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Cu-based catalysts have emerged as critical components in photo-

and electrocatalysis, offering sustainable solutions for renewable energy and
environmental applications. The variable oxidation states of Cu enable diverse
catalytic pathways, and its abundance, low cost, and tunable properties have
positioned them at the forefront of catalytic innovation. This review provides a
comprehensive overview of Cu-based catalysts applied for sustainable energy
production and environmental remediation. The classification of copper-based
catalysts, including metallic copper, copper oxides, copper sulfides, copper
halide perovskites, copper-based metal-organic frameworks (MOFs), and
covalent organic frameworks (COFs), is discussed, highlighting their structural
and functional diversity. Various synthesis methods, such as wet chemical
approaches, electrochemical and photochemical routes, sputtering, and
thermal decomposition, are presented. The applications of copper-based cat-
alysts in key sustainable energy and environmental remediation processes are
explored, focusing on photo- and electrocatalysis. Specifically, CO, reduction,
water splitting, oxygen reduction, nitrogen fixation, pollutant degradation, and
organic synthesis are examined. The mechanisms underlying these processes
are analyzed, including the factors influencing their efficiency and selectivity.
These applications demonstrate their potential for tackling dual global
challenges: diversifying the energy matrix and mitigating environmental
issues. By bridging fundamental insights, this review underscores Cu-based
catalysts as a cornerstone in advancing sustainable energy technologies.

1. Historical Introduction of Cu-
Based Catalysts

The global population is projected to reach
9.8 billion people by 2050, placing increas-
ing pressure on energy resources.'2l En-
ergy plays a critical role in sustaining hu-
man life and in developing economies.*!
From an ecological perspective, energy not
only maintains the intricacy of individual
humans but also supports the integrity and
cohesion of social groups, with require-
ments proportional to their complexity and
size.l*3] According to Our World in Data,
the global per capita energy consumption
increased by 65% between 1965 and 2023,
further emphasizing the need to produce
more energy for anthropogenic activities.!®]

1.1. Energy and Environment Crises

Energy sources are primarily classi-
fied as fossil fuels, nuclear energy, and
renewables.”] Renewable energy encom-
passes a variety of sources, including
solar, wind, biomass, geothermal, and
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hydropower, all of which contribute to environmentally sustain-
able progress.[®~11 These sources can meet energy demands with
minimal or no emissions of pollutants and greenhouse gases
(GHGs), offering a cleaner environment, environmental protec-
tion, economic benefits, and increased energy security.[® % 12131
Moreover, renewable sources are essential for powering remote
locations, such as mountainous or desert regions, and contribute
significantly to achieving goals outlined in international environ-
mental protection agreements.!1* 1]

The historical trajectory of global energy production has un-
dergone three pivotal transitions: from wood to coal, then to
petroleum, and currently towards renewable energy sources. The
impetus for renewable energy development intensified following
petroleum-related global crises, notably the oil shocks of 1973
and 1979, and the price surge in 1990, underscoring fossil fuel
dependence’s vulnerabilities.® Despite a 126% increase in re-
newable energy utilization from 1965 to 2023, renewables con-
stituted only 15% of the global energy matrix in 2023. Fossil fu-
els continue to dominate, accounting for over 81% of global pri-
mary energy consumption.['®] This persistent reliance accelerates
the depletion of finite resources and exacerbates environmen-
tal degradation. The combustion of fossil fuels emits pollutants
that are detrimental to human health and contributes substan-
tially to greenhouse gas emissions, thereby intensifying climate
change.[3 17-20]

Currently, anthropogenic activities are responsible for climate
change through the emission and accumulation GHGs in the at-
mosphere, such as carbon dioxide (CO,), methane (CH,), nitrous
oxide (N,0), hydrofluorocarbons, perfluorocarbons — fully fluo-
rinated compounds, especially perfluoromethane (CF,) and per-
fluoroethane (C,F), and sulfur hexafluoride (SF).[21=24] These
gases trap infrared radiation, disrupting Earth’s radiative bal-
ance and raising global temperatures.[?*] While the greenhouse
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effect is a natural process essential for maintaining Earth’s
temperature—driven by water vapor (30-70%), CO, (9-26%),
CH, (4-9%), and O; (3-7%)—its intensification due to human
activity has raised concerns since the 1960s, potentially trigger-
ing events like disruptions to the hydrological cycle.[2* 2]

CO,, one of the primary compounds of Earth’s core, crust, and
atmosphere, plays a vital role in biochemical processes such as
respiration and photosynthesis.[?* 2271 However, since the In-
dustrial Revolution, exponential population growth and reliance
on fossil fuels have disrupted the carbon cycle, leading to a sig-
nificant rise in atmospheric CO, levels.[?* 28291 I 2023, CO, ac-
counted for 74.9% of global GHG emissions, with per capita
CO, emissions increasing by 298% from 1900 to 2023, outpac-
ing population growth.3°=32] This has prompted transnational
governance to mitigate emissions, starting with the 1979 Geneva
climate conference, followed by protocols like the Kyoto Proto-
col (1997), the Doha Amendment (2012), and the Paris Agree-
ment (2016), which aim to limit global temperature increases
to 1.5-2 °C by 2100.03-3¢] The Intergovernmental Panel on Cli-
mate Change estimates that achieving the 1.5 °C target requires
a 45% reduction in GHG emissions by 2030 (from 2010 levels)
and net-zero emissions by 2050.7] However, current strategies
fall short, and global temperatures have already exceeded the
1.5 °C threshold in 2024, highlighting the urgency for innovative
solutions.*®]

