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Transforming CO, through electrochemical methods into useful chemicals and energy sources may
contribute to solutions for global energy and ecological challenges. Copper chalcogenides exhibit unique
properties that make them potential catalysts for CO, electroreduction. In this review, we provide an overview
and comment on the latest advances made in the synthesis, characterization, and performance of copper
chalcogenide materials for CO, electroreduction, focusing on the work of the last five years. Strategies to

Received 29th August 2023,
Accepted 23rd October 2023

boost their performance can be classified in three groups: (1) structural and compositional tuning, (2)
leveraging on heterostructures and hybrid materials, and (3) optimizing size and morphology. Despite overall
DOI: 10.1039/d3cp04170k progress, concerns about selectivity and stability persist and require further investigation. This review outlines

future directions for developing the next-generation of copper chalcogenide materials, emphasizing on
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1. Introduction

The worldwide need for energy continues to grow while the
alarming rise in greenhouse gas (GHG) emissions demand for
sustainable and eco-friendly solutions.'”® Carbon dioxide (CO,)
is a major GHG, contributing significantly to global warming
and shifts in climate patterns. Creating practical and affordable
solutions to capture and transform CO, into valuable chemicals
and fuels is thus of urgent importance.”" Among various CO,
conversion methods that are being developed, electrochemical
reduction has emerged as one of the most appealing approaches,
given its notable energy efficiency, its potential for renewable
energy integration, and its capacity to generate a variety of
valuable products.’*’ Specifically, the process of CO, electro-
reduction using Cu-based catalysts®>*”** has garnered tremen-
dous attention because Cu demonstrates notable activity for C-C
coupling, essential to the formation of multicarbon products.
Copper chalcogenides are a family of compounds that com-
bine copper with elements from the chalcogen group, comprising
sulfur, selenium, and tellurium. These materials have attracted
considerable interest for multiple uses in semiconductors,
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rational design and advanced characterization techniques for efficient and selective CO, electroreduction.

photoconductors, thermoelectric materials, and solar cells.*>™°

Copper chalcogenide bonds are highly covalent, although the
chalcogenide is treated as a divalent anion (S*~, Se*”, or Te*")
in some cases. In a basic lattice cell, chalcogen atoms constitute
the frame of a regular lattice, whereas the copper atoms are
disordered, moving like a liquid and taking random sites in the
chalcogen lattice.”*> This phenomenon leads to variations in
stoichiometry, which is represented by the characteristic formula
Cu, ,E (E = S, Se, Te) with possible x values ranging from 0 to
1.>*”* The copper chalcogenide family encompasses various
binary, ternary, and quaternary compounds, whose stoichiome-
tries determine the crystal structure. The binary copper sulfide
system has monoclinic (Cuz;S;6 and Cu, 94-1.97S), cubic (CugSs
and Cu, 4S), orthorhombic (Cu,S, and Cu, 75S), triclinic (CusgS;,
and Cu, g;S), and hexagonal (CuS) crystal phases. The binary
copper selenide system has cubic (Cu,Se and Cu, gSe), tetragonal
(CusSe,), hexagonal (CuSe and Cugg,Se), and orthorhombic
(CusSe, and CuSe,) phases. Known crystal phases of copper
tellurides are hexagonal (Cu,Te), tetragonal (Cu,Te,, Cu,Te;
and Cu,Te,), orthorhombic (CuTe), and pyrite-type (CuTe,).>>>”
In the context of the electrochemical CO, reduction, copper
chalcogenides have shown an exceptional selectivity as a result
of their distinct electronic and structural properties.

The synergistic effect between copper and the chalcogen
elements is responsible for the remarkable electrocatalytic CO,
reduction performance of these compounds. The presence of
chalcogen atoms modulates their electronic structure, in particu-
lar the location of the Cu d-band center altering the adsorption
behavior of the reaction intermediates, and subsequently influen-
cing the catalyst’s specificity and effectiveness.>*® The tunability
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of the copper chalcogenide properties enables the optimization of
their electrocatalytic performance through various strategies, such
as controlling their composition, adjusting their crystal structure
and morphology, and creating heterostructures or hybrid materi-
als. These approaches can be employed to customize the electro-
nic configuration and catalytic performance of copper
chalcogenides, enhancing their performance in CO, electroreduc-
tion by achieving higher selectivity, improved stability, and
increased energy efficiency.”

The objective of this review is to examine the latest develop-
ments in copper chalcogenide catalysts for CO, electroreduction,
focusing on the most significant contributions from the past five
years. We discuss the latest approaches to enhance their efficacy
as electrocatalysts, including structural and compositional tun-
ing, exploiting heterostructures and hybrid materials, and opti-
mizing their shape and particle size by synthesis methods.

Although significant advancements have been made in recent
times, obstacles persist in increasing the preference for particular
products and boosting the enduring stability of copper chalco-
genide catalysts. Therefore, we also outline future perspectives on
the development of next-generation copper chalcogenide materi-
als, emphasizing the importance of rational design strategies and
the integration of advanced characterization techniques to
achieve efficient and selective CO, electroreduction.

2. Synthesis strategies for copper
chalcogenides
Copper chalcogenides have been studied for several decades,

initially for their applications in superconductors and thermo-
electric materials. Their synthesis has evolved over time with

)

—

- E
= |

o 5

Solvothermal

e
! %ynthetic’

strategies

View Article Online

PCCP

enhanced control over their composition, structure, and mor-
phology. Solvothermal methods, vital for nanoparticle synth-
esis, allow the production of highly crystalline materials under
controlled temperatures and pressures, with the ability to tailor
compositions and structures. Electrosynthesis, offers fine control
over the material properties and allows for in situ formation of
compounds like copper chalcogenides on conductive substrates,
but it does present challenges in scaling up. Meanwhile, cation
exchange methods permit careful post-synthesis modifications,
control over composition, and the synthesis of complex hetero-
structures and hybrid materials. By combining these techni-
ques, researchers could overcome their individual limitations;
solvothermal synthesis forms the initial nanostructures, elec-
trosynthesis deposits additional material, and cation exchange
refines their final properties, broadening the horizons for
nanomaterial design and innovation (Fig. 1). Other methods,
such as wet chemical method®®* pyrolysis®® and heat
treatment®® have also been explored to produce copper
chalcogenide materials with various catalytic properties for
the electrochemical CO, reduction reaction (eCO,RR). Inspired
by the water evaporation technique used in ref. 66, we could
synthesize a variety of Cu,_,Se nanostructures, including
nanosheets, nanoflowers, and nanowires. This was achieved
by variations of the Cu/Se ratio of 3.75/19, 5/19 and 7.5/19,
respectively (Fig. 2).

