is
carbon/or nitrogen). MXene-based sulfides materials have been
widely used as a substrate to prepare electrocatalysts for HER,
nitrogen reduction reaction, oxygen reduction, or evolution
reaction (ORR/OER) due to their 2-D structure, hydrophilic
nature, excellent electrical conductivity, and richness of surface
functional groups.™**¥” In 2021, Wang et al.*® adopted a simple
solvothermal approach to design a series of CdS and Ti;C,
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Fig. 11 (a) FESEM image of CdS-CNTs; HRTEM images of CdS-CNTs:
(b) interplanar lattice fringe spacing, (c) SAED pattern, (d) line scan, (e)
HRTEM image, (f-j) HAADF-STEM and element mapping; (k—n) In situ
ATR-IRAS analyses of CdS-CNTs for ECO,R. The distribution of elec-
tron deformation density: (o) CdS(111) without S-vacancy and (p)
CdS(111) with S-vacancy. (g—s) DFT calculation results of relative
energy for possible intermediates during CO2RR on CdS(111) without
S-vacancy and CdS(111) with S vacancy (S,) at different potentials
(reprinted with permission from ref. 192. Copyright 2019, Elsevier).

MXene composites followed by H,/Ar treatment, as shown in
Fig. 12a. Uniform hierarchical structures of CdS nanoparticles
with abundant sulfur vacancies dispersed in the Ti;C, MXene
matrix were observed by the SEM, HRTEM, and TEM (Fig. 12b,
e, f and g). DES elemental mappings and XRD analysis
confirmed the presence of the Cd, S-vacancies (Vs), Ti, and C
(Fig. 12c and d). The 2D MXene skeleton structure accelerates
electrolyte absorption, enables rapid electron transport, and
increases electrochemical surface area. Because of these
advantages, ie., high catalytic activity and electrical conduc-
tivity, Vs-CdS/TizC, has faster CO, electroreduction reaction
kinetics and achieved a FEqo as high as 94% at —1.0 V vs. RHE
(Fig. 12h-k). The group suggested that the HER activity of the
composite materials can be regulated by regulating the surface
exposed Ti element concentration. This study builds the foun-
dation for developing MXene-based composite electrocatalysts
for ECO,R in aqueous solutions.

2.2.3 Interfacial engineering. Constructing metal sulfide/
metal sulfide heterojunctions is an effective strategy to create
interfaces in MS-based electrocatalysts. For instance,
combining Ag,S nanodots with CdS nanorods showed excellent
electrical conductivity and chemical stability during ECO,R.
Compared to separately synthesized bare CdS (j = 9.5 mA cm ™ ?)
and Ag,S (j = 5.5 mA cm™ %), Ag,S/CdS electrocatalyst showed
a higher partial current density of 10.6 mA cm > at —1.1 V vs.
RHE for CO selectivity. They exhibited higher faradaic efficiency
of 97% with a current density range of 80 to 200 mA cm > for

This journal is © The Royal Society of Chemistry 2023
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Fig. 12 (a) Schematic illustration for the preparation of Vs-CdS/TizC,.
(b) SEM image and (c) DES elemental mapping images (scale bar, 5 um)
of Vs-CdS/TizCs. (d) XRD patterns of CdS, TizC, and Vs-CdS/TizCo. (e
and f) TEM and (g) HRTEM images of Vs-CdS/TizC,. (h) LSV curves of
Vs-CdS/TizC, in CO, (solid line) and Ar (dash line) saturated 0.1 M
KHCO3 aqueous solution. (i) FE for CO, (j) partial current density (CO)
and (k) Tafel plots of LVs-CdS/TizCj, Vs-CdS/TizC, and HVs-CdS/TizC,
(reprinted with permission from ref. 198. Copyright 2021, Elsevier).

formate and CO production when ECO,R was employed in
a flow cell. Compared to other loadings (2 wt%, 8 wt%, 10 wt%),
the CO, reduction activity was found best at 5 wt% Ag,S loading
on the surface of the CdS nanorods.™”

Designing catalysts with multiple active sites for synergistic
CO, adsorption and activation of key intermediates, can
significantly accelerate multicarbon chemicals (mainly ethanol)
generation and inhibit the undesired HER. As reported, the
conversion of ECO,R to ethanol needs C-C coupling, which may
be accomplished by fulfilling two conditions: first, sufficient
carbon species at the catalyst surface for the coupling stage;
second, stabilization of C, intermediates across the catalyst
surface for the further reduction process.”” In this context,
Mosali et al.*** prepared sulfide-derived copper-cadmium cata-
lysts SD-Cu,Cd, where x and y denote Cu to Cd molar ratio to
facilitate the formation of crucial intermediates. The SD-CuCd,
catalyst achieved a FE of ethanol production of ~32% at a low
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Scheme 2 Proposed mechanism for the formation of CHsCH,OH at
SD-CuCd, catalyst — Cu-Cd alloy/Cu,S/CdS phase boundaries
(reprinted with permission from ref. 201. Copyright 2021, John Wiley &
Sons, Inc).
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overpotential of 0.89 Vgryg in 0.1 M KHCO; solution. They found
ethanol was the only formed C, product at low reduction
potentials with the best-performed SD-CuCd, catalyst contain-
ing CuzCd;, alloy/Cu,S/CdS phase boundaries. The reaction
mechanism is also described in detail, as shown in Scheme 2.

2.3 Tin (Sn)-based sulfide

Tin sulfides are composed of many binary compounds,
including SnS, Sn,S3, SnzS4, Sn,Ss, and SnS,.***?** Among these
compounds, SnS and SnS, are the most important and have
attracted the greater interest of researchers due to their
remarkable features and potential uses in energy storage
systems.”**% Meanwhile, numerous SnS nanostructured with
various morphologies, including nanoparticles,* nano-
rods,”**"* nanoneedles,”** rectangular nanosheets,>*® nano-
flowers,”* and core-shell nanospheres have gained
considerable interest for energy applications. Similarly, several
SnS, nanomaterials, such as ultralong nanobelts,*'® hexagonal
nanoplates, nanosheets,” and 3D-hierarchical spheres/
flowers modified by nanoplates/nanosheets**>** have been
exhibited as high electrocatalytic activity. In this section, with
a focus on Sn-based sulfides, we present the most popular
design strategies for these materials with the goal of enhancing
their ECO,R catalytic performance by changing the structural
and electrical properties at various length scales.

2.3.1 Heteroatom doping. Heteroatom doping can also be
used to improve the electronic structure of electrocatalytic
materials and tune CO, adsorption.**® This process changes the
material's electronic structure, altering the interaction strength
between reactants and active sites and influencing electronic
transport near active sites, which improves catalytic activity.**®
He et al”” designed and developed a hybrid bimetallic
composite catalyst of Ag nanowire and defective SnS, nano-
sheets for CO, reduction, as shown in Fig. 13a-c. Moreover, it
was found that free electrons present in Ag nanowires enhance
the electron mobility in SnS, nanosheets, which improves the
carrier density of Ag-SnS, hybrid nanosheets. Thus, the incor-
poration of Ag in defective SnS, catalyst exhibited a maximum
faradaic efficiency of 83.8% (FEucoon Of 65.5%) for producing
carbonaceous products. Zeng et al.>*® developed a scheme of
element-doping engineering for synthesized ultrathin SnS,
nanosheets with Ni atoms (Fig. 13d-f). These SnS, thin nano-
sheets effectively reduced CO, to formate with a greater current
density and faradaic efficiency (FE) than pure SnS, nanosheets.
A mechanistic analysis found that Ni doping caused a defect
level and decreased the work function of SnS, nanosheets,
resulting in increased CO, activation and hence better CO,
electro-reduction performance. Likewise, in the ECO,R appli-
cation, Sargent et al.?*® fabricated Sulfur modulated tin (Sn(S))
deposited on Au needles (Sn(S)/Au) catalyst by a simple SnS,
atomic layer deposition (ALD) approach. The composite catalyst
Sn(S)/Au observed a higher oxidation state than Sn nano-
particles and achieved a current density of 55 mA cm™> with
a FEycoon of 93% for CO, electro-reduction. Fig. 13g—j shows
that a small amount of S-doping (0-25%) into Sn could effec-
tively reduce the Gibbs free energy (AG); in contrast, a more
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Fig. 13 (a) TEM image (b) HRTEM image and (c) XRD analysis of Ag-
SnS, hybrid nanosheets (reprinted with permission from ref. 227.
Copyright 2019, John Wiley & Sons, Inc); (d) TEM image (e) HRTEM
image (f) XRD analysis of 5% Ni-SnS, nanosheets. (Reprinted with
permission from ref. 228. Copyright 2019, John Wiley & Sons, Inc);
computational investigation of (Sn(S)/Au) system (g) optimized surface
slab structures of pure Sn, S-modulated Sn, and SnS. (h) Gibbs free
energies of formation (DGformation) for HCOO* (yellow), COOH*
(gray), and H* (blue) intermediates, which are the rate-limiting inter-
mediates along the reaction pathway to produce formate, carbon
monoxide, and hydrogen gas, respectively. (i) Volume slice of the
charge densities through the middle of the oxygen atom of a bound
HCOO* intermediate. (j) Atomic accessible surface area of the metal
slab normalized to the number of tin atoms as a function of sulfur
content (reprinted with permission from ref. 229. Copyright 2017,
Elsevier).

significant amount (25-50%) of S-doping into Sn can effectively
increase the AG (Fig. 13i). The DFT simulations showed that the
formation of HCOOH compared to CO was favored by Sn
nanoparticles, both with and without sulfur doping.