Anthropogenic activities have also significantly affected global
water resources, a critical component for sustaining life.3%]
Emerging contaminants, a concept formally introduced by
Petrovi¢ et al. in 2003, pose significant risks to aquatic environ-
ments and human health due to their unregulated presence.[*? 411
Dyes, stand out as a significant issue due to their high stabil-
ity and difficulty removing them from aqueous environments.
These substances contain chromophores responsible for their
characteristic coloration, which gives them dyeing capabilities.
For this reason, they are widely used in textiles, cosmetics, plas-
tic, and various other industries.[*?] It is estimated that more
than 700 000 tons of dyes are consumed annually across mul-
tiple industries worldwide, with ~#10-15% of these dyes being
lost during processing and ultimately discharged into wastewa-
ter streams.[*’] These compounds reduce sunlight penetration,
disrupt photosynthesis, and exhibit mutagenic and carcinogenic
effects, threatening aquatic ecosystems and human health.[* 43
Pharmaceuticals, classified as micropollutants, further exacer-
bate water contamination, with long-term exposure posing risks
to aquatic life and humans.[*®] With water demand projected to
rise significantly by 2050, effective treatment solutions are ur-
gently needed, particularly as emerging pollutants threaten irri-
gation water quality and monitoring remains inadequate.[*’ 48]

1.2. Advances in Cu-Based Catalysts

Cu-based catalysts have emerged as versatile materials in photo-
and electrocatalysis, offering sustainable solutions for renewable
energy production and environmental remediation. The variable
oxidation states of transition metal Cu (e.g., Cu’, Cu*, Cu®**) en-
able diverse catalytic pathways, while its abundance, low cost, and
tunable properties position Cu-based catalysts as key players in
catalytic innovation.[*% 5l
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Figure 1. Trends in publications on photo- and electrocatalysis involving
Cu-based catalysts, based on Web of Science data using specified key-
words.

The significance of copper in the realm of catalysis has been
acknowledged for several decades. This recognition dates back to
the 1960s, with the development of a Cu-based catalyst capable
of producing methanol by thermal catalysis with CO, as the pri-
mary reactant. The process was patented by Imperial Chemical
Industries, and this period marked a turning point in the indus-
trial production of methanol, as the new catalyst demonstrated
superior efficiency compared with previously employed materials
composed of Cr and ZnO. This catalyst enabled methanol synthe-
sis under milder conditions, significantly advancing industrial
catalysis.[>1 =33

The application of Cu-based catalysts in photo- and elec-
trocatalysis also began in the 1960s. Specifically, in 1968, the
initial studies on photo- and electrocatalysis properties were
published.>* >3] Early research demonstrated Cu’s potential in
photocatalysis, such as its use in combination with TiO, for vari-
ous reactions, highlighting its role as a catalyst and co-reactant.!®)
Cu was also chosen considering its previously recognized effi-
cacy as an electrocatalytic metal in the electrochemical reduc-
tion of CO, to methane by Hori et al.’’~>°! Subsequent studies
explored Cu-loaded TiO, for photocatalytic applications, though
challenges like low efficiency persisted and the need for fur-
ther separation of gas products.[®”] The field gained significant
momentum in the 2010s, driven by works like Yang et al.’s
2010 study on Cu(I)/TiO,, which investigated the photocatalytic
mechanisms.[®! In this work, the pathway of photocatalytic trans-
formation involving CO, and water over Cu(I)/TiO, was ex-
plored utilizing in situ diffuse reflectance infrared Fourier trans-
form spectroscopy (DRIFTS) combined with isotopically labeled
13CO,. Their observation suggested that carbonaceous species re-
siding on the catalyst surface participated in reactions. This re-
search has provided a reliable basis for future studies and has
opened avenues for numerous additional inquiries. Figure 1 il-
lustrates the growing trend in publications on Cu-based photo-
and electrocatalysis, reflecting their expanding role in sustainable
technologies.

Cu-based catalysts are highly versatile, with applications span-
ning renewable energy production and environmental remedi-
ation. They are employed in processes such as water splitting
for hydrogen production, nitrogen fixation for ammonia syn-
thesis, pollutant degradation for water purification, organic syn-
thesis for value-added chemicals, and CO, reduction for fuel
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Figure 2. Schematic representation of examples of structural modifica-
tions employed in the literature to address the limitations of pristine ma-
terials.

generation. In this context, recent research has shown a trend
to explore combinations of Cu and other materials to improve
the selectivity of reaction products. This is partly due to the re-
sults of several studies highlighting the ability of Cu-based cat-
alysts to produce valuable hydrocarbons and alcohols through
CO, reduction.[®2=%4] However, there is a need to improve the
surface structure, morphology, and composition of the catalysts
to achieve optimal performance. Additionally, challenges such as
stability under reaction conditions remain, particularly for cop-
per oxides like Cu,O, which can undergo irreversible redox dis-
proportionation (Cu,0 — Cu + CuO) under light irradiation, re-
ducing their stability.[%5 6]

To address these limitations, strategies such as doping,
constructing heterostructures, and creating single atoms have
been developed.’ =71l For instance, Cu-based heterostruc-
tures with other metals or oxides enhance charge separa-
tion and stability, improving overall catalytic efficiency.l’2=7%
Figure 2 illustrates examples of structural modifications
that can be applied to copper-based catalysts to enhance
their performance in electrochemical or photocatalytic
applications.