2.1 Solvothermal synthesis

Solvothermal synthesis is a prominent method for preparing
copper chalcogenides for eCO,RR. It uses elevated tempera-
tures and pressures in a sealed reactor to produce highly
crystalline materials with tailored properties. By adjusting the
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Fig. 1 Schematic diagram of synthesis strategies, including solvothermal, electrosynthesis and cation exchange. M stands for metal.
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Fig. 2 Scanning electron microscopy images illustrating the variety of Cu,_,Se nanostructure that can be grown by changing the Cu/Se ratio. (a)
Nanosheets, (b) nanoflowers, and (c) nanowires synthesized from a Cu/Se precursor ratio of 3.75/19, 5/19 and 7.5/19, respectively.

reaction parameters, various nanostructures, such as nano-
particles, nanowires, and nanosheets could be obtained.
Solvothermal methods have extensively been used to synthe-
size copper sulfide nanostructures.®**” " For example, Shinagawa
et al.*’ reported that CuS nanocatalysts can be produced by in situ
reductive reformation of CuS precursor materials. They developed
a new method to create carbon-supported copper sulfide nano-
particles by mixing copper nitrate, thiourea, urea, and carbon
black in water, and heating the mixture to precipitate the nano-
particles. Wang et al.”® utilized a combination of solvothermal
and electrochemical techniques to create Cu,SnS; nanosheets.
This involved dissolving SnCl,-5H,0 and Cu(CH3;COO),-H,O
within a combined concoction of ethylene glycol and water,
agitating the solution, adding thioacetamide, and heating the
mixture in a Teflon-lined autoclave. The synthesis of CuS nano-
sheets followed a similar procedure, while SnS, nanosheets were
prepared using SnCl,-5H,0, sodium dodecyl benzenesulfonate,
and L-cysteine. Following eCO,RR, the samples experienced self-
adapted phase separation, resulting in the formation of SnO,@-
CusS and SnO,@Cu,O heterojunctions. Zhang et al.*® created Cu$S
nanosheets by mixing 6 mL of 0.5 M thioacetamide with 25 mL of
0.2 M Cu(NO3), ethanol solutions. The mixture was heated to
90 °C for 3 hours, whereafter the resulting black precipitate was
collected. CusS hollow particles were synthesized using a modified
method in which thioacetamide dissolved in ethanol is added to a
dispersion of MOF-199 in ethanol that is subsequently heated at
90 °C for 1 hour. TEM and high-angle annular dark-field scanning
TEM (HAADF-STEM) images showed that CuS hollow particles
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have an average size of 1.3 um and are composed of CuS
nanosheets with a thickness of about 3 nm.

The hydrothermal synthesis was also used to produce
copper selenide nanomaterials.**®® Yang et al®® combined
CuCl,-2H,0, Na,SeO3, and hydroxylamine in a diethylenetriamine
and deionized water mixture with varying volume ratios to
synthesize Cu,_,Se(y) nanocatalysts. After stirring for 30 minutes,
the mixture was warmed in a Teflon-coated pressure vessel at
180 °C during 15 hours and the resulting products were washed,
and dried. The obtained Cu, ¢; Se nanoparticles had a typical size
of 50 nm (see Fig. 3). Wang et al.®® prepared CulnSe, using a
modified solvothermal method. Oleylamine was degassed and
purged with N, before combining CuCl, InCl; and Se in a flask.
The mixture was heated and stirred before the products were
washed, and dried. Duan et al.®® synthesized Cu,Se nanosheets
using a hydrothermal treatment. BiCuSeO nanosheets were pro-
duced by mixing Bi(NOj3),-5H,0 with Cu(NOs),-3H,0, KOH and
NaOH, heating the mixture in a Teflon-lined vessel, and washing
and drying the obtained precipitate. The average thickness of
the BiCuSeO sheets was 9.2 nm. High-resolution TEM images
display two perpendicular sets of lattice fringes with a spacing of
0.28 nm, verifying the successful synthesis of ultrathin BiCuSeO
single-crystal nanosheets. Ding et al.®” synthesized K-doped Cu,Se
nanosheet arrays on a Cu foam. The foam was cleaned, soaked in
a mixture of Se powder, NaBH,, NaOH, deionized water, and KBr,
and heated in an autoclave. Various KBr amounts were used
to produce different potassium dopant contents, while undoped
pure Cu,Se was obtained without KBr. 11.2% K-doped Cu,Se had

Fig. 3 Structural characterization of Cuy gzSe nanocatalysts. (a) SEM image with a 200 nm scale bar. The inset presents the size distribution as obtained
by dynamic light scattering (DLS) measurements. (b) TEM image with a 100 nm scale bar, including elemental mappings as insets. (c) HRTEM image with a

10 nm scale bar. Copyright 2019 Nature Publishing Group.®®
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a honeycomb-like structure and a thickness of 1.4 um, while pure
Cu,Se had a thickness of 1.8 pm. Those nanosheets display a
plane spacing of 0.205 nm, which correlates with the (220) facet of
cubic Cu,Se.

The latter method is widely used for the synthesis of various
types of materials including nanoparticles, single crystals, and
complex structures. It provides the advantage of synthesizing
high-quality materials at relatively lower temperatures than
conventional methods. However, the process is often time-
consuming and requires careful handling due to high pressures
involved. In addition, the solvents used can be harmful, requir-
ing careful management.

2.2 Electrosynthesis

In situ electrochemical synthesis, including electrochemical
deposition, recently gained traction for the synthesis of copper
chalcogenide nanomaterial.”>*"°°®* Redox reactions cause
selective ion deposition on either the cathode or the anode
surface. Key benefits of electrochemical deposition include
simplicity of the operating procedure, precise control over
particle size, and environment friendly outcomes without
corresponding oxidation or reduction byproducts. As the
understanding of catalyst synthesis methods evolves, many
catalysts are not produced using a single method but by
combining solvothermal and in situ electrochemical synthesis
techniques.