2.3.2 Substrate coupling. As described in Section 2.1.1,
coupling the electrocatalyst layer with a conductive support with
controlled mesoscale morphology is particularly effective:
recently, unprecedented selectivity for formate production (FE of
92.6%) was achieved at a moderate overpotential of —0.9 V vs.
RHE using modified hollow nanotubes composed of SnS nano-
sheets with amino-functionalized carbon layers (SnS/aminated-
C). The DFT theoretical calculation reveals high activity for
formate production due to the synergistic effect of SnS and
aminated-C, which enhances the electron transfer rate and higher
the adsorption energies of OCHO* and CO,* intermediates. They
reported a density of states (DOS) calculation. According to the
analysis, after adsorbing OCHO* on the SnS/aminated-C surface,
it exhibits the highest peak of total DOS, which is close to the
Fermi level than SnS, thus leading to a higher binding strength
between SnS/aminated-C to OCHO*.*** Zhang and co-workers
synthesized SnS, nanosheets well dispersed on reduced gra-
phene oxide (SnS,/rGO) composite by a one-pot hydrothermal
method and employed as a heterogeneous catalyst for ECO, R.
The catalyst exhibited high formate selectivity with a faradaic
efficiency of 84.5% at —0.68 V (vs. RHE). They found that rGO,
along with SnS, stabilizes the intermediate (CO, ") during the
reduction process and improves the catalyst's stability.”**
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Fig. 14 Characterizations of SnS, monolayers. (a) Process used to
synthesize; (b) SEM image; (c) XRD patterns of SnS, monolayers in the
forms of powder and water dispersion; (d) HRTEM image; (reprinted
with permission from ref. 232. Copyright 2018, Elsevier). (e) Illustration
of synthesis from SnS, to N-Sn(S) nanosheets. (f) EDS mapping and (g)
line scan of N-Sn(S) nanosheets. The scale bar is 30 nm. (h) In situ soft
X-ray photoemission spectroscopy characterization of N, Sn elements
in N-Sn(S). (i) The nitrogen content of different depth in N-Sn(S)
nanosheets. (Reprinted with permission from ref. 233. Copyright 2020,
American Chemical Society).

2.3.3 Morphology and structure modulation. Liu and co-
workers synthesized SnS, monolayers (thickness of 0.58 +
0.04 nm) using a simple Li-intercalation/exfoliation method
(Fig. 14a). In the case of SnS, monolayers, an interplanar
spacing of 0.33 nm, corresponding to the (1 0 0) plane of SnS, is
observed through HRTEM images (Fig. 14b-d). This electro-
catalyst presented more than 90% FE for formate production
with stability up to 80 h. Later, the theoretical analysis
demonstrated that the thin atomic layers faster the crucial first
step (CO,"~ radical formation) in producing HCOO* interme-
diates, followed by proton-electron transfer processes resulting
in formate production.*> Similarly, Cheng et al.>** enhanced the
number of active sites, morphology and modified electronic
structures of SnS, by surface nitrogen injection engineering
(Fig. 14e). The derived surface nitrogen-enriched Sn(S) nano-
sheets, as shown in Fig. 14f-i provided better faradaic efficiency
for formate production than SnS,-derived Sn nanosheets. DFT
simulation confirmed that the better catalytic performance is
due to the Sn site valence modulation. Their findings showed
that the surface nitrogen-injection engineering techniques
enhanced the ECO,R activity for other metal sulfides, such as
CuS and In,S;.

2.3.4 Polymorph engineering. Polymorph engineering of
SnS, is a practical approach to inhibit HER kinetics from
achieving high ECO,R performance and selectivity. To suppress
the high HER activity of the metallic phase of 1H-SnS,, Xu
et al.®* used a facile hydrogen-assisted low-temperature calci-
nation technique to produce the meta-stable phase of the SnS,
(1H-SnS,) catalyst. They compared the ECO,R activity between
the stable semiconductor phase of SnS, (1T-SnS,) and the meta-
stable semimetal phase (1H-SnS,). The novel nanosheets
semimetal 1H-SnS, have an outstanding performance with
a FEco of more than 98% at —0.8 Vgyg (partial joo of 10.9 mA

This journal is © The Royal Society of Chemistry 2023
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cm?). Theoretical studies revealed that the more robust elec-
tron exchange between *COOH intermediate and 1H-SnS,
surface promotes CO formation.

2.4 Bismuth (Bi)-based sulfide

Bismuth sulfide (mineral bismuthinite) is a non-toxic and
crystalline n-type V-VI group semiconductor material with
a lamellar structure connected by weak Bi-S bonds.*** It has
a band gap energy value of 1.3 eV,** which is moderate but
relatively higher than other sulfides in the similar group of
metal chalcogenides of the type A, B;"" (A = Sb, Bi, As; B=$, Se,
Te).>*” With such extraordinary properties, Bismuth sulfide is
widely used in different applications such as solar cells,**
sodium-ion batteries,**® supercapacitors,**® thermoelectric
materials,** photoanode,** and so on.>*® This section will focus
on bismuth sulfide-based electrocatalysts in their defect sites,
interfacial phenomena, and morphological structure for CO,
reduction application.

2.4.1 Substrate coupling. As identified in Section 2.1.1,
coupling with conductive supports, generally carbon-based,
improves both the electrochemical surface area and the
conductivity of the catalytic framework: Liu et al.>** prepared
composites electrocatalyst S-doped Bi,O; nanosheets (NSs)
coupled with carbon nanotubes (S-Bi,O3-CNT) for improved
catalytic activity towards CO, to HCOOH production (Fig. 15a-
g). According to Fig. 15h and i, the HCOOH pathway is more
energy-favorable than the CO pathway because the Gibbs free
energy (G) for the production of *COOH (the intermediate for
the CO pathway) is higher than that of *HCOO (the interme-
diate for the HCOOH pathway). DFT calculations indicate that
less electronegative S doping was attributed to higher charge
density distribution and electronic delocalization of Bi (Fig. 15j
and k), which increased the adsorption of *CO, and *HCOO
intermediates while preventing *H adsorption. As a result, S-
Bi,O; enhances formate production while suppressing HER.

2.4.2 Defect engineering. Bismuth sulfide is another
potential metal sulfide-based electrocatalyst, which can be used
as a suitable catalyst for ECO,R by constructing lattice defects:
Zhang et al.>** showed that lattice defects in Bi-based catalysts
strongly influenced formate production in ECO,R. They
observed that sulfur-derived Bi (SD-Bi) was exposed to more
lattice defects owing to the release of lattice sulfur during the
catalysis. Sulfur-derived Bi with structural lattice defects ach-
ieved high faradaic efficiency (maximum 84.0% at a potential of
—0.75 Vwith a stability of 24 h), which has the best performance
compared to the high crystalline SD-Bi catalysts under similar
conditions. The authors also reported that though the selec-
tivity of lattice defect-rich Bi derived from Bi,S; was high, the
catalytic current density needs to be enhanced.

In another work, Yang et al.>* studied the role of defects and
specific interfacial phenomena between bismuth oxide and
bismuth sulfide (Bi,S;-Bi,O3). They used the partial precipitation
conversion method to create many defects, including oxygen
vacancies and lattice distortions. The hybrid catalysts Bi,S;-
Bi,05/rGO achieved unprecedented selectivity of over 90% for
formate production with a stability of more than 24 h.

This journal is © The Royal Society of Chemistry 2023
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Fig. 15 (a—c) Field emission scanning electron microscopy (FESEM)
images of S,-Bi,O3-CNT with different magnifications. (d—g) TEM
images of S;-Bi,Oz-CNT with different magnifications. Gibbs free
energy diagrams for ECO,R to CO and HCOOH on (h) Bi»Os (110) and
(i) S—-Bi, O3 (110) surface. (j) Charge density distribution of Bi,Oz and S—
Bi»Os. (k) Schematic illustration for the role of S in promoting the
reduction of CO, to formate (reprinted with permission from ref. 244.
Copyright 2021, American Chemical Society).