While prior reviews have provided valuable, albeit often spe-
cialized, insights into Cu-based catalysis, focusing distinctly on
areas such as plasmon-enhanced photocatalysis,”®! the applica-
tion of specific nanostructures for pollutant degradation,/’”-78]
the development of earth-abundant oxide photocathodes solely
for photoelectrochemical water splitting,”?! electrocatalytic CO,
conversion pathways,!®] photoinduced deracemization,®!! ad-
vancements in copper sulfide materials,[®? or sustainable syn-
thesis strategies for nanomaterials,[®}] the present work compre-
hensively summarizes recent advancements in Cu-based cata-
lysts for sustainable energy production and environmental re-
mediation, focusing on their classification, synthesis, and ap-
plications in photo- and electrocatalysis. This review offers
a discussion of the diverse types of Cu-based catalysts, in-
cluding not only well-established materials like copper oxides
and sulfides but also emerging classes such as halide per-
ovskites, metal-organic frameworks (MOFs), and covalent or-
ganic frameworks (COFs). Furthermore, the review provides a de-
tailed overview of various synthesis methods, emphasizing how
these methods influence the structural and functional proper-
ties of Cu-based catalysts. By linking fundamental catalyst prop-
erties with their performance in key applications like CO, re-
duction, water splitting, nitrogen fixation, pollutant degrada-
tion, and organic synthesis, this review highlights the poten-
tial of Cu-based catalysts to address energy and environmental
challenges.

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

85UB017 SUOWIWOD SISO 3ol dde 8y Ag pauenob a1e sajo e YO ‘8sN JO S3|NJ oy ARIg 1T BUIIUO /8|1 UO (SUOTIPUOI-PUB-SLLIBIA0Y B 1M Ae1q 1 BUl |UO//:SANY) SUONIPUOD PUe SIS | 8L 89S *[5202/90/90] Lo Aeiqiauljuo 481 ‘elendedolBy esinbsad op el |seig esaidwiz - vd g NG Ad T0620S202 W JPe/200T OT/I0p/W0d A3 | 1m' ARelq1joul|uo peoueApe//sdy Wouy pepeojumoq ‘0 '820€9T9T


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

2. Classification of Cu-Based Catalysts

Cu, a 3d transition metal, exhibits diverse oxidation states (Cu®,
Cul*, Cu?*, and Cu’*) and unique chemical and physical prop-
erties. This versatility enables Cu-based materials to participate
in various catalytic reactions through one-electron (1e~) and two-
electron (2e7) transfer pathways, depending on their oxidation
states. Their structural and functional diversity makes Cu-based
catalysts suitable for various applications in photo and electro-
catalysis. Cu-based catalysts are typically classified based on their
composition and properties.

2.1. Metallic Cu

Coupling metals with semiconductors is an effective strategy to
achieve high performance. Precious metals such as Au, Ag, Pt,
and Pd are commonly used as cocatalysts but are limited by high
costs. As a cost-effective alternative, Cu® facilitates charge sepa-
ration and transfer and is a catalytic active center.

Although free-standing Cu® nanomaterials can function as cat-
alysts, they often face stability challenges. Cu® is more commonly
used as a cocatalyst due to its excellent electronic conductivity, en-
abling it to act as a reactive center by enriching electrons and fa-
cilitating reactions. Cu® also serves as a bridge between materials,
often deposited on a substrate to form a composite system where
the support stabilizes Cu® and promotes charge dispersion. Typi-
cal substrates include metal oxides (e.g., TiO,, ZnO, NiO), metal
sulfides (e.g., MoS,), carbon-based materials (e.g., graphene, and
carbon nanotubes), carbon nitrides, zeolites, and metal-organic
frameworks. The synthesis of Cu’-based materials relies on vari-
ous methods, including wet chemical approaches, electrochemi-
cal techniques, photochemical routes, and sputtering deposition.
These methods allow precise control over key parameters such as
particle size, morphology, and catalytic activity.

One of the most widely used methods for preparing Cu®
nanomaterials is wet chemical synthesis, wherein Cu?* is re-
duced to Cu® by using suitable reducing agents. Common Cu
precursors include CuCl,, Cu(SO,),, Cu(NO;),, Cu(OAc), and
CuCl(PPh,),, which are reduced by agents such as NaBH,, glu-
cose, ascorbic acid and hydrazine hydrate (N,H,-H,0).3=81The
size and morphology of Cu nanomaterials play a crucial role
in determining their optical properties and catalytic activities.
Various morphologies have been developed, such as nanotubes,
nanowires, nanosheets, and porous structures. Capping agents
like polyvinylpyrrolidone (PVP), poly(acrylic acid) (PAA), and oc-
tadecylamine are frequently employed to achieve precise control
over size and shape. For example, Wang et al.l®) prepared Cu
nanoparticles with controlled size and shape by reducing Cu?*
in an aqueous solution using hydrazine as the reduction agent
and PAA as the capping agent. They identified an optimal pH
range (9.2-10.5) for producing pure Cu nanoparticles with PAA.