Studies emphasize the importance of the catalysts’ elemental
composition and their intricate microstructures. Cheng et al.®"
demonstrated that introducing surface nitrogen can notably
improve the electrocatalyst’s performance by raising the concen-
tration of active sites and optimizing their electronic structure.
The obtained N-enriched Sn/SnS nanosheets demonstrated a
five-fold rise in current density and a 2.45-fold increase in
faradaic efficiency (FE) compared to their unmodified SnS,-
derived counterparts. The formate production rate was 14 times
higher in the N-enriched sheets than in the unmodified ones,
reaching 1358 umol h™' em™>. The surface nitrogen-injection
technique was also effectively employed with other precursors
such as CuS and In,S;, demonstrating its potential as a broader
approach. Peng et al.”” synthesized double sulfur vacancy-rich
CuS, nanosheets for the electro-conversion of CO, into C3
species. In a first stage CuS nanosheets were prepared by
dissolving CuCl,-2H,0 and thioacetamide in separate solutions
that were then combined and subsequently heated and washed.
Sulfur vacancies were then introduced in the CuS powder
by mixing it with polyvinylidene fluoride and coating it on a
copper foil that was used as a cathode in a lithium-ion battery.
A 0.044 mA cm 2 current density was applied within a 0.01-3 V
vs. Li'/Li voltage range. CusS, catalysts with various sulfur vacancy
densities were obtained after 1, 10, and 100 charge-discharge
cycles. HAADF-STEM images revealed that the CusS,-10-cycle
nanosheets display a hexagonal phase where the 0.283 nm
spacing corresponds to CuS (103) facets. The (103) planes were
also seen on CuS,-1-cycle and CuS,-100-cycle edges. Deng et al.*®
developed a method for the electrochemical deposition of CusS,
films on polished Cu disks by utilizing square wave voltammetry.
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The synthesis procedure involved 2000 cycles with a plating
solution containing a mixture of CuSO,-5H,0, thiourea, and
HCl. Active CuS, and desulfurized CuS, were prepared for
electrochemical CO, reduction to investigate the role of sulfur.
Phillips et al.® prepared sulfide-derived-Cu working electrodes
via pulsed electrodeposition. The active sulfide-derived-Cu layer
was formed in situ during the first ~15 minutes of electrolysis.
Guo et al.*® synthesized Cu,S hollow nanocubes with a signifi-
cant presence of sulfur vacancies by electrochemical reduction
(see Fig. 4). Cu,S;_, hollow nanocubes were obtained by electro-
reducing Cu,S hollow nanocubes loaded on a gas diffusion
electrode (GDE) at —0.3 V vs. RHE for 30 minutes. Li et al.®*
prepared Ag and S co-doped Cu,O/Cu (Ag, S-Cu,O/Cu) using an
electrochemical reduction method at room temperature in a
conventional H-cell. Ag-Cu,S was first prepared through a cation
exchange method and used as the working electrode. Electro-
chemical reduction was then carried out by applying a potential of
—1.6 V versus a saturated calomel electrode for 30 minutes, while
bubbling CO, and stirring continuously. Cu,O/Cu, S-Cu,O/Cu,
and Ag-Cu,O/Cu were fabricated using the same procedure, with
Cu,0, Cu,S, and Ag-Cu,0 as working electrodes, respectively.

Electrosynthesis can be more environment friendly than
conventional methods since in many cases the use of electricity
does not require potentially harmful chemical reagents. On the
downside, it can require extensive optimization of individual
processes and, for certain reactions, achieving a high selectivity
can be challenging.

2.3 Cation exchange

Cation exchange, a wet chemical method,®"*>%™ is a rela-
tively new approach for synthesizing copper sulfide nanocata-
lysts for eCO,RR. By selectively replacing the cations of a host
material with copper ions, CuS nanosheets and nanoparticles
with controlled properties can be produced.

He et al®® introduced electrochemically-driven cation
exchange (ED-CE), which enables converting a prearranged
CoS, template into Cu,S through a three-step process using a
standard three-electrode system. A metal-organic framework
(MOF) consisting of a Co-containing zeolitic imidazolate frame-
work (Co-ZIF-L) grown on a carbon cloth and Cu foil is electro-
chemically converted into cobalt sulfides and finally cations are
exchanged. In this configuration, the cobalt sulfide film func-
tioned as working electrode and cation exchange template,
while a platinum foil and a silver/silver chloride electrode
saturated with potassium chloride served as counter and refer-
ence electrodes, respectively. To replace the cobalt cations of
CoS, with copper ions, a 40 mL dimethylformamide solution
containing 3 mM copper nitrate trihydrate and 0.1 M lithium
perchlorate was used as electrolyte. Chronoamperometry was
employed to drive the cation exchange processes, which was
performed first at —0.2 V (vs. Ag/AgCl) and thereafter at —0.6 V
(vs. Ag/AgCl) until a targeted value of electrical charge per
electrode area was reached. The synthesis procedure is sche-
matically depicted in Fig. 5. This method ensures that the
synthetized Cu,S catalyst keeps the same structure as the
CoS, template, while maintaining a high density of grain

This journal is © the Owner Societies 2023
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Fig. 4 (a) Schematic representation of the electrochemical reduction process of CuS hollow nanocubes into their Cu,S;_, and Cu counterparts.

(b) Subsequent LSV curves for the CuS hollow nanocubes (numbered LSV-1 to LSV-5). TEM images along with corresponding EDX line-scanning profiles
for (c) Cus, (d) Cu,S;_,, and (e) Cu hollow nanocubes, all featuring a 30 hm scale bar. Figure adapted from ref. 93. Copyright 2022 Wiley VCH.

boundaries. Li et al®” developed a simple cation exchange
technique to create Ag/Cu electrocatalysts using copper sulfide
nanosheets as growth template. The crystal structure of Cu,_,S
nanosheets with lateral dimensions of 100 nm and a 14 nm
thickness gradually transformed from Cu,S, to Ag,S, with an
Ag/Cu mass ratio varying between 0.3 and 25 upon increasing
the Ag" concentration in the exchange solution. Following the
cation exchange process, the nanosheets retain their original
morphology, but exhibit shape distortion with increasing
Ag content.