Mechanistic studies also reveal that the Bi,S;-Bi,O; interface
provides rich-defect sites as well as oxygen vacancies, thus
offering more active sites that lowered the binding energy of the
HCOO* intermediates, and the HCOOH product selectivity
improved.

2.4.3 Interfacial engineering. A metal-semiconductor junc-
tion can modulate both the band positions of the semiconductor
and the d-band center of the surface-active atoms. It thus helps to
lower the activation barrier of CO, and suppress the competitive
HER and hence improve the faradaic efficiency. In this regard,
Shao et al.*¥ successfully prepared a series of Bi-Bi,S; by a facile
one-pot solvothermal synthesis method. The High-resolution
TEM (HRTEM) analysis of Bi-Bi,S; revealed the visible lattice
fringes of 0.36 nm and 0.3 nm, confirming to Bi,S; (221) and Bi
(012) planes, respectively. Dark-field TEM images with EDS
elemental mappings of Bi-Bi,S; nanorod unveil those Bi and S
elements uniformly dispersed throughout the structure. Formate
was the highly selective main product at high faradaic efficiency
of 85%, accredited to the synergistic coupling effect of co-catalyst
structure. The maximum current density reached a maximum of
17 mA cm > for Bi-Bi,S;, which is comparably better than the
current density (12.9 mA cm™?) observed for Bi,S; catalysts. They
also concluded that the synergistic effect between Bi,S; and Bi°
contributes to better product selectivity in high potentials.

2.4.4 Morphology and structure modulation. Several
researchers found that carbonate (*CO;H) intermediate adsor-
bed on the catalyst surface, which further reduced to *COOH
and *OOCH intermediates, might also be enhanced for formate
production.>® In this regard, Wang et al.**® prepared sulfur-
modulated bismuth subcarbonate nanosheets using a facile
hydrothermal method. They reported that sulfur incorporation
significantly enhanced the local electron density around the Bi
active sites and promoted proton-coupled electron transfer. The
two-dimensional sulfur-doped bismuth subcarbonate (S-BiOC)
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nanosheet contributed excellent CO, reduction with more than
90% FEncoon, @ broad negative potential range, and high
partial current density.

Generally, like monolayers, nanosheets with highly active
sites should be as thin as possible. But Wang et al.>*** demon-
strated that it is not always ‘the Thinner the Better.’ They
developed a microkinetic model that exhibited by considering
the stabilization energy evolved by the spin-orbit coupling
(SOC) effect; the Bi bilayer was found to have the most excellent
catalytic activity of all the Bi nanosheets.

2.5 Molybdenum (Mo)-based sulfide

Molybdenum, a VIB group material, is a promising candidate
for electrocatalytic applications. Among all the molybdenum
(Mo)-based materials, molybdenum disulfide (MoS,) exhibited
better HER activity, attracting huge research attention in the
past few years.”®* Before the twenty-first century, Molybdenum
disulfide (MoS,) was discarded as a prospective candidate as
bulk MoS, was found to be inactive for electrochemical appli-
cations. In 2006, theoretical DFT studies discovered that the
edge-exposed MoS, sites showed excellent catalytic activity,>**
further validated by Jaramillo et al**®* using an experimental
approach. The electrochemical assessment results exhibited
that the catalytic activity was linearly allied with the number of
exposed sites on the MoS, catalyst.>** Molybdenum disulfide
(MoS,), as a two-dimensional (2-D) layered structure, offers high
surface area, large electrical conductivity, and is rich in active
sites. As van der Waal forces assembled these two-dimensional
layers, MoS, can be considered a single sheet composed of
multiple-layer nanosheets with edges having exposed active
sites because of metallic properties and high d-electron
density.>*

The weak van der Waals interaction holds the stacked
parallel layers of bulk MoS,, just like graphite.”" In 2014, Asadi
et al*°® first reported layer-stacked bulk MoS, with Mo-
terminated edge catalyst towards the ECO,R process. They
observed that inexpensive and adaptable bulk-MoS, achieved
high catalytic performance (FEgo, of more than 95% and
a higher current density of 65 mA cm™? at —0.764 V vs. RHE) for
CO, reduction than costly noble metals such as Ag and Au. The
higher current density in CO, reduction occurred mainly due to
higher d-electron density in the Mo-terminated edges. This
research suggested that TMCs can replace expensive noble
metal catalysts (Ag, Au) for CO, reduction accompanied by
product conversion and selectivity.

2.5.1 Substrate coupling. The edge site modification of the
MoS, with carbonaceous support such as graphene,*”**
CNTs,>*?%° carbon fibers/clothes,** and porous amorphous
carbon®®* are necessary for ECO,R and have been shown to
enhance the catalytic efficiency and catalyst regeneration. For
example, Li et al**® developed reduced graphene oxide sup-
ported polyethyleneimine-modified amorphous molybdenum
sulfide, a low-cost catalyst for ECO,R to CO in an aqueous
medium. The synergistic interaction between the MoS, and
polyethyleneimine (PEI) catalyst reduced the activation energy
for the conversion of the intermediates and enabled the CO,-
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Fig. 16 HRTEM images of (a) E-MoS,. (b) N-MoS,@NCDs-180, the
blue frame represents NCD and the red frame represents N-MoS,. (c)
Higher magnification HAADF image of N-MoS,@NCDs-180 shows
clearly distinct atomic configuration. (d) TEM image and correspond-
ing elemental mappings of the N-MoS,@C-180 nanosheets (reprinted
with permission from ref. 264. Copyright 2019, Elsevier). CV of Cu-g-
C3N4/MoS, composite material in N, and CO, saturated KHCOs
solution with different catalytic loading such as (e) 2.8 mg cm™2, (f)
4.2 mgcm™2, and (g) 5.6 mg cm~2; (h) comparison of CV of the Cu-g-
C3N4/MoS, composite with different catalytic loading in CO, saturated
KHCOz solution (0.5 M) (reprinted with permission from ref. 265.
Copyright 2022, Elsevier). (i) The DFT calculations for demonstrating
free energy profiles for ECO,R catalyzed by different models at the
equilibrium potential of —0.11 V. (j) The illustration of electron density
changes in the NCMSH model (reprinted with permission from ref.
266. Copyright 2019, John Wiley & Sons, Inc).

reduction reaction at low potentials. They further reported that
rGO as a substrate material increased electrical conductivity
and catalytic stability.

Zhu et al.>** prepared Nitrogen-doped MoS, (N-MoS,) nano-
sheets and nitrogen-doped carbon nanodots (NCDs) composite
for ECO,R catalysts by a simple solvothermal method in the
presence of exfoliated-MoS, and DMF as a solvent. As depicted
in Fig. 16a-d, the HRTEM images explored a clear lattice fringe
above the surface of N-MoS, nanosheets due to the uniform
distribution of NCDs (diameter of 6 nm). The composite catalyst
N-MoS,@NCDs-180 with the high N content (8.35 at%) achieved
FEco over 90% with a low onset potential. Energy calculations
exposed that the N-doping procedure enhanced the electron
density on the edge sites of MoS,, which significantly decreases
the energy barrier of the COOH* intermediates, consequently
promoting CO formation. Hussain et al*** found that Cu-g-
C;3N4/MoS, hybrid material exhibited a much greater faradaic
efficiency (19.7% and 4.8% for methanol and ethanol, respec-
tively) compared to g-C3;N,, MoS,, Cu-g-C3N,, and Cu-MoS, in
terms of current density and reduction potential (Fig. 16e-h).
This increase in faradaic efficiency was attributed to high elec-
trochemically active surface area (ECSA) and the synergistic
effect between their components. The chronoamperometric
study of the Cu-g-C;N,/MoS, hybrid material presented its long-
term stability, without any decay in the current density, for up to
30 h. In another study, Li and the group prepared a hierarchical
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hollow composite electrocatalyst of N-doped carbon (NC) and
edge-exposed 2H MoS, (NCMSH). Theoretical analysis as shown
in Fig. 16i revealed that the intermediates energy profiles for
electrochemical CO, reduction activity for different models and
the MoS, edge@NC catalyst (with an overpotential of 0.46 V)
was the most effective among all the tested models. They also
predicted that Mo sites stabilizes after taking electrons from the
NC, which enhances more active edges exposed Mo sites and
accelerates the electrocatalytic activity (Fig. 16j).>°

2.5.2 Heteroatom doping. The effect of metal centers can
synergistically affect the electrochemical performance of MoS,.
For example, Shi et al** developed Cu nanoparticles inter-
spersed with MoS, nanoflowers for selective conversion of CH,
in an aqueous electrolyte. Compared to MoS, nanosheet elec-
trode (—2.4% at —1.4 Vgcg and 4 mA cm 2 at —1.7 Vscg,
respectively), the designed Cu/MoS, composite achieved
a better faradaic efficiency (17.08% at —1.4 V vs. saturated
calomel electrode) and electron conductivity (—17 mA cm ™2 at
—1.7 Vscg) for CH, formation. The use of Cu nanoparticles as
a doping material has achieved unprecedented results for the
reduction of CO, due to their enhanced electronic conductivity,
higher specific surface area (51.6 m* g~ ), and synergetic effect
between Cu NPs and MoS,. In a similar work, Abbasi et al.>*®
synthesized niobium-doped on vertically oriented MoS, with
20 nm thickness via the chemical vapor decomposition (CVD)
method. Their findings revealed that a lesser amount of Nb
atoms on Mo edges increased the TOF value for CO production
and modified the binding energies of the reaction intermedi-
ates to the MoS, edge.