Furthermore, the pH range for generating metallic Cu or cop-
per oxide varies across systems with different capping agents,
such as alkanethiols, PVP, and PAA. Their study also demon-
strated that the shape and diameter of Cu nanoparticles could
be enhanced by adjusting the concentration of PAA, with
cuboctahedral-shaped particles obtained at moderate PAA con-
centrations. Additionally, using sodium citrate and citric acid as
complexing agents further enables control over the morphol-
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ogy of Cu nanocrystals.?* 9!l For instance, Yokoyama et al.®!l re-
ported that the size of Cu nanoparticles synthesized at pH 13
was smaller than those produced at pH 11 and 12, using citric
acid as both a complexing and capping agent in an aqueous solu-
tion. Additionally, hydrophilic ionic liquids, such as 3-methyl-n-
butylimidazolium tetrafluoroborate (BMIm.BF,), have been em-
ployed as templates to control nanoparticle size and as stabilizing
agents during Cu nanoparticle synthesis.[?!

Beyond the standalone Cu nanoparticles, most Cu is deposited
and dispersed on substrates to achieve synergistically enhanced
photocatalytic properties. Semiconductor-like MOFs and COFs
are ideal supports due to their high porosity and extensive sur-
face areas. For example, Xiao et al.}l deposited Cu nanoparticles
on the surface and encapsulated them within UiO-66 using an
advanced double-solvent approach followed by a one-step reduc-
tion. They attributed the superior photocatalytic performance to a
combination of factors, including the plasmonic effects of the Cu
nanoparticles on UiO-66 and the formation of Schottky junctions
facilitated by Cu quantum dots encapsulated within the UiO-66
framework.

Electrochemical synthesis is a widely used method for pro-
ducing metal nanostructures, valued for its low cost, low-
temperature requirements, and simplicity of operation. In this
method, Cu?* ions are reduced to Cu® by applying a negative
bias. The morphology of the resulting Cu clusters and particles
can be controlled by adjusting parameters such as deposition
time, electrolyte concentration, and the use of capping agents.
Additionally, utilizing templates in the electrochemical process
provides a more precise means to control particle morphology.
For instance, Cu nanoparticles have been deposited onto TiO,
nanotube arrays using a pulsed electrochemical deposition tech-
nique, resulting in significantly enhanced hydrogen (H,) evolu-
tion performance across all Cu/TiO, nanotube arrays.[®*] Simi-
larly, Cu—Cu, O structures were electrodeposited onto the surface
of TiO, nanotube arrays at deposition potentials ranging from
—1.0 to —1.6 V, with Cu?* ions being reduced electrochemically
to Cu, 0, accompanied by the simultaneous formation of Cu® on
the top surface of the TiO, nanotubes.®>! A comparable configu-
ration has also been employed in Cu/Co;0, systems. Co,0, nan-
otubes were initially synthesized on a Co foil substrate, providing
a high specific surface area and an ideal platform for Cu nanopar-
ticle loading via a pulsed galvanostatic method.®!

Photochemical synthesis is another effective method for de-
positing Cu onto supports, assisted by light irradiation. In this
approach, a Cu precursor is dissolved in a solvent containing dis-
persed semiconductor particles, allowing Cu cations to adsorb
onto the surface of the semiconductor. Under illumination, pho-
togenerated electrons generated by the semiconductor reduce
Cu cations to Cu®, which is uniformly dispersed onto the semi-
conductor surface. To prevent oxidation of the Cu®, the reaction
is typically carried out in an inert gas atmosphere with oxida-
tive sacrificial agents such as methanol, ethanol, triethanolamine
(TEOA), or trimethylamine (TEA). For example, Kazuma et al.%’!
deposited Cu nanoparticles onto UV-irradiated TiO, in an aque-
ous solution containing ethanol and Cu(CH,COO),, with the
system deaerated by N, gas flow. Their synthesized ultrafine
Cu nanoparticles exhibited optical properties characteristic of
localized surface plasmon resonance (LSPR). Similarly, photo-
chemical deposition was utilized to prepare Cu nanodots in
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the Cu/TiO, @Ti, C, T, ternary photocatalytic system for efficient
H, evolution, where ethanol served as a sacrificial agent.®®
Methanol has also been employed as a sacrificial agent in the
preparation of Cu-loaded TiO, systems.[*°]

In some cases, Cu nanoparticles are synthesized in situ during
the photocatalytic reaction. For example, a Cu/carbon quantum
dots (CQDs) system was prepared via in-situ photoreduction dur-
ing an H, evolution reaction, where copper acetate was added as
the precursor for Cu deposition.['®! Under light irradiation, Cu
nanoparticles were generated and anchored on CQDs while the
H, evolution reaction proceeded. Photochemical synthesis and
photocatalytic activity have also been integrated into other sys-
tems. Zhang et al. developed a Cu/reduced graphene oxide (rGO)
nanosheet system via a similar photochemical approach.!**! Cao
et al. demonstrated a stepwise reduction process, converting
Cu?* to Cu,O and eventually to Cu nanoparticles in water with
TEOA or TEA as sacrificial agents. This achieved efficient H, evo-
lution with the in-situ generated Cu nanoparticles.!'%2!

Physical preparation methods, such as sputtering deposition
and molecular beam epitaxy, are direct and practical techniques
for synthesizing Cu nanoparticles, utilizing high-purity Cu as
the target material. The substrate and preparation conditions
significantly influence the morphology and orientation of the
Cu nanoparticles. Gleifner et al.'%] investigated the epitaxial
growth of Cu nanoparticles on ZnO single-crystal surfaces with
various orientations. Their study demonstrated that the morphol-
ogy and surface facets of the Cu nanoparticles could be precisely
tailored through epitaxial growth on ZnO substrates with specific
crystallographic orientations, such as ZnO(0001), ZnO(00071),
and ZnO(1014).