We conclude that cation exchange is an attractive method
to modify the chemical composition and hence the properties
of the material without disrupting its overall structure. It
has potential to fine-tune materials for specific applications.
However, the method’s success highly depends on the cation
exchange kinetics and thermodynamics, which can be complex
and hard to control.

3. Recent strategies to enhance the
performance of copper sulfide in
eCOzRR

Copper sulfide has emerged as an effective catalyst for the
eCO,RR, but further improvement is needed. Notably, the

This journal is © the Owner Societies 2023

hydrogen evolution reaction (HER) is a competitive reaction
to eCO,RR that hinders its efficiency. Research has shown a
linear correlation between the binding energies of COOH*/
HCOO* and H* on most eCO,RR catalysts, negatively impacting
the selectivity.”® '°> Breaking this correlation is imperative for
improving copper sulfide’s effectiveness as an eCO,RR catalyst
for industrial applications. Recent strategies to enhance the
selectivity and activity of CuS include (i) structural and compo-
sitional tuning through sulfur vacancy engineering and foreign
metal ions doping, (ii) combining CuS with other materials in
heterostructures or hybrid materials to introduce new active
sites and improve the catalytic performance through synergistic
effects, and (iii) size and morphology control, for example to
create nanosheets or hollow structures with optimized surface area
and enhanced accessibility of the active sites. These approaches
offer a guide for developing effective CuS catalysts for eCO,RR,
advancing eco-friendly conversion methods. A summary of cutting-
edge Cu sulfide catalysts, including information on their prepara-
tion method, operating conditions and product preferences, is
provided in Table 1.

3.1 Structural and compositional tuning

To enhance copper sulfide’s eCO,RR catalytic perfor-
mance, various structural and compositional tuning
Phys. Chem. Chem. Phys., 2023, 25, 30785-30799 | 30789
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Fig. 5 Experimental routes and the mechanisms involved in cation exchange driven by electrochemical means. Figure adapted from ref. 96. Copyright

2020 Wiley-VCH.
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to adjust its electronic structure and morphology.

We outline two key strategies. The first one is by creating
sulfur vacancies in the material during or after its synthesis by
controlling the preparation conditions or through post-
synthesis treatments, respectively. Their presence increases
the likelihood of CO* formation on the catalyst surface. The
second is by doping CuS with metal cations. Ag doping, for
instance, induces synergistic interactions between Ag,S and
CusS that suppress HER and improve the selectivity towards CO,
reduction. Metal doping can be achieved by co-precipitation,
ion exchange, or electrochemical deposition.

Cheng et al®' found that surface nitrogen-injection can
increase the number of active sites and optimize the material’s
electronic structure. N-Enriched Sn/SnS nanosheets demon-
strated significant improvements in current density and FE
compared to their pristine versions. The improved catalytic
activity was confirmed through density functional theory (DFT)
calculations to be a result of the alteration in the valence of the
Sn sites. The approach is applicable to other metal sulfide
precursors as well. Peng et al.”” showed that double sulfur
vacancies (DSVs) in the CuS(100) planes could serve as active
electrocatalytic centers for CO,RR by favoring the creation of
n-propanol’s key *C3 intermediate. They applied a lithium elec-
trochemical tuning method, using the CuS as the cathode and a
lithium foil as the anode, yielding promising results for the
controlled creation of ion vacancies (see Fig. 6). DFT calculations
suggest that the creation processes of *HCOOH and CO* are in
competition with the presence of sulfur vacancies, increasing the
formation probability of the latter one. During continuous elec-
trochemical CO,RR testing, the CuS,-DSV catalyst maintained a

30790 | Phys. Chem. Chem. Phys., 2023, 25, 30785-30799

FE,. pron Of 12.1% for 10 hours at —1.05 V vs. RHE, corresponding
to a retention of approximately 78%. Meanwhile, an increase in
the hydrogen production activity was observed, indicated by a
continuous rise in the current. Deng et al.®® found that sulfur
plays a crucial role in this process, with active CuS, exhibiting
high selectivity and activity towards formate (FE HCOO™ = 75%
and j HCOO = —9.0 mA cm > at —0.9 V). Operando Raman
spectroscopy revealed that sulfur dopants suppress the formation
of CO intermediate during eCO,RR, resulting in a decreased FE
for CO, hydrocarbons, and alcohols. Supporting DFT calculations
indicated that the presence of sulfur on the copper surface
modified the adsorption strengths of HCOO*, promoting formate
production while suppressing that of CO. Phillips et al.®" sug-
gested that the selective formation of formate is due to the
stronger binding of the CO intermediate originating from the
sulfur atoms. Guo et al.”® reported a Cu,S;_, catalyst, featuring
numerous Cu® species that can produce ethanol at ultralow
overpotential with an outstanding selectivity and FE with a 6-hour
stability. The integrated findings from in situ attenuated total
reflection Fourier transformed infrared spectroscopy and DFT
calculations demonstrate that the robust electron-donating ability
of Cu’" sites contributes to reducing the Gibbs free energy for the
C-C coupling step involved in generating ethanol, while concur-
rently enhancing that associated with formate formation.

Li et al.®* found that the synergistic interactions between $>~
anions and Ag" cations dopants and the Cu,0/Cu host material,
not only enhanced the Ag, S-Cu,0/Cu electrocatalyst selectivity
and current density for methanol formation but also ensured
its stability over 24 hours. More specifically, S anions were
found to adjust the electronic structure and morphology of the
material, while according to their DFT calculations Ag" cations

This journal is © the Owner Societies 2023
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Table1 Performance summary of recently reported copper sulfide eCO,RR catalysts where partial current densities were not provided in the literature
they were calculated by multiplying the total current density with the Faradaic efficiency of the main product