2.5.3 Interfacial engineering. Recently, Hussain et al>*
employed a facile solution chemistry approach to synthesize
non-noble metal-based Cu,O nanoparticles decorated MoS,(-
Cu,0-MoS,) nanosheets using an environmentally benign
reducing agent Glucose. They observed that the composite
material (Cu,0-MoS,) exhibited exceptional ECO,R activity,
with a current density of 113 mA em ™2, almost two times that of
bare Cu,O (61 mA cm™?) and eightfold that of MoS, nanosheet
(21.3 mA cm™2). The authors attribute this improvement in
catalytic activity because of the synergistic effect between the
Cu,0-MoS, composite catalyst. The faradaic efficiency of the
composite catalyst depends on the applied potential, reaching
a maximum of 12.3% for methanol and 7.9% for ethanol at —1.3
Vrue and —1.1 Viyg, respectively. Electrochemical impedance
spectroscopy (EIS) study exhibited that the composite catalyst
with a catalytic loading of 4.8 mg cm > presented an excellent
electrocatalytic activity due to increase in charge transfer and
decrease in ohmic resistance. The chronoamperometric studies
examined the stability of Cu,0-MoS, composite material in CO,
reduction.

2.5.4 Polymorph engineering. Polymorph engineering of
MoS, is an effective approach to tune its electronic conductivity:
a study by Lv et al.>”° shows that hydrophobic exfoliated MoS,
(H-E-MoS;) nanosheets modified fluorosilane (FAS) act as an
active CO, electroreduction catalyst under aqueous medium
(Fig. 17a-d). The HRTEM images (Fig. 17e and f) and fast
Fourier transform (inset) revealed that the E-MoS, layers were
composed of two clearly distinct structural domains consisting
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View Article Online

Journal of Materials Chemistry A

coporre

— a0, — sanos,
—hEaws, — HEws,

Reaction Coordinate Reaction Coordiante

Fig.17 (a) Digital photo of the exfoliated MoS, (E-MoS;) nanosheets in
NVP with a concentration of 3 mg mL™* after ball milling. (b) Tyndall
effect of the diluted E-MoS, dispersion. (c) TEM image of E-MoS,
nanosheet and corresponding EDX maps, showing clearly the
homogeneous distribution of Mo and S. (d) HRTEM image of an E-
MoS, nanosheet. (e and f) Higher magnification HRTEM images of an
E-MoS; nanosheet, showing atomic-resolution structural information,
and their corresponding fast Fourier transforms (FFTs). Insets show the
2H and 1T phases in (e and f), respectively. (g) Schematic representa-
tion of CO formation mechanism on the H-E-MoS, monolayers. The
atoms in the dashed circle are the catalytic sites (Mo atoms). Calcu-
lated free energy diagrams for (h) CO, electroreduction to CO and (i)
the HER (reprinted with permission from ref. 270. Copyright 2018,
John Wiley & Sons, Inc).

of a 1T (trigonal) phase and a 2H (hexagonal) phase, and the
magnified images of selected regions further confirmed the
coexistence of both 1T and 2H phases and is regarded to be
a key to enhanced performance and stable selectivity. According
to Fig. 17h and i, DFT results suggested that the FAS anchored
on H-E-MoS, modified the electrical conductivity of the MoS,
layer and lowered the energy barrier of the rate-determining CO-
desorption step while increasing the energy barrier of H
desorption. The reaction mechanism is also described in detail,
as shown in Fig. 17g. Briefly, the single Mo atom of the H-E-
MoS, adsorbs CO, and is combined with a proton-electron pair
(H" + e—) to generate HOCO* intermediate. The HOCO* inter-
mediate further evolved into a more stable structure in which
HOCO* connected with two nearby Mo atoms. Subsequently,
the HOCO* intermediate reacts with H' and e— to create the
product. Therefore, in 2019, Chen et al”** employed DFT
calculations to study ECO,R on molybdenum sulfide monolayer
with 2S vacancy in the 2H phase MoS, (DV-MoS,) basal plane.
Detailed electronic studies showed that steric hindrance in the
DV-MoS, basal plane enhances CO-CH, conversion with high
catalytic activities and product selectivity. In 2019, Kang et al.*”*
used the modified CHE model to theoretically predicts possible
electrochemical pathways for ECO,R on Vs-MoS,. The group
demonstrated that the condensation of HCHO molecules is
essential for forming C-C coupling at Vs. The CHE model
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predicts that routes to multiple CN species for N < 4 can open at
0.40 V, whereas C4 product formation is unfavorable at such low
potentials. These findings are consistent with the recent
experiment, indicating that the Vg of MoS, is an essential active
site for ECO,R. They also reported that by implementing
cascade catalysts and doping, ECO,R selectivity improves
against HER.

2.5.5 Morphology and structure modulation. As reported,
ordinary binary TMDs typically showed low electrical conduc-
tivity, less active sites, and low intrinsic activity, which limited
their electrochemical activity. Notably, the latest research found
that ternary TMDs alloy monolayers possessed an ultra-high
ratio of surface exposed atoms that potentially serve as the
relatively single active sites.””>*”*> Therefore, to check the fara-
daic efficiency, Xie and co-workers fabricated ternary TMDs
alloy monolayers (MoSeS) for ECO,R. Their catalytic system
resulted in FEco of ~45%, which was remarkably more than
those of MoS, (~16%) and MoSe, (~30%) monolayers at —1.15
Vrue- They exhibited a current density of 43 mA cm™? against
—1.15 Vgyg which was 1.3 times that in MoS, and MoSe,
monolayers. The monolayers (MoSeS) increase CO, adsorption
and CO desorption rate with a low work function. The catalyst
was found to be excellent for syngas formation as the only
product.>”® In another study, Chan et al.””” performed pioneer-
ing work by applying the QUANTUM ESPRESSO code and the
BEEF-vdW exchange-correlation functional in investigating the
electrocatalytic effect of S and Se in the reductive decomposition
of CO, in aqueous media. The calculations indicate that
combining S or Se atoms at the edge sites of TMDs monolayers
promoted the binding of CHO and COOH intermediates rather
than CO. They also reported that CO could be further reduced to
hydrocarbons and alcohols by the S edges of Ni-doped MoS, and
the Mo edges of MoSe,. However, S edges in undoped and Ni-
doped MoS, were found to suppress the HER and accelerate
the ECO,R compared to Mo edge sites. This research demon-
strated that edge site tuning of TMDs should be tailored for
improved CO, reduction.

2.6 Indium (In)-based sulfide

In,S3, a common III-VI main-group chalcogenide, exists in
three crystallographic forms: a defective cubic structure o-In,S;,
a defect spinel structure o-In,S;, and a higher-temperature-
layered structure o-In,S;.””® Besides, several In,S; nano-
structures, including nanoflakes,””® nanosheets,*® and flower-
like microspheres,*®* were reported for electrochemical
applications.

2.6.1 Heteroatom doping. Metal doping have also been
widely used to modify electrocatalysts to bring about charge
redistribution on the surface to adjust the ECO,R activa-
tion:***?*¢ Yuan et al.”®* modified In,S; nanosheets doped with
in situ formed metallic In atoms (In-In,S;) for the ECO,R
process. The hybrid electrocatalyst achieved a higher current
density of 70.3 mA cm > at —1.1 V vs. RHE with a faradaic
efficiency of 90% at —1.0 Vgyg (76% for HCOOH generation and
14% for CO generation). Similarly, Zhang et al.>** synthesized
thin Mn-In,S; nanosheets and observed high faradaic efficiency
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(90% at —0.9 Vryg with a current density of 20.1 mA cm™?) for
formate production (Fig. 18a-e). The mechanistic study
demonstrated that Mn doping facilitated harmonic overlaps
between the p orbitals of O atoms of CO, and the d orbitals of
Mn atoms near the conduction band edge of the Mn-In,S; slab.
The unique structure lowered the energy barrier for initial CO,
adsorption to form HCOO* intermediates; thus, they achieved
effective CO,-to-HCOOH conversion. In another work, Chi
et al.*®* prepared Zn-modulated indium sulfide (In,S;), and the
resultant catalysts ZnIn,S, exhibited long-term stability for
ECO,R (Fig. 18f-h). The synthesis procedure enabled the
modification of its phase and structure without affecting the
morphology of the catalyst (Fig. 18i-m). Experimental and
theoretical studies demonstrated that incorporating Zn
enhanced the covalency of In-S bonds and stabilized sulfur -
a catalytic site activating H,O to combine with CO,, resulting in
the formation of the HCOO* intermediates. Thus, ZnIn,S,
achieved unprecedented CO, to formate production with
stability up to 60 h.