Cu nanoparticles can be synthesized by calcinating Cu pre-
cursors in a reducing atmosphere, such as H, gas.[!* By care-
fully adjusting the calcination conditions, it is possible to con-
trol the oxidation states of Cu and regulate the proportion of Cu’
within the system.1®] During calcination, Cu nanoparticles can
be formed and anchored onto bulk materials using a sequential
in situ exsolution (in H,) and redispersion (in N,) strategy, which
was applied to fabricate Cu-decorated LaFeO, photocatalysts.[1%]

Besides calcination, other methods such as thermal decom-
position of Cu precursors,'%”] pyrolysis, /1% microwave-assisted
method,['®! and sonochemical techniques are also effective for
preparing Cu nanomaterials. Each method offers unique ad-
vantages in controlling particle size, morphology, and catalytic
properties.

In addition to standalone Cu nanoparticles and Cu deposited
on substrates, Cu nanoparticles have also been utilized as in-
terfacial bridges to facilitate charge transfer. These systems
are typically prepared through multistep processes. For ex-
ample, Cu,0/Cu/AgBr/Ag photocatalyst was successfully pre-
pared through a two-step method involving a cation adsorption-
reduction mechanism to produce Cu,0/Cu, followed by photo-
assisted deposition.[''®] The Cu nanoparticles, positioned be-
tween Cu,O and AgBr, significantly enhanced charge transfer
across the interface, thereby improving photocatalytic pollutant
degradation performance. Similarly, Cu,O/Cu/TiO, was fabri-
cated by an impregnation-reduction method.'!] In this system,
the Ohmic heterojunction formed by the Cu® at the interface be-
tween Cu, O and TiO, nanotubes facilitated efficient charge trans-
fer, enhancing H, evolution activity.
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2.2. Cu-Based Oxides

Cu-based oxides, particularly Cu,0 and CuO, are among the
most extensively studied catalysts. These p-type semiconductors
possess direct narrow bandgaps (CuO: 1.3-1.7 eV; Cu,0: 1.9-2.2
eV)[112.113] that vary depending on the preparation methods and
conditions. They stand out for their low cost, low toxicity, and
facile synthesis, making them attractive materials for photocat-
alytic applications.

2.2.1. CuO

CuO adopts a monoclinic lattice structure, with its phase and
morphology highly tunable through various factors such as
shape-control agents, the type of Cu precursor, solvent, reac-
tion temperature, and reaction time.['** 5] CuO has been syn-
thesized in multiple morphologies, including nanowires, cubes,
nanosheets, and flower-like structures.['16-119]

Co-precipitation is an effective method for CuO preparation,
though it typically results in large particle sizes. For example,
Said et al.[1?] used co-precipitation to produce CuO with tunable
particle sizes and morphologies by adjusting the water-to-ethanol
ratio in the reaction medium. Rod-like CuO particles with an av-
erage size of 13 nm were synthesized in pure water, while spher-
ical particles around 7 nm were obtained in pure ethanol. In-
terestingly, CuO nanoparticles exhibited morphology-dependent
photocatalytic performance, with those synthesized in pure wa-
ter showing superior Congo red dye removal compared to those
prepared in ethanol.['?!l Hydrothermal and solvothermal meth-
ods are the most commonly employed approaches for CuO crys-
tallization, offering significant advantages in controlling particle
size (achieving a smaller sizer) and optimizing textural proper-
ties. For instance, 3D hierarchical cotton-candy-like CuO micro-
spheres, ~#1-3 pm in diameter, were synthesized via a solvother-
mal method using ethylene glycol, followed by calcination.['?2]
The authors identified that a Cu?*/urea ratio of 1:3, a reaction
temperature of 140 °C, and ethylene glycol were critical for form-
ing these microspheres. Aslanil'?] prepared CuO nanostructures
with diverse morphologies, including nanoparticles, nanorods,
and nanoclusters, with sizes ranging from 40 to 100 nm, by con-
trolling pH, temperature, and reaction time during the solvother-
mal process. Hong et al.l'?*l employed an alcohothermal route
to prepare CuO nanoparticles from copper acetate precursor.
The particle size was controlled to be between ~3 and 9 nm by
controlling the reaction temperature. In recent years, coupling
these techniques with sonoelectrochemical methods has been
proposed to increase yields in rapid approaches for CuO synthe-
sis, further expanding the toolkit for producing these versatile
oxides.['2!]

Pure CuO generally exhibits poor photocatalytic efficiency due
to rapid charge recombination. Various strategies have been de-
veloped to enhance its catalytic performance and address this
limitation, including metal doping, heterostructure construction,
and cocatalyst decoration. For instance, size-tunable CuO nan-
odots were successfully decorated on the surface of TiO, nanopar-
ticles functionalized with PAA. This functionalization facilitated
the selective precipitation of Cu(OH), onto the TiO, surface.'?!
Subsequently, Cu(OH), was dehydrated and transformed into
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CuO nanodots. Interestingly, during photocatalytic reactions un-
der UV irradiation with methanol as a hole scavenger, Cu?* was
reduced to Cu®, which acted as an efficient cocatalyst for water
splitting. Brito et al. employed a different approach to anchor
CuO onto TiO, nanotubes via dip coating, forming a p-n junc-
tion for photocatalytic water splitting applications.['?} Similarly,
a one-step hydrothermal method under pH 12 was used to dis-
perse CuO nanoparticles on ZnO nanorods uniformly.'?’] The
resultant ZnO/CuO heterojunction facilitated the separation of
photogenerated electron-hole pairs, significantly enhancing pho-
tocatalytic activity for methylene blue degradation.