E Partial current
Preparation method Catalysts Electrolyte (v vs. RHE) density (mA cm™?) Product (FE) Ref.
Solvothermal Cu,0/CuS Nanocomposites 0.1 M KHCO;, -0.9 15.3 HCOO™ (67.6%) 74
N-Enriched CuS 0.1 M KHCO;3 —-0.8 NA HCOO™ (~88%) 81
Copper sulfide nanocrystals 0.1 M KHCO; -1 2.1 HCOO™ (52.2%) 82
CuS@SnO, nanosheets 0.5 M KHCO; —-1.0 ~150 HCOO™ (83.4%) 73
CuS@MosS, heterostructures CO, saturated —0.69 NA NA 68
electrolyte
CuS/N, S-1GO 0.5 M KHCO; —0.63 ~5 HCOO™ (82%) 71
CuS-thiourea 0.1 M KHCO;3 —0.51 ~0.8 CO (72.67%) 80
Cu,S nanocrystal-decorated Cu 0.1 M KHCO; -1.2 ~20.7 C,H50H (46%) 78
nanosheets
Sm,-CusS,, 1 M KOH —0.52 276 HCOO™ (92.1%) 77
Sulfur tailored Cu,O 0.1 M KHCO; -1 16.3 HCOO™ (67.2%) 70
Electrosynthesis Active CuS, 0.1 M KHCO; -0.9 9 HCOO™ (75%) 90
Sulfide-derived Cu . 0.1 M KHCO; —0.8 ~2.5 HCOOH (~60%) 91
Cu,S,_, with abundant Cu®* 0.5 M KHCO; -0.3 ~2.5 C,H;OH (73.3%) 93
Dual-doped Ag, S-Cu,0/Cu BMIMBF,/H,0 —1.18 82.7 CH,OH (67.4%) 94
Cation exchange CusS;, 0.1 M KHCO;3; -0.6 2.2 HCOO™ (71.8%) 62
3D Cu,S 0.1 M NaHCO;  —0.9 19.1 HCOO™ (87.3%) 96
Ag/Cu sulfide 0.05 M K,CO; —1.2 5.1 C,H, (34%) 97
Wet chemistry Cu and CuS nano- 0.1 M KHCO; —0.6 2.3 HCOO™ (42.5%) 79
particles@graphene nanoflakes
SnO, confined on CuS nanosheets 0.1 M KHCO; —-0.8 ~17 syngas (> 85%) 72
Sulfide-derived CuCd 0.1 M KHCO; —0.8 0.6 C,H;OH (~32%) 76
Sulfur vacancy-rich CuS 0.1 M KHCO;3; —1.05 ~3.3 n-Propanol (15.4%) 75
Hierarchical Cu$S hollow polyhedrons 0.5 M K,SO, -0.6 ~16 HCOO™ (~50%) 69
Sulfur-modified copper catalysts 0.1 M KHCO; —-0.8 ~21 HCOO™ (80%) 67
Other methods
Thermal oxidation CusS decorated CuO heterostructure 0.1 M KHCO; —0.7 20 HCOO™ (84%) 95
In situ crystallization Cu, g;S particles on carbon 0.5 M KHCO;3; —0.67 3.1 HCOO™ (82%) 60
nanotubes
Chemical bath deposition  CuS nanosheet arrays 0.5 M KHCO;3; -0.7 ~50 HCOO™ (70.2%) 61
Impregnation and annealing Cu,_,S derived nanoparticles@C 0.5 M KHCO; —0.78 0.18 HCOO™ (12%) 65

and/or 0.5 M KCl

suppressed HER. Zhang et al.®® studied the eCO,RR catalytic
properties of CuS hollow polyhedra that experience structural
transformation, as they evolve into a sulfur-doped metallic Cu
catalyst. The in situ evolved catalyst exhibited a high durability
and formate selectivity, maintaining stable operation for
36 hours at a formate partial current density of approximately
16 mA cm ™ ? (at —0.6 V vs. RHE). This stability and selectivity were
underscored by DFT calculations, which highlighted the signifi-
cant role of sulfur-doped Cu (111) facets in its performance.

3.2 Synergistic effects of heterostructures and hybrid
materials

Advancements in material science have demonstrated that
heterostructures, comprising multilayer materials, and hybrid
materials allow to optimize the catalytic CO,RR performance,
selectivity, and stability through synergistic effects,®®”* 7747677895
For example, CuS-based heterostructures with other semicon-
ductors or metal catalysts can have optimized charge transfer,
energy band alignment, and beneficial interfacial interactions to
enhance their eCO,RR performance. The same applies to hybrid
materials that combine CuS with conductive polymers, metal-
organic frameworks, or graphene-based materials.

This journal is © the Owner Societies 2023

Wang et al.”® discovered that Cu,SnS; nanosheets undergo
a self-adaptive phase separation during the electrochemical
process, resulting in the formation of stable SnO,@CuS and
SnS,@Cu,0 heterojunctions. Because Sn*" cations can be easily
drawn by the negative potential, they migrate from the core to
the surface of the nanosheet, replacing coordinated S atoms
with O to form SnO, nanoparticles. Meanwhile, Cu" ions, carrying
S atoms, concentrate in the center, forming CuS (Fig. 7). They
identified that activated Sn is responsible for CO, reduction in
CuS@SnO, ternary sulfides, which facilitates a self-adaptive trans-
formation. By harnessing the synergistic effect of a stable hetero-
junction structure and electron self-flow, the optimized catalysts
efficiently convert CO, to formate with 84.1% FE for 10 hours.
This is supported by DFT calculations demonstrating that at the
SnO, and CuS/Cu,O interface, delocalized Sn** electrons transfer
to Cu’, thereby enhancing the HCOO* affinity, promoting H,0
dissociation, and stabilizing Sn** sites, which collectively improve
the CO,RR activity and selectivity. This work revealed the active
center of the ternary sulfide, offering insights for designing better
electrocatalysts. Wang et al.”* presented an innovative Cu,0O/CuS
composite catalyst that exhibits a 67.6% FE and a notable partial
current density of 15.3 mA cm > at —0.9 V versus RHE for formate.
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Fig. 6 (a) Schematic illustration of the conversion of CO, to n-propanol on CuS, with double sulfur vacancies (DSV) and related calculations. The

process involves n-propanol formation on adjacent CuS,-DSV through CO-CO dimerization and CO-OCCO coupling. Structural diagrams displaying
the optimized OCCOCO* intermediate configurations on the (100) surface of CuS, with (b) a single sulfur vacancy (SSV) and (c) CuS,-DSV. Arrows
indicate sulfur vacancy positions. (d) Energy diagrams for CuS,-SSV (blue curve) and CuS,-DSV (red curve) at 0 V vs. RHE. Copyright 2021 Nature