2.6.2 Morphology and structure modulation. Feng et al.*®
studied the catalytic behavior of flower-like In,S; assembled by
nanoflakes catalyst for CO, conversion to HCOOH (Fig. 19a and
b). The flower-like structure In,S; electrocatalyst achieved
higher formate selectivity (FEgcoon of 86%) compared to bulk
In,S; (FEncoon of 63%) prepared via the hydrothermal method.
The mechanistic studies explain that the complete route of
ECO,R to formate involves two-electron and two-proton transfer

< e X
25°C M oo™ Y 260°C peik :
° L. ¥
oG MnCI, 1% ;
Methanol k" Dodecylamine
¥ X
> Na-DDTC

Mn-In,S, nanosheet

L)

Fig. 18 (a) Scheme of the synthetic procedure of Mn-In,Ss nano-
sheets. (b) TEM image of Mn-In,Ssz nanosheets. (c) HAADF-STEM
image of an individual Mn-In,Ss nanosheet. (d) HAADF-STEM and
STEM-EDX elemental mapping images of the Mn-In,Sz nanosheet. (e)
XRD patterns of pristine In,Ss and Mn-In,Ss nanosheets. (Reprinted
with permission from ref. 283. Copyright 2019, American Chemical
Society); physical characterization of ZnIn,S,. (f and g) SEM images of
the ZniIn,S, catalyst. The right panel in (g) shows the crystal structure
of ZnlnyS4. Scale bars, 5 um (f) and 1 um (g). (h) STEM-EDX elemental
mapping of Znin,S4, exhibiting a uniform spatial distribution of Zn (red),
In (green), and S (yellow), respectively. Scale bar, 1 um. (i and j) Atomic-
resolution Z-contrast images of ZnIn,S, along [001] zone axis. Scale
bars, 1 nm (i) and 0.5 nm (j). (k) The corresponding FFT pattern of (i). (1)
The line intensity profile acquired along the yellow arrow in (i). (m)
Atomic model of ZnIn,S, along [001] zone axis. (Reprinted with
permission from ref. 284. Copyright 2021, Nature Publishing Group).
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processes via adsorbed CO, (CO,*) and OCHO* intermediate.
They employed DFT to calculate the adsorption energy of
intermediates on the main exposed (311), (440) facets of flower-
like In,S; and (400) facets of bulk In,S;. The results depicted
(440) facet shows the most negative adsorption energy on both
CO,* and OCHO¥; this indicates (440) facet is advantageous to
the binding of CO, and stabilizing OCHO*, which are conve-
nient for decreasing onset potential and enhancing selectivity of
formate, respectively.

In a recent report, Ma and the groups developed sulfur-
doped indium (S-In) catalysts for efficient CO, reduction to
formate (Fig. 19c and d). They fabricated a number of S-In
catalysts with changing sulfur proportions by electro-reduction
of sulfur-containing In,O; precursors via the hydrothermal
method. The S-In catalyst with 4.9 mol% sulfur content showed
an exceptional formate generation rate of 1002 pumol h™! cm ™2
with more than 90% FE, 17 and 1.6 times higher than the In foil.
Furthermore, the S-In catalysts possessed high formate FE (>85
percent) for ECO,R in aqueous alkaline environments over
awide current density range (25-100 mA cm ™ 2). The production
rate of formate in CsHCOj; aqueous solution climbs to 1449
umol h™' em ™2 with a current density of 84 mA ecm ™2 and FE of
93%. As shown in Fig. 19e, DFT calculation exhibited the

Fig. 19 SEM images of flower-like In,Ssz, (a) low-magnification and (b)
high-magnification (reprinted with permission from ref. 285. Copyright
2019, John Wiley & Sons, Inc); characterizations of morphologies and
chemical states for S—In catalysts. (c) SEM image and HRTEM image
(insert) of S2—In catalyst. (d) STEM image of S2-In catalyst and the
corresponding EDS elemental mapping. DFT calculation and reaction
scheme (e) optimized configurations of (I) CO,, (Il) HCOO*, (lll)
HCOOH*, (IV) HCOOH on (101) facet of pure indium (In) and (V) CO,,
(VI) HCOO*, (VII) HCOOH*, (VIIl) HCOOH on (101) facet sulfur-doped
indium (S—In). (f) Gibbs free energy diagrams for ECO,R to HCOOH on
In (101) and S—In (101) surfaces. (g) Gibbs free energy diagrams for
ECOsR to CO on In (101) and S—In (101) surfaces. (h) Gibbs free
energies for the formation of H* on pure In (101), In and S sites of S—In
(101) surfaces. (i) Schematic illustration of the role of S~ in promoting
water dissociation and H* formation for the reduction of CO, to
formate. Free energies of (d, e and f) are shown relative to gas CO, and
H,. The green, yellow, gray, red, and blue balls represent In, S, O, C, and
H (reprinted with permission from ref. 286. Copyright 2019, Nature
Publishing Group).
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optimal adsorption configurations of reactants, intermediates,
and products on indium and sulfur-doped indium surfaces.
Theoretical studies also demonstrated that, for the HCOOH
pathway, S-In catalysts minimize the Gibbs free energy for
forming *COOH intermediates from 0.29 eV to —0.16 eV
(Fig. 19f); and for the CO pathway, the Gibbs free energies for
the formation of *COOH intermediates are 1.49 and 0.82 eV on
bare In and S-In surfaces, respectively (Fig. 19g). Based on the
DFT results, they suggested that the surface $>~ species acts as
an anchor to keep the K'(H,0), cation near to indium surfaces
in the double layer via Coulomb interactions (Fig. 19i). As
a result, the presence of sulfur on the indium surface provides
a substantial energy advantage to the HCOOH pathway
(Fig. 19h). However, tailoring In with Se and Te can enhance the
FE with a higher formate generation rate, similar to sulfur. More
interestingly, the group also identified as the electronegativity
of chalcogen atoms is reduced, their affinity to adsorb *H
species decreases, and the rate of formate generation also falls
in the order S-In > Se-In > Te-In.>*®

2.7 Lead (Pb)-based sulfide

Similar to other metals, i.e., Sn and In, metallic Pb electrodes in
aqueous electrolytes are also beneficial for producing HCOOH.
In 1985, Hori et al. first reported Pb metal electrode in an
aqueous solution for CO, to formate production.** Earlier
studies reported that among Sulfide-derived (SD)-Pb, oxide-
derived (OD)-Pb, and Pb cathodes, SD-Pb showed high cata-
Iytic activity for formate generation.”®” However, the application
of PbS is still limited in the ECO,R process.

2.7.1 Morphology and structure modulation. Recently,
Pander et al®® emphasized the relation between -catalyst
morphology and HCOOH formation. They prepared S-derived
Pb and O-derived Pb by reducing the PbS and PbO, precur-
sors. Compared to O-derived Pb (derived from PbO), the wafer-
structured S-derived Pb showed better stability and catalytic
activity (FEucoon Of 88% and jicoo geom Of 12 MA cm™> at
—1.08 Vgyg) in 0.1 M KHCO; electrolyte. This work showed that
wafer-structured SD-Pb exhibited better ECO,R performance.

In a different report, Zhang et al.>®* used a hot-injection
colloidal approach to create well-defined PbS nanocrystals
(NCs) with tuneable sizes ranging from 5 to 12 nm. They
investigated that during electrochemical CO, reduction, the PbS
NCs undergo restructuring to Pb thin films, which achieved
>90% FEformate Over a wide range of —1.0 to —1.2 V vs. RHE and
a maximum mass activity of 69.8 mA mgPb ™. With the aid of an
in situ synchrotron radiation X-ray diffraction (SR-XRD) tech-
nique, the authors demonstrated that during the PbS-to-Pb
structural transformation, initially PbCO; is generated from
the anion exchange in PbS between CO,/HCO; /CO;> and
SCN™ (generated by the anion-exchange), as well as S*”. And
then PbCO; further reduced to Pb thin films.