2.2.2. Cu,0

Cu, 0O is one of the most promising candidates for photocatalytic
reactions under visible light, owing to its narrow bandgap and
unique properties. Its cubic lattice structure naturally facilitates
the formation of nanocube morphologies. Notably, the size and
exposed crystal planes of Cu,O significantly influence its photo-
catalytic performance due to variations in band positions. Con-
sequently, extensive research has been devoted to controlling the
exposure of specific Cu,O facets to optimize its catalytic activity.

Wet chemical synthesis is the most commonly employed
method for producing Cu,O. Surfactants, such as PVP,
cetyltrimethylammonium bromide, and sodium dodecyl sul-
fate, are crucial for controlling morphology. The Huang group
has conducted extensive research on Cu,O synthesis.[128-130]
Submicrometer-sized Cu,O crystals with various morphologies,
like cubic, truncated cubic, cuboctahedral, truncated octahedral,
octahedral, and short hexapod structures, have been prepared
(Figure 3a-h).'?8] In this study, Cu,0 was synthesized using
an aqueous solution containing CuCl,, NaOH, sodium dodecyl
sulfate (SDS) as a surfactant, and NH,OH-HCI as a reductant.
The morphology was primarily tuned by adjusting the volume
of NH,OH-HCI and the order of reagent addition. With slightly
different amounts of NH,OH-HCI, NaOH, and H, 0O, the pH of
the solution became basic at 10.6, forming extended hexapods.
Photocatalytic tests revealed significant activity differences be-
tween the morphologies, with octahedra and extended hexapods
demonstrating excellent photocatalytic performance.

Using electrodeposition, Cu-Cu,O core-shell structures with
cubic, cuboctahedral, and octahedral morphologies were also
successfully fabricated by controlling the CuSO,-5H,0 elec-
trolyte concentration.3!l Additionally, solvent selection played
a pivotal role in shaping Cu,O. For example, Cu,O nanosheets
were synthesized via a wet chemical approach. Initially, Cu
nanocolloids were formed through the disproportionation of
Cu', followed by the formation of Cu,O nanosheets in ethanol,
which served as both the oxidant and solvent.['*?) It was demon-
strated that the solvent helped limit the oxidized processes. Cu
nanospheres and nanocubes were obtained with water and ace-
tone as solvents, respectively.

Tunable Cu,O nanoparticles were achieved using mesoporous
silica supports.['33! In this study, silica-supported CuO nanopar-
ticles were prepared using an impregnation-drying-heating pro-
cess. By varying the Cu precursor concentration or the pore di-
ameter of silica supports, Cu,O nanoparticles with sizes ranging
from 2 to 15 nm were produced through the reduction of CuO in
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X Oxidation
Products

] Cu¥,g —>Cu?*,,,
l | ZnO+hv —>2ZnO+e+h* ‘
1 2Cu*, +2e+H,0—— Cu,0+2H*

Figure 3. SEM images for Cu,O nanocrystals with various morpholo-
gies: a) cubes, b) truncated cubes, c) cuboctahedra, d) type | trun-
cated octahedra, €) type Il truncated octahedra, f) octahedra, g) short
hexapods, h) extended hexapods. Scale bar: 1 um. i) Diagram for fabri-
cating Cu/Cu,O/CuO heterojunction. j) Schematic illustration of photo-
chemical deposition of Cu,O on ZnO nanorods. a-h) Reproduced with
permission.l'28] Copyright 2009, American Chemical Society. i) Repro-
duced with permission.[13¢] Copyright 2017, Elsevier. j) Reproduced with
permission.!'38] Copyright 2018, Elsevier.

CO. These nanoparticles exhibited high activity and stability for
photocatalytic H, evolution in a mixture of the same proportion
of water and methanol.

Uniform, high-quality Cu,O nanoparticles were synthesized
using a seed layer-assisted chemical bath deposition method./*3*]
This involved first depositing an ITO seed layer on glass slides
via RF magnetron sputtering, followed by the growth of Cu,O
nanoparticles on the seeded ITO layer using copper chloride as
the precursor.

Additionally, photodeposition is a widely used method for syn-
thesizing Cu,O. For instance, Zhai et al.'3%] employed this tech-
nique to load Cu, O onto TiO,, using CuSO, as the precursor. By
varying the irradiation time, they could tune the Cu,O content.
The Cu,O and Pt co-modified TiO, demonstrated significantly
enhanced photocatalytic activity for CO, reduction, yielding CH,
and CO.

Cu-based systems with mixed oxidation states are widely uti-
lized to establish heterojunctions that exhibit mixed narrow
band gaps for broad light absorption and efficient charge sepa-
ration. For example, a Cu’/Cu,0/CuO heterojunction was pre-
pared by calcining a Cu net in the air (Figure 3i).[1*¢] Addition-
ally, CuO/Cu,O/Cu nanoparticles were prepared using a sono-
chemical and thermal synthesis approach, with copper acetate
as the precursor.!'¥] The Cu,0/CuO heterojunction, coupled
with Cu® cocatalysts, generates synergistic effects that enhance
photogenerated charge separation and transfer, significantly

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

85UB017 SUOLULLIOD BAIRESID) 3|ced!jdde 8Ly A pauseAoh a1e SapILe WO ‘B8N JO S9N 10§ ARG 1T BUIIUO AB|IN UO (SUOIPUOD-PUB-SLLLBYWI0D A8 1M ARe.d]1BUUO//:SdIY) SUORIPUOD PUe SWL L 841 89S *[5202/90/90] U0 ARigi auliuo /8|1 etrensedo.By esinbsad ap elw|seid esaidwd - vd v NS Aq T0620SZ02 WiPe/Z00T 0T/I0p/Wo0" 3|1 AReid 1[pu1 U0 paoUeADe//SAIY WO1) papeoiumod ‘0 ‘820e9TIT


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

improving the photocatalytic activity measured through dye
degradation.