Publishing Group.”®

This catalyst maintains an average FE of 62.9% for at least
30 hours at the same potential, outperforming other Cu, Cus,
and Cu,O catalysts in terms of selectivity and stability. The
incorporation of CuS is believed to stabilize Cu,O during CO,
reduction. DFT calculations imply that the CuS (110) surface
favors the formation of formate over CO. In another study, Wang
et al.”> designed a novel hierarchical structure combining SnO,
nanoparticles with CuS nanosheets, improving the electroreduc-
tion of CO, into a versatile syngas mixture (CO/H,, ratio varying in
the range of 0.11-3.86). The material achieved a remarkable FE
>85%, a significant turnover frequency of 96.1 h™', and a
durability of more than 24 hours. Experimental characterization
and theoretical calculations demonstrated that various factors like
size, morphology and the density of the SnO,-CuS interface
contribute to the enhanced catalytic performance. In a study by
Mosali et al.,’® a near 30% FE for ethanol production for 6 hours
was reported (at —0.8 V versus RHE), using the sulfide-derived-
CuCd, catalyst in 0.1 M KHCO;. This notable ethanol selectivity
was attributed to the abundant distribution of CuS/Cu,S-CdS
boundaries and Cu,S sites within the sulfide-derived-CuCd,
catalyst identified through electrochemical, spectroscopic, and

30792 | Phys. Chem. Chem. Phys., 2023, 25, 30785-30799

microscopic analyses. The electrochemically stable CdS phase
plays a crucial role in creating the favorable catalyst structure,
which stimulated C-C coupling and further reduction to ethanol.
Li et al”® investigated an electroreductive CO,-to-ethanol conver-
sion process, catalyzed by Cu nanosheets that are uniformly
decorated with small Cu,S nanocrystals. The system, housed in
an H-cell containing 0.1 M KHCOs;, achieved a 20-hour stable high
ethanol current density of approximately 20.7 mA cm™ > with a
large FE of 46% (at 1.2 V vs. RHE). Nanocrystal-decorated Cu
nanosheets offer several advantages over heteroatom doping, Cu
sulfide/oxide/nitride, and the parent catalyst, including: (i) a
relatively high positive local charge of Cu’+; (ii) effective interfaces
between Cu’" and Cu®; and (iii) a non-flat, stepped surface. These
features improve CO, adsorption, enhance eCO,RR Kkinetics,
facilitate the dissociation of the *COOH intermediate into *CO,
strengthen the affinity of *CO on the catalyst, and bring the
energy barrier for C-C coupling below the desorption energy of
*CO. Liu et al.”’ found that incorporating Sm,0; into an S-doped
Cu matrix creates a mixed phase of heterogeneous Sm and
homogeneous S co-doped Cu, which stabilizes Cu’+ species
and encourages the HCOOH formation pathway. With the
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Fig. 7 Characterization of Cu,SnSs after CO,RR (R-Cu,SnSs). (a) TEM image. (b)-(f) HAAD-STEM images. (g) HAAD-STEM image and EDX element

mapping. Copyright 2021 Wiley-VCH.”®

Smy 06s-CuSp,03 catalyst, they achieved a 92.1% FE for HCOOH
production for 24 hours and an impressive current density of 300
mA cm > at a low reduction potential of —0.52 V vs. RHE. This
good electrocatalytic performance could, based on material char-
acterizations and in situ experiments, be attributed to synergistic
interaction between heterogeneously doped Sm species and
homogeneously doped S elements. To explore the synergy
between Sm and S, homogeneous S doping in the Cu active phase
has been studied. This modification alters the inherent electronic
structure of Cu, generating a surplus of Cu’+ (3 = +0.61). The
presence of heterogeneous Sm species not only stabilizes Cu®
sites but also raises the concentration of H ions, which enhances
the adsorption of oxygen-containing intermediates (*OCHO) dur-
ing HCOOH formation.

3.3 Size and morphology engineering

This section comments on recent approaches to customize
CuSP®062:67.70:80.82.96 catalyst properties by particle size and
morphology engineering. Through the optimization of these
aspects, researchers continue to unveil new opportunities of
copper sulfides in electrochemical CO, reduction.

Shinagawa et al® identified a relationship between the
particle size and the formate selectivity in sulfur-modified
copper catalysts. The particle size varies between fresh and
used samples. After the electrochemical test, the initial average
particle size of about 15 £+ 7 nm for a particular CuS samples
reduced to approximately 3 nm, while that of another sample

This journal is © the Owner Societies 2023

decreased from roughly 42 nm to around 5 nm. They found that
CuS-4 with larger particle sizes and higher sulfur contents
resulted in increased FE for formate. Submicron-sized CuS
catalysts, prepared solvothermally, outperformed their nano-
sized counterparts. In regard to stability, we note that the Cu-S
catalyst sustained its exclusive formate production over
12 hours at —0.8 V vs. RHE. He et al.°® uncovered a relationship
between electrochemical parameters like the applied potential
and charge passed and the extent of electrochemically-driven
cation exchange reactions through structural and composi-
tional analyses. This allowed them to systematically adjust
binary cation ratios in nanocrystalline films, while preserving
their initial 3D structural characteristics and engineer highly
reactive catalytic sites by generating ultra-small structures and
controlling surface oxidation states. Using this approach, they
synthesized a Cu,S electrocatalyst with high selectivity and
activity for eCO,RR, achieving a CO, partial current density
over 19 mA cm 2 for formate production at about —0.9 V vs.
RHE with a FE of 87.3% (stable for 9 hours at —0.82 V vs. NHE).
This performance exceeds that of all Cu-based catalysts pre-
viously reported, providing insights into targeting specific
reactive sites within nanocrystalline metal sulfides for eCO,RR
and suggesting a method for designing advanced electrocata-
lysts for various energy conversion processes. In their research,
Lim et al.®*> developed highly selective and stable copper sulfide
(CuSy) catalysts capable of converting industrial CO, into
formate. The copper foil spontaneously reacted with sulfur
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species, increasing the average size and surface density of the
CuS, nanoparticles as the H,S concentration rose, resulting in
an increase of the formate FE from 22.7% to 71.8%. CuS,
catalysts demonstrated efficacy in both industrial and pure
CO, saturated electrolytes and maintained stability for 12 hours
of continuous operation. The high FE for formate achieved by
the CusS, catalysts was due to the significant sulfur content,
enhanced size and augmented surface density of CuS, nano-
particles. Gao et al.®® investigated the synthesis of Cu$ catalysts
using various sulfur precursors for electrochemical CO,
reduction, and found that these precursors influence the
catalyst performance due to different morphological features
and CO selectivity. The CuS thiourea catalyst, with its distinc-
tive morphology resembling nanoflowers, outperformed others
by achieving the highest CO FE of 72.67% and favorable CO,
reduction kinetics.