2.8 Zinc (Zn)-based sulfide

Zinc sulfides are well-known semiconductor materials with
appropriate large band gaps. With such distinct properties, zinc
sulfide based materials have been employed in photocatalysis,
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optical coatings, and various other applications and have
gained considerable interest.”* Many morphologies of zinc
sulfides, such as nanowires,?****> nanorods,>* nanosheets,>*
nanotubes,?® and other low-dimensional materials,*® have
been reported by researchers. However, the application of Zn-
based sulfides and their derivatives as ECO,R catalysts is still
limited.>*”>°

2.8.1 Interfacial engineering. Zhen et al*’ synthesized
ZnS/Zn electrode using sulfur infiltration techniques, demon-
strating well-developed surface technology treatment. They
found ZnS/Zn comprises three layers; ZnS is the upper layer, Zn
is the substrate, and the transition layer in between (Fig. 20a).
As shown from SEM images (Fig. 20b and c), this transition layer
plays a significant role in strongly connecting the upper layer
(ZnS) to the substrate (Zn) by offering more active sites. The
current density was found to be stable at 6.72 mA cm ™ > at —2.4
Vierer With a faradaic efficiency (FEgo) of 92% for ECO,R in
propylene carbonate/tetrabutylammonium perchlorate (PC/
TBAP) electrolyte. In another work, Li and the group devel-
oped an exciting ECO,R catalyst by tailoring the Zn nanosheet
surface with ZnS subnanometer layer. Notably, the S-Zn-S
nanosheet electrodes exhibited high faradaic efficiency and
outstanding stability. Its performance is better than all previ-
ously stated Zn-based catalysts and comparable to noble metal
electrocatalysts. Experimental and theoretical studies showed
that S atoms in S-Zn-S nanosheets modified the Zn nanosheet
to provide higher adsorption capability of the *COOH inter-
mediate, improving CO, reduction and overturning the
competing HER process. They found that S-Zn-S NSs achieved
the highest FE of ~94.2% at —0.8 V vs. RHE for CO formation,
which outperformed all Zn-based catalysts reported in the
literature.*”® Recently, Song and co-workers fabricated ZnS/ZnO
heterogeneous interfacial structure for improved CO, reduction

Zn foil Zn foil/ZnO

Fig. 20 (a) A schematic diagram of the infiltration layer (b and c)
scanning electron microscopes image of ZnS electrode (reprinted with
permission from ref. 297. Copyright 2018, Elsevier); (d) schematic
diagram of the synthesis process of ZnS/ZnO catalyst; (e) SEM image
and corresponding EDX elemental maps of ZnS/ZnO catalyst (reprin-
ted with permission from ref. 299. Copyright 2021, American Chemical
Society).

J. Mater. Chem. A

View Article Online

Review

performance (Fig. 20d). The ZnS/ZnO interface structure
(Fig. 20e) considerably increases the ECO,R performance (FEco
98%) than ZnS (FEco ~66%) and ZnO (FEco ~88%) catalysts,
presenting a promising approach for developing an inexpen-
sive, stable, and high-performance catalyst.>”

2.9 Titanium (Ti)-based sulfide

TiS, is a potential CO,-to-CO conversion option because of the
cohesive van der Waals type of bonding structure with zero
bandgaps similar to TMDs such as Mo and W and semimetal
class with conductivity similar to graphite.****** In 2020, Alja-
bour et al.>* synthesized semi-metallic titanium disulfide (TiS,)
using atomic layer deposition (ALD) methods. The catalyst
exhibited exceptional cathodic energy efficiency of 64% and
carbon conversion efficiencies, the combined faradaic efficien-
cies of 95% for CO and formate, with j., = 5 mA cm 2 at —0.5
Vgug. In situ FTIR further revealed that sulfur and CO, are
bound as monothiocarbonate intermediates, which kinetically
favored the higher CO formation.

2.10 Other metal-based sulfides

Simon and the group used the microwave-assisted non-aqueous
sol-gel method to synthesize phase-pure spinel Ni,FeS, nano-
sheets with a specific surface area of 80 m”> g~'. They utilized
metal acetylacetonates and benzyl mercaptan as a sulfur
precursor. They found noble metal-free Ni,FeS, nanosheets
electrochemically active for CO production from aqueous CO, at
a potential of —0.7 V vs. RHE and CO product selectivity of 6.0%
with a faradaic efficiency of 5.9%.%** Similarly, Zhao et al**
developed FeS,/NiS nanocomposite electrocatalyst by simple
hydrothermal synthesis. It was seen that active sites at the FeS,
and NiS interface efficiently suppressed the HER and facilitated
CO, reduction. The low-cost nanocomposite catalyst obtained
a 64% FE for CO, to CH;OH. This research shows active sites at
the FeS, and NiS interface suppressed the HER side reaction
while promoting the ECO,R.

In 2018, Piontek and co-workers reported a low-cost, efficient
bimetallic sulfide Fe, sNi, 5Sg (pentlandite) for electrochemical
water splitting and CO, reduction with solvent-dependent
product selectivity. Interestingly, they found that using aprotic
solvents such as acetonitrile, dimethylformamide, dimethyl
sulfoxide, and propylene carbonate with well-defined water
concentrations suppressed HER and favored ECO,R. The
bimetallic sulfide presented a faradaic efficiency of 87% and
13% for CO and CH,, respectively, with a current density of 3 mA
em . The findings revealed that optimizing the availability of
protons in the electrolyte-electrocatalyst interface was crucial
for effective ECO,R.** Inspired by the work done by Tetzlaff
et al.**® with Fe/Ni ratio in Fe,Ni,_,Sg for CO, electroreduction,
Pellumbi et al®* explored the effect of S/Se by preparing
bimetallic sulfide composite Fe,sNiysSs—ySe, (y = 1-5). The
results demonstrated that the selectivity for CO increased as the
Se percentage increased, and the maximum faradaic efficiency
reached 84% with the composition Fe, 5Ni, 5S,Se,. The forma-
tion of the product was changed due to variation of average
interatomic distances at the active sites. Briefly, with the
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increasing Se concentration, the dimensions of the underlying
crystal lattice and the metal-metal distances gradually
increased, suppressing proton binding and promoting CO,
binding. In 2023, Han and the collaborators®**® synthesized Cu/
Ag(S) using electrochemical treatment derived from Cu/Ag,S/Ag,
incorporating Cu single atom in Ag(S) defective sites. Conse-
quently, the resulting yield and ECO,R faradaic efficiency
(FEgco,r) reach 93.0% at an ECO,R partial current density
(feco,r) Of 2.9 mA cm > under —1.0 V vs. RHE, respectively,
showing a significant improvement as compared to that of
sulfur-removed Ag,S/Ag without Cu SACs (Ag(S), 78.5% FEgco,r
with 1.8 mA em™? jgcor). The group, by in situ and ex situ
characterizations together with theoretical calculations,
proposed interaction between Cu SACs and their neighboring
defective Ag surface increase microstrain and downshift the d-
band center of Cu/Ag(S), thus lowering the energy barrier by
~0.5 eV for *CO formation, which leads to the improved ECO,R
activity and selectivity toward CO and C,, products.

However, for MS-based nanomaterials, S leaching was also
widely observed during ECO,R. For example, CuS is not ther-
modynamically stable in the reduction process and can easily
convert into metallic Cu, CuO, or Cu,O as per the observations
from XPS and HRTEM analysis.”******" In this regard, Shina-
gawa et al.'** did XPS and SAED analysis with the post-reaction
sample. They demonstrated that during ECO,R cathodic envi-
ronment induces the loss of excess sulfur in the catalysts and
that the S-modified materials, irrespective of the initial sulfur
content, can significantly affect the stability of the catalyst. Zhao
et al.** employed XPS and HRTEM and demonstrated that in
ECO,R, CuS nanosheets are partially reduced to metallic Cu,
and the metallic Cu phase is partially oxidized to CuO after CO,
electroreduction. Furthermore, Zhang and the collaborator
employed XPS in their work and demonstrated CuS-HP elec-
trocatalyst prepared from HKUST-1 was reconstructed to Cu(S)
with a minimal S°~ (0 < 6 < 2) in the derived catalysts. Further,
they observed that despite having less S content, the polyhedron
structures offer high activity and stability during the ECO,R."*
In this context, the ECO,R mechanism on sulfur-modified Cu
electrodes for highly selective formic acid (HCOOH) generation
was investigated using experiment-based theoretical DFT
modelling.*” The stability of residual sulfur atoms was discov-
ered to be highly dependent on their local environment and
symmetry, with the majority of sulfur existing in relatively
unstable forms that satisfy the experimentally observed nega-
tive XPS shift®” and strong CO* surface-enhanced infrared
absorption spectroscopy signal.**”'*® At the early stages of
ECO,R, the reduced S migrates from the Cu electrode to the
electrode-electrolyte interface and CO* readily forms at the Cu
electrode surface. During this dynamic process, additional of
reduced S and already formed CO* appear at the interface due
to a cooperation mechanism; that is, CO* reduces the loss of
sulfur by stabilizing the residual S at Cu electrode surface,
increasing the CO* coverage by enhancing CO* adsorption.
According to the DFT simulation, ECO,R energy diagrams
revealed that these types of reduced S do not directly facilitate
formic acid production but instead dominant CO* production
and strong CO* adsorption. Theoretical study also confirms
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that the strong CO* adsorption caused by the sulfur atoms,
increases CO* coverage four times more than clean Cu surface.
At the end of the reaction, surface reaction sites are blocked in
the presence of the dense CO* network, which leads to solution-
phase CO, hydrogenation and favours highly selective HCOOH
production.*>*' Finally, a synergistic effect between residual S
and CO* to achieve dominant formic acid production for the
electrochemical CO, reduction reaction is proposed by
combining actual experimental observations from the literature
and our DFT calculations. These findings detailed the funda-
mental understanding of the important role of S atoms in
a highly selective CO, electroreduction mechanism on metallic
Cu surfaces. Meanwhile, it should be noted that this S-modified
Cu electrode is a thermodynamically metastable structure, and
further S loss during the reactions could be hindered the
mechanism for ECO,R towards HCOOH formation.3%