Standalone Cu, O typically exhibits limited photocatalytic per-
formance. However, its narrow bandgap makes it highly effective
for light absorption. Consequently, Cu,O is frequently utilized
as an efficient light-absorbing component in heterojunction sys-
tems with other semiconductors. For instance, Cu,O nanoparti-
cles have been anchored onto g-C;N, through a one-pot in situ
reduction method involving the calcination of melamine and Cu
precursor mixture at high temperatures.[3?! In this configura-
tion, Cu,O serves as a sensitizer for light absorption and forms
a Type II heterojunction with g-C;N,, significantly enhancing
H, evolution. Similarly, tunable Cu,O compositions have been
loaded onto carbon nitride nanotubes (CNN'T5) via a one-pot syn-
thesis method, with the composition adjusted by annealing un-
der different atmospheric conditions.'*] A Z-scheme hetero-
junction (Cu,O@CuO/CNNTs) was achieved through calcina-
tion in an H, /Ar atmosphere, whereas a Type II heterojunction
(CuO/CNNTI5) was formed in air.

Wide-bandgap ZnO has also been integrated with Cu,O to cre-
ate heterojunctions that improve light absorption and charge sep-
aration capabilities. For example, Cu,O nanoparticles were pho-
todeposited selectively at the tips of ZnO nanorods (Figure 3j).1*38
During this photochemical deposition, CuSO, was employed as
the Cu precursor, with water as the solvent, 5% methanol as the
sacrificial agent, and lactic acid as the stabilizer to prevent pre-
cipitation. This process resulted in constructing a ZnO/Cu,O p-
n heterostructure, which demonstrated enhanced CO, photore-
duction. In another study, Cu,O nanoparticles were decorated
onto vertically aligned ZnO nanorod arrays via electrodeposition,
leading to improved photocatalytic degradation of methyl orange
compared to pure ZnO or Cu,0.["*!] Wang et al.['*?] synthesized
a hybrid photocatalyst, CuO, @p-ZnO, using Cu-doped zeolitic
imidazolate framework-8 (ZIF-8) as the precursor. This material
showed the ability to photoreduce CO, to CH, and C,H,. No-
tably, during the initial reaction stage, a self-preactivation process
reduced surface Cu?* to Cu*, crucial for CO trapping and C-C
coupling to generate C,H,.

To further enhance the performance of Cu,0, Ag@Cu,O core-
shell nanoparticles were synthesized, where Cu,O shells were
grown on Ag nanoparticle cores via a wet chemical reduction
method. By controlling the thickness of the Cu,O shell, light ab-
sorption in the visible region was effectively tuned. It was ob-
served that under illumination, plasmonic energy transfer from
Ag to Cu,O facilitated charge separation, resulting in improved
photocatalytic performance for the degradation of methyl orange.

A significant challenge in applying Cu, O is its susceptibility to
photocorrosion, which leads to rapid deactivation. To address this
issue, Cu, 0 is often combined with other materials to facilitate
electron extraction from Cu,O. One practical approach involves
coupling Cu,O with rGO to improve its photocatalytic perfor-
mance and photostability.1*3 4] Tran et al.'** utilized an in situ
growth method to anchor Cu,O nanoparticles onto rGO, form-
ing a p-n junction that exhibited enhanced photocatalytic H, pro-
duction and improved stability. In a separate study, Mateo et al.
supported Cu,O nanoparticles on few-layer graphene through
the chemical reduction of Cu(NO,),."*] This system achieved re-
markable CO, methanation at 250 °C, with a CH,, production rate
of 14.93 mmol g~ (Cu,0) h™'. However, the Cu,O nanoparticles
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were reduced to metallic Cu during the catalytic reaction. It was
suggested in this work that the stability of it could be enhanced
by reoxidizing it or coating the Cu,O with a thin Au overlayer.
Additionally, noble metals such as Ag and Au deposited on the
surface of Cu,0 can act as electron sinks, enabling photogen-
erated holes to participate in surface reactions. This promotes
efficient electron-hole separation and enhances photocatalytic
efficiency.['*) Coupling CuO with rGO has also been explored to
improve photocatalytic activity. For instance, Gusain et al.l'*’] pre-
pared rGO-CuO and rGO-Cu,O systems using individual steps.
CuO was synthesized first via a wet chemical reaction and then
covalently grafted onto rGO nanosheets. rtGO/Cu,O was pre-
pared for comparison by hydrothermal reduction of rGO/CuO.
Under identical conditions, rGO-CuO exhibited superior photo-
catalytic activity compared to rGO-Cu, O, attributed to the slower
charge carrier recombination and efficient transfer of photogen-
erated electrons through the rGO framework in rGO-CuO.

2.2.3. Cu-Based Mixed-Metal Oxides

While Cu,O and CuO show promise for catalytic applications,
their band gaps restrict them to absorbing only a fraction of the
solar spectrum. To overcome this limitation, Cu-based mixed-
metal oxides, including ternary and quaternary oxides, have
been explored as alternative Cu-based photocatalysts. These com-
pounds consist of Cu in +1 or +2 oxidation states and other
metal elements, offering enhanced flexibility for tuning optical
and electronic properties.