Generally, the strategic engineering of catalysts’ size and
morphology selectively enhances CO, reduction, while mini-
mizing HER. This approach entails increasing exposure of
boundary density and active sites, controlling exposed catalyst
facets, and adjusting particle sizes. Furthermore, a refined
morphology facilitates better mass transfer and encourages
favorable kinetics for CO, reduction reactions.

4. Recent strategies to enhance the
performance of copper selenide in
eCOZRR

Similar as for CuS, recent strategies to improve the perfor-
mance of copper selenide in the electrochemical CO, reduction
include structural and compositional tuning,®*83-8>87,88,103,104
size and morphology engineering,®**°> and heterostructure
design.®® Table 2 provides a compact summary of the latest
results obtained on CuSe-based eCO,RR catalysts, detailing
their composition, preparation method, performance and pro-
duct selectivity according to the electrolyte used. A comparison
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of the CO, electroreduction efficiency of copper chalcogenides
prepared by alternative methods to those employed for the
current leading catalysts is depicted in Fig. 9.

The most common strategy for designing better catalysts is
to optimize the catalyst’s structure and composition. Wang
et al.®® designed bimetallic CulnSe, with Se vacancies to mimic
the eCO,RR catalytic properties of Au, resulting in an efficient
conversion to CO accompanied by a suppressed HER activity.
The orbital interaction of both metals with Se vacancies played
a critical role in the eCO,RR pathway. Se-defective CulnSe,
(V-CulnSe,) nanosheets exhibited an effective performance,
illustrating the potential of cost-effective, noble-metal-like cata-
lysts with unique electronic, structural, and catalytic properties.
Duan et al.®® suggested using natural superlattices with alternat-
ing active/conductive layers to stabilize the metal oxidation states,
improving the eCO,RR performance. They utilized BiCuSeO that
features alternating conductive [Cu,Se, >~ and insulating [Bi,O,]*"
sublayers as a representative example. It was demonstrated that
the bismuth oxide layers played a significant role in activating
CO,, with created electrons being transferred quickly through
the [Cu,Se,]>~ sublayers. DFT computations suggested that the
Bi-O coordination in [Bi,O,]*" effectively activates and stabilizes
OCHO* intermediates, which facilitates the selective CO, electro-
reduction to formate. As a result, the naturally occurring BiCuSeO
superlattices generate formate with a FE over 90% across a broad
potential range between —0.4 and —1.1 V in a neutral electrolyte.
This work demonstrates the use of natural superlattices for
enhanced eCO,RR selectivity and highlights the importance of
specific coordination structures (see design strategies in Fig. 8).
Ding et al.¥” found that exposed (220) crystal planes facilitate the
adsorption of a key bridge-bonded *COpg intermediate. Potassium
doping enhances the adsorption of linear *COy, and bridge *COg
intermediates on the catalyst surface, promoting C-C coupling
to produce ethanol by protecting Cu(1) sites during the electro-
catalysis. The optimal K11.2%-Cu,Se nanosheet array achieves a
70.3% FE and a partial current density of 35.8 mA cm > for
ethanol at —0.8 V in 0.1 M KHCO;, while remaining stable for

Table 2 Performance summary of recently reported copper selenide eCO,RR catalysts where partial current densities were not provided in the
literature they were calculated by multiplying the total current density with the Faradaic efficiency of the main product

Partial current

density
Preparation method Catalysts Electrolyte E (Vvs. RHE) (mA cm™?) Product and FE  Ref.
Solvothermal BiCuSeO superlattices 0.5 M KHCO; -0.9 18.7 HCOO (~93.4%) 88
Cu, ;8¢ [BMIM]PF (30 wt%)/ —2.1 V vs. Ag/Ag"  32.2 CH,OH (77.6%) 83
CH,CN/H,0 (5 wt%)
Se-defective CulnSe, 0.5 M KHCO; -0.7 112 CO (91%) 85
Nanostructured Cu,Se 0.3 M NaHCO; -1.3 NA HCOO (94.2%) 84
2D CuSe/g-C;N, 0.1 M KHCO, -1.2 ~8.4 CO (85.28%) 86
K11.2%-Cu,Se nanosheets 0.1 M KHCO;, -0.8 35.8 C,H;sOH (70.3%) 87
Cuy 5,V 1oS€ nanotubes 0.1 M KHCO, 0.8 207.9 C,H;OH (68.3%) 105
Cu;Se, nanosheet on Cu foam 0.1 M KHCO; -1.2 11.9 CO (>40%) 89
2D Cu,_,Se with numerous Se vacancies 0.5 M KHCO; -0.8 7.44 C,H;OH (68.1%) 106
Wet chemistry and  Cu, g,Se nanowires 0.1 M KHCO; -1.1 10.2 C,H, (55%) 64
annealing
N-CuSe 0.5 M KHCO;3 -1.1 25.8 HCOO™ (55.2%) 104
Electro-synthesis 3D CuSe nanocubes 1.0 M KHCO; or -1.3 10 NA 92