Meanwhile, in work by Li et al.,** XPS results evidenced the
negligible changes of the corresponding peak positions in Cd**
and the S~ XPS spectra of the initial and used electrocatalysts
only with the reduced intensity. These findings support the
stability of CdS nanorods during ECO,R. In another work
published by Luo's group, SnS, monolayers were synthesized by
a facile Li intercalation/exfoliation method. Later, the XRD
analysis of the catalysts after electrolysis indicated that the SnS,
monolayers were partially reduced to metallic Sn in the CO,
electroreduction.?®* Like SnS,, defect-rich Bi,S; also tends to
reduce metallic Bi during ECO,R; as observed by HRTEM
analysis before and after electrolysis, Zhang et al.*** exhibited
a lattice fringe of 0.22 nm corresponding to (110) plane, sug-
gesting the complete reduction of sulfide to crystalline Bi. A
work by Chi et al.*® illustrated a loss of excess S content for
In,S; during ECO,R. A combined XPS and SEM-EDX results
demonstrate that the stability degradation of In,S; can be
attributable to S leaching. Pander et al.**® elucidated from XPS
studies that the PbS would be partially reduced to metallic Pb in
ECO,R, and the metallic Pb phase could be further partially
oxidized to PbO after electrochemical CO, reduction. Further,
for most of the MS-based nanomaterials, it was observed that
during ECO,R S>~ ions were released into the electrolyte and
absorbed on the surface of catalysts, suppressing the formation
of other hydrocarbon products and resulting in high selectivity
towards HCOOH.'*"'>*3% Hence, the method of stabilizing MS-
based nanomaterials in the catalytic process without converting
them to their metallic and oxide counterparts needs to be
explored.

As described in Section 2.1, a variety of strategies have been
implemented to control catalyst deactivation (i.e., corrosion and
dissolution) and increase the stability and selectivity of MS-
based nanomaterials for ECO,R, including (i) doping,
coupling, or loading a passive metal on the semiconductor
surface, which acts as a co-catalyst to enhance the rate of elec-
trochemical CO, reduction and (ii) tune or alteration of the
semiconductor surface with a metal oxide, carbon-based
material, or a polymer (iii) using techniques for nano-
structuring to change the electrode's surface. These research
efforts are aimed at improving the ECO,R performance and
stability of earth-abundant MS-based nanomaterials. The
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Table 3 A summary of recently reported best-performing data for carbon-based ECO,R catalysts
Current density Stability
Products Electrode Potential Electrolyte Reactor (mA cm™?) FE (%) (h) Ref.
HCOOH Sn/OMC-GDE —0.86 Ve 0.5 M KHCO;3 Flow cell 80.12 97.4 — 311
In SACs-1000 —0.79 VRug 0.5 M KHCO;3 H-cell 6.8 85.2 14 312
CH,0H Cu-SAs/TCNFs —0.90 Vyur 0.1 M KHCO, H-cell 90 44 50 313
Ethanol Fe-n-f-CNTs —0.80 Vrue 0.5 M KHCO; H-cell 25 45 — 314
CH, SA-Zn/MNC —1.80 Vyur 1 M KHCO, H-cell 31.8 85 35 315
Cu-N-C-800 —1.40 Ve 0.1 M KHCO; H-cell 10.6 38.7 10 316
CcoO Fe;N,0,/NC —0.50 Vyur 0.1 M KHCO; H-cell 2.5 99.7 12 317
Bi-SAs-NS/C —0.80 Vgug 0.5 M KHCO; H-cell 10.24 98.3 24 318
Sn-NOC —0.70 Vgrue 0.1 M KHCO;3 H-cell 14.81 94 8 319
NiSA-N,-C —0.80 Vrue 0.5 M KHCO; H-cell 12 98 10 320
Fe-SA/BNC —0.70 Ve 0.1 M KHCO, H-cell 2 94 30 321
A-Ni/CMK 0.80 Vgug 1 M KOH Flow cell 366 95 5 322
Ni SAs-NCW —0.43 Vgrug 1M KOH Flow cell 41.6 95.4 4 323
Ni-N/PC —0.40 Vrug 1 M KOH Flow cell 100 98 72 324
CoPc/NH,-CNT —0.60 Vgrug 1M KOH Flow cell 225 100 100 325
Ni-NC 60% PTFE —2.73 Vrue 1 M Cs,80, Flow cell 250 100 36 326
Ni-SAC-CNT —0.35 Vgrug 1M KOH Flow cell 400 99 8 327
Cu-N-CNT —0.82 Vruge 1 M KOH Flow cell 234.3 95.7 25 328
Ni-N,_,C, —0.34 Ve 1 M KOH Flow cell 300 99.4 6 329
Fe-NC-Q —0.40 Vgyr 1 M KOH Flow cell 121 99 10 330
Ni DSC —1.20 Vgrue 1 M KHCO, Flow cell 150 94.3 50 331
CON,4-CNT —1.70 Vgruge 1 M KOH Flow cell 350 99.8 8 332

results of prior studies and the performance data for various
MS-based nanomaterials were summarized in Table 2. It was
noted from Table 2 that certain MS-based electrocatalysts have
shown excellent partial current density and faradaic efficiency,
as well as suitable levels of stability during the ECO,R. Besides,
to compare the catalytic performance of MS-based nano-
materials focusing on partial current density and faradaic effi-
ciency, recent best-performing carbon-based and copper-based
ECO,R catalysts are reported in Tables 3 and 4, respectively. For
instance, CuS/BM coated with PTFE,"* Sulfur modulated tin
catalysts (Sn(S)/Au),>® SnS/aminated-C,>*° S doped-Bi,0;-
CNT,** in nanoparticles on In,S; nanosheets,*®* ZnlIn,S,,>**
sulfur-doped indium*®® have been exhibited better current
density and faradaic efficiency for HCOOH formation as
compared to copper-based and carbon-based catalyst. In addi-
tion, porous Cd modified by sulfur,'® Cadmium sulfide (CdS)
nanoneedle arrays,'®* Bulk MoS, with Mo-terminated edge,*®
rGO-PEI-MoS,,** 5% Nb-doped on vertically oriented MoS,,>**®
ZnS/ZnO Interface*”® exhibited good performance in terms of
current density and faradaic efficiency than a copper-based
catalyst, for CO production. Meanwhile from Tables 3 and 4,
it has been observed that carbon-based catalyst showed better
CO current density (<100 mA cm ™) in flow-cell as compared to
MS-based nanomaterials. For other products (i.e., C,; and CH,)
Copper-based catalysts exhibited superior performance than
MS-based nanomaterials.

3 Summary and future prospects

Metal sulfide-based nanomaterials have been the focus of
significant scientific and technical importance due to their high
electrocatalytic activity for ECO,R. In this review: the

J. Mater. Chem. A

electrochemical and morphological characteristics of these
materials have been compared, and the relationship between
structure and electrocatalytic properties has been highlighted,
evaluating how it is possible to tune the composition, the active
site nature, and the framework of the catalyst for ECO,R
applications. The recent advancement summarized below:

(1) We have shown the concentration of S in MS-based
nanomaterials can enhance the activity of ECO,R catalysts.
Furthermore, incorporating S significantly changes reaction
intermediates’ adsorption/binding energy, thereby improving
catalytic performance.