0.1 M [BMIM]PF,
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130 hours. With a FE of ethanol exceeding 50% in a wide potential
range from —0.6 to —1.2 V, this approach demonstrates the good
potential of these superlattices for real-world implementations.
This study presents a novel method to enhance CO,RR to ethanol
through alkali metal doping and offers a rational strategy for
designing catalysts with high product selectivity for multiple
proton-coupled electron transfer reactions. Sun et al.'®® developed
V-doped Cu,Se nanotubes for flow-cell CO,RR, efficiently produ-
cing ethanol. The introduction of V* jons into Cu,Se provides
diverse active sites, prevents Cu’ reduction, and facilitates differ-
ent CO intermediates’ adsorption, leading to ethanol formation,
as confirmed by in situ DRIFTS and DFT calculations. The
optimized Cu;,Vo105¢ nanotubes achieve a 68.3% FEcn on
and a —207.9 mA cm > partial current density for ethanol at
—0.8 V in 1 m KOH. Hao et al.*® presented self-supported CusSe,
featuring a hierarchical structure composed of nanosheet-
assembled fibers whose properties are modulated by anions. This
structure delivers a flexible and broad range of H,-to-CO
ratios (from 0.8 to 6.0) within an extensive potential window
and boasts an impressive turnover frequency (TOF) of 1303 h™'.
Wang et al.'% prepared 2D Cu,_,Se with numerous Se vacancies,
enhancing CO, to ethanol conversion activity and selectivity
during eCO,RR. The optimal Cu-Cu spacing in this ultra-thin

This journal is © the Owner Societies 2023

material, obtained by the presence of Se vacancies, promotes C-C
coupling, resulting in efficient ethanol production. Specifically,
Vge-Cu,_,Se, with a 2.51 A Cu-Cu distance, achieves a 68.1%
faradaic efficiency and 7.44 mA cm™ > partial current density for
ethanol in 0.5 M KHCO;, within a —0.4 to —1.6 V potential range.
In situ Fourier transform infrared spectroscopy and DFT calcula-
tions confirm that this spacing optimizes the Gibbs free energy for
both ethanol generation and formate formation steps.

Yang et al.®* emphasized that the copper selenide catalysts’
performance was strongly influenced by their size and mor-
phology, which could be fine-tuned using the volume ratio of
diethylenetriamine and water (VDETA/VH,0). They found that
the catalysts synthesized at a VDETA/VH,O ratio of 1/3 had the
smallest size, resulting in the highest current density and FE.
The Cu, ¢3Se(1/3) nanocatalysts achieved an exceptional current
density of 41.5 mA cm > and an FE of 77.6% at a potential of
—2.1 V versus Ag/Ag".

Since the first application of copper selenide in the electro-
catalytic carbon dioxide reduction in 2019, the field has seen
substantial progress. This advancement is highlighted by the
diversification of the reaction products that now include
methanol, formic acid, carbon monoxide (CO), and notably,
ethanol.?””'9>1% Additionally, there has been a remarkable

Phys. Chem. Chem. Phys., 2023, 25, 30785-30799 | 30795
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Fig. 9 Comparison of the CO, electroreduction performance of copper
chalcogenides in different reported state-of-art catalysts. The numbers
in the figure are the corresponding reference numbers. The symbols
reflect the main eCO,RR product of each catalyst, and the color its
fabrication method.

increase in electrical current efficiency, rising from 41 mA cm™>

to 207.9 mA cm™>. These improvements that are largely due to
the implementation of new defect engineering and doping
strategies will drive further research interest in this area.

5. Challenges and future directions

Among the family of copper chalcogenides, copper sulfide and
copper selenide have been extensively utilized for electroche-
mical CO, reduction while copper telluride has only been
employed for water splitting applications.'®”"*°® Copper tell-
uride, due to its distinct electronic structure and stability
compared to its predecessors, may bring more possibilities
for future eCO,RR research.

Despite significant progress in the application of copper
chalcogenide materials as efficient electro-catalysts for eCO,RR,
moving from products like CO, formate to methanol and C2+
products, and the transition from low to high current densities
up to 300 mA cm ™%, numerous challenges remain to be tackled.
These include the use of more rational design strategies for
increasing selectivity towards specific products and enhancing
the catalysts’ long-term stability under operational conditions.
Understanding the relationship between catalyst structure,
product selectivity, and long-term stability is crucial. In situ
and operando characterization techniques can contribute to the
understanding of structure-performance relationships and the
identification of active sites in these materials.

As the synthesis of catalysts typically does not involve a
unique synthetic method but multiple ones, it is vital to explore
and optimize synergistic effects that can be obtained by inte-
gration of various synthetic strategies. This can result in the
advancement of novel copper chalcogenide materials with
unique properties and improved eCO,RR performance.

30796 | Phys. Chem. Chem. Phys., 2023, 25, 30785-30799
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A major challenge in eCO,RR using copper chalcogenides is
achieving a high selectivity towards specific products such as
formate, CO or hydrocarbons. Subsequent investigations
should prioritize the development of strategies for tailoring
the electronic properties of copper chalcogenide materials
using elemental doping and adjusting their geometric proper-
ties through specific chemical synthesis methods, as these can
directly influence their catalytic activity and selectivity.

Another important point is the stability of copper chalco-
genide catalysts during long-term eCO,RR operation, which is
crucial for practical applications. Degradation, agglomeration,
and morphological changes can lead to performance deteriora-
tion over time. Addressing these stability issues requires the
development of novel catalyst architectures and protective stra-
tegies, such as encapsulating the catalysts in robust matrices or
engineering support materials to prevent degradation.

Optimizing the performance of copper chalcogenide materi-
als requires developing rational design strategies that can be
achieved by integrating advanced characterization techniques,
including in situ and operando methods, with computational
modeling to acquire understanding of active sites and reaction
mechanisms. Such an approach will enable the strategic devel-
opment of advanced copper chalcogenide materials with
enhanced eCO,RR performance.

For practical applications of copper chalcogenide catalysts
in large-scale eCO,RR, it is essential to address the challenges
associated with their scalability and environmental impact.
Future research should focus on developing cost-effective and
environmentally friendly synthetic methods, as well as evaluating
the life cycle and techno-economic aspects of these materials.

In conclusion, overcoming the challenges in enhancing the
selectivity and stability of copper chalcogenide materials will
require a combination of rational design strategies, advanced
characterization techniques, and the integration of various
synthetic methods. Addressing these challenges is crucial for
realizing the full potential of copper chalcogenides in CO,
electroreduction and contributing towards a sustainable future.
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