(a) The MS-based nanomaterials exhibited optimum catalytic
performance due to the synergy between S and metals' active
sites. According to the literature survey of single metals, Cd, Mo,
and Zn tends to produce CO, whereas optimizing the electronic
structure of metal atoms by introducing S can enhance charge
density around the metal atoms, hence facilitating the capture
and electroreduction process towards CO,.

(b) The incorporated defect and interface engineering of S-
derived catalysts accelerate charge density distributions on
the catalyst surface, thereby tuning the intermediates’ free
energy and improving the overall catalytic performance.

(2) The chalcogen elements (S, Se) in MS-based nano-
materials are believed to influence the active sites, resulting in
high activity and selectivity of ECO,R. For instance, Sargent
group®” reported that the existence of S atoms on the Sn catalyst
surface could promote undercoordinated sites, resulting in
improving the ECO,R to formate selectivity. They have shown by
doping S atoms into Sn, the Sn atom near the S atom is
responsible for ECO,R, significantly reducing the free energy of
formate production, and improving the overall catalytic
performance. Similarly, Xie and collaborators®”® reported that

This journal is © The Royal Society of Chemistry 2023
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Table 4 A summary of recently reported best-performing data for copper-based ECO,R catalysts

Current density Stability
Products Electrode Potential Electrolyte Reactor (mA cm %) FE (%) (h) Ref.
Cy Cu nanocubes —0.7 Vgrug 0.25 M KHCO; H-cell Jc,, =41 60.5 2 333
Cu;N —1.15 Vgge 1 M KOH Flow cell jg, = 1100 737 6 334
Defect-site-rich Cu catalyst —1.02 Vggg 0.1 M KHCO; Flow cell jc, > 100 70 30 335
Cu-Cul composite catalyst —0.87 Vggg 1 M KOH Flow cell 591 71 85 336
Cu (OH),-D/Cu —0.54 Vgge 0.1 M NaHCO; Flow cell 217 ~87 11 337
(100)-rich Cu —0.63 Vgyg 0.1 M NaHCO, Flow cell 320 88 65 338
Cu@C-0.4 —0.7 Vgug 0.1 M KHCO, Flow cell 1.23 91 16 339
C,H, Activated Cu nanowires —1.01 Vggg 0.1 M KHCO; H-cell ~17.3 77 ~200 340
Star decahedron Cu NPs —0.993 Vgug 0.1 M KHCO; H-cell 17 52.43 12 341
Cu nanosheets with nano-scaled defects —1.2 Vgyg 0.1 M K,SO, RRDE 60 83.2 14 342
Cu-Al —0.5 Vrue 1 M KOH Flow cell 400 80 100 343
CcO Cu,Sb decorated Cu nanowire arrays —0.90 Vggg 0.1 M KHCO; H-cell — 86.5 12 344
Ni-Cu dual atom catalysts —0.6 Vrug 0.5 M KHCO; H-cell 95.21 97.7 — 345
CH,0H Cu SA/MXene —1.4 Vg 0.1 M KHCO; H-cell 21.3 59.1 30 346
Cu,_,Se 2.1 Vagag  [Bmim]PFe-CH;CN-H,O H-cell 41.5 776 25 347
CH, Cu-MOF-74/Cu NPs —1.3 Vg 0.1 M KHCO, H-cell 10.9 >50 4 348
Cu/p-Al,03 SAC —1.2 Vgue 1 M KOH Flow cell 153 62 — 349
HCOOH Cu;P NS/Cu —0.1 Vgue 0.1 M KHCO, Flow cell — 90 16 350
In, sCu, 5 NPs —1.2Vgue 0.1 M KHCO, H-cell 3.59 90 5 351

doping Se atoms in MOS,, enhanced MoS,'s ECO,R selectivity.
DFT calculations revealed that the active site of the ECO,R is the
Mo atom. Adding Se atoms to the system, shortens the MoS
bonds, lowering the *CO adsorption energy and improving
selectivity for CO production. According to their findings,
chalcogen elements in MS-based materials can improve ECO,R
activity and selectivity by adjusting the adsorption energy of
reaction intermediates (*COOH and *CO).

(3) The morphology and electrocatalytic properties of metal-
sulfides differ significantly from those of their corresponding
bare metals. For example, pure metal Mo often exhibits no
ECO,R activity. MoS,, on the other hand, has a layered structure
and can efficiently activate the ECO,R to CO conversion because
the layered structure of MoS, can offer more catalytic active sites
that lead to the Gibbs free energy changing for intermediate
formation. Cu is a commonly used ECO,R catalyst with high
selectivity for producing methane and ethylene. However, S-
derived and S-doped copper catalyst mainly produces HCOOH
and H,. Sn exhibits high faradaic efficiency, selectivity, and
stability for the formation of HCOOH. In contrast, atomically
thin layer SnS shows improved activity during ECO,R.

Despite its numerous advantages, some key challenges, such
as a fundamental understanding of the role of S on materials
properties and low catalytic performances (i.e., selectivity and
stability, and ambiguity), must be considered. The following
research directions can be proposed to address these
limitations:

(1) Investigating new MS-based nanomaterials catalysts
through novel synthesis and modification methods. Although
there are promising developments in the design of catalysts and
overall improvement of the ECO,R process, the catalytic effi-
ciency and product selectivity are still very low. Therefore, more
research is required to identify a new class of MS-based nano-
materials. For instance, there are various forms of bismuth,

This journal is © The Royal Society of Chemistry 2023

such as single metal, oxide, and oxyhalide with an ordinary 2D
structure, which is an attractive material due to its economic
and high selectivity for HCOOH production in ECO,R. However,
Bi-sulfide-based materials have not been thoroughly investi-
gated, and additional research is required. An earlier research
work studied the role of defect-rich structure and specific
interfacial phenomena between Bi,S;-Bi,O; interfaces.,*®
which can motivate further research into the effect of sulfur
composition on product selectivity, the design of a 2D frame-
work structure with particle size optimization, heteroatom-
doping, and so forth. In addition, the electrocatalytic activity
of other metal-sulfides, i.e., Lead, zinc, iron, cobalt, and nickel,
during ECO,R should also be further studied. Although this
review highlighted the critical advances in interfacial effect and
facet promotion, more attention should focus on the strategy
development of material doping, composition, and coupling
substrate. In this regard, exploring new synthesis methods on
highly efficient ECO,R electrocatalysts would be beneficial.

(2) In order to catalyze the ECO,R activity in terms of selec-
tivity and stability of MS-based nanomaterials, it is necessary to
conduct experimental and theoretical studies to have a better
understanding of the role of the S group during the process. For
example, the catalyst must be well characterized before
increasing the S content to understand the S's local chemical
environment comprehensively. Additionally, in order to
understand the general trend among the oxygen group
elements, it is also required to compare S-derived catalysts with
O-derived or new catalysts. Finally, considering the different
chemical and physical properties of catalysts, it should be
investigated further whether their outstanding electrochemical
performance can be attributed to defects or residual S.

(3) Improving product selectivity and catalyst stability of MS-
based nanomaterials during ECO,R. The ECO,R catalytic
selectivity of most MS-based nanomaterials is relatively unitary,
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the faradaic efficiency of CO and HCOOH is high as summarizes
in Table 2, and other products (C; and C, products) are chal-
lenging to be produced. For commercial electrochemical CO,
conversion, achieving high-energy-dense C, products is crucial.
However, there are few research findings on the selective
formation of C; products (such as CH, and CH3;0H) and C,
products (C,H, and EtOH). In contrast, CO and HCOOH are the
main products of Cu-sulfide-based, bimetallic and other MS-
based catalysts. Therefore, more research is needed to investi-
gate the use of MS-based nanomaterial in forming a wide range
of products with high selectivity. More importantly, a long-term
stability analysis is recommended to investigate the catalyst's
poisoning or degradation, which is critical for the design and
development of the catalyst.

(4) Finding the fundamental understanding of electro-
chemical reaction pathways through experimental and theo-
retical approaches. It is necessary to clarify the reaction
mechanism with theoretical modelling and simulation and
establish the structure-activity relationship to guide the
subsequent catalyst structure design. Several literature reports
show that DFT is an efficient tool for calculating reaction
intermediates’ energy values. However, it is well established
that the theoretically predicted processes may differ with
different DFT models. Furthermore, some calculations were
shown to be theoretically feasible without experimental
support. Thus, DFT analyses should be closely coupled with
experiments to validate their feasibility for understanding
reaction mechanisms. Some advanced characterization tech-
niques, such as in situ electrochemical-spectroscopic methods,
need to be developed, including in situ or operando electro-
chemical XRD, FTIR, Raman, XPS, synchrotron methods, etc., to
a better understanding of the reaction mechanisms.
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