Cu(I)-based oxides include a variety of compounds such as
copper vanadates (e.g., Cu;VO,, CuVO,), copper niobates (e.g.,
CuNbO;, CuNDb,0Oy, Cu,NbgO,,, CuNb,;05;), and copper tanta-
late (e.g., Cu,Ta,0,;, CuyTa,0,y, CusTa;;O4). Another impor-
tant group is copper(l) delafossites, with the general formula
CuMO,, where M is a metal cation in the +3 oxidation state, such
as Fe, Co, Cr, Rh, Al, Sc, In, or Ga. Cu(II)-based oxides include
copper(II) spinels with the general formula CuB,O, that have a
tetragonal unit cell where B is a trivalent metal cation (e.g., Al
Bi, Co, Cr, Fe, Ga, Mn). Additionally, copper(II) wolframites, with
monoclinic or triclinic unit cells and the general formula CuBO,
(B = Mn, W), are notable compounds. Other Cu(II)-based com-
pounds include copper niobates (e.g., Cu;Nb,Og, CuNb,O,) and
copper vanadates (e.g., CuV, 0O, Cu,V,0,, Cu,;V,0q, Cuy; Vi O,¢).

Cu-based quaternary oxides have been studied less but hold
potential. Examples include Ag,Cu,0,, Cu,BiVO,, CuBiW,Oq,
CuAlGaO, and Cu,BiVO,. Although there are indications that
the insertion of a second or third cation into the frame of
copper oxide frame can stabilize the compound from photo-
corrosion, there is still controversy on this aspect. Neverthe-
less, Cu-based ternary and quaternary oxides provide greater
flexibility in tuning band structures and optoelectronic prop-
erties compared to Cu,0 or CuO. These mixed-metal oxides
exhibit diverse structural features and bandgap values rang-
ing from ~1.2 to 3.1 eV, allowing coverage of the entire solar
spectrum through the creation of solid solutions or composite
systems.

A wide range of methods has been employed to synthe-
size Cu-based mixed-metal oxides, including solid-state synthe-
sis, solution combustion synthesis, hydrothermal/solvothermal
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methods, sol-gel processes, co-precipitation, electrodeposition,
spray pyrolysis, and chemical vapor deposition. The Maggard
group has conducted extensive research on the synthesis and ap-
plication of Cu(I)-based mixed-metal oxides, like CuNbO,,[148 1491
Cu, VO, Cu,Ta,0,;,[5! and CusTa;;0,,"% prepared by
solid-state method, and Cu,NbgO,; nanoparticles synthesized
through a solvothermal reaction between CuCl and Li; NbO,. Liu
et al. prepared CuFeO, microcrystals with a cubic size of around
1.47 um by hydrothermal method under 180 °C for 24 h. The
prepared CuFeO, microcrystals showed a multi-band spectral ab-
sorption feature, which showed good photocatalytic degradation
and purification activity.!'>3]

For Cu(Il)-based compounds, Wang et al. have prepared
nanoporous CuBi,0, by electrodeposition with subsequent an-
nealing method, with the film thickness tailored by varying
the deposition time.!'>*] Well-crystallized CuBi, O, nanoparticles
were obtained with optimized charge transfer properties for CO,
reduction by tuning the thickness of the CuBi,O, film. Further-
more, CuBi, O, film nanoporous was coated with a gradient TiO,
layer to regulate the activity and selectivity for CO, reduction,
with the thicker TiO, layer showing the highest CO, reduction
product yield and the thinner TiO, layer with the highest CO
selectivity.['] Deng et al. prepared Ag,Cu,0; nanowires via a
facile co-precipitation method. It was mentioned that Cu--Ag
Lewis acid-base dual sites on the {110} surface of Ag,Cu,O,
played a key role in the formation of the Ag---C=0---Cu interme-
diate for CO,-to-CH, conversion. Tian et al. prepared hydroxyl-
enriched CuFe,O, via a solvothermal method, with tetrahe-
dral Cu sites and adjacent bridging hydroxyls working as dual
Lewis acid sites.[1¢] Solution combustion synthesis is a common
method to prepare copper(11) spinels.[*>”] Li et al. applied a sol-gel
combustion method to synthesize CuFe,O, and coupled it with
g-C;N,.[1%8] A type-IT heterojunction was formed with a band gap
of 1.33 eV for CuFe,O,. The ultimate g-C;N,/CuFe,O, compos-
ite exhibited excellent photocatalytic performance for the degra-
dation of propranolol.

2.3. Cu-Based Sulfides
2.3.1. Cu-Based Binary Sulfides

Copper sulfides represent a significant class of photocatalysts due
to their versatility, low toxicity, and efficient light absorption prop-
erties. These materials encompass a range of phases from Cu-
rich to copper-deficient structures, denoted as Cu,S (1 < x < 2).
Their narrow bandgaps, ranging from 1.2 to 2.0 eV, enable ef-
ficient visible light absorption and excellent plasmonic behavior.
Generally, Cu, S comprises eight distinct compositions, including
covellite (CuS), yarrowite (Cu, ,S), spionkopite (Cu, ,,S), geerite
(Cu, 4S), anilite (Cu, ,5S), digenite (Cu, g,S), djurleite (Cu, oS),
and chalcocite (Cu,S). Due to the presence of Cu vacancies in
the lattice (1 < x < 2), Cu,S exhibits p-type semiconducting be-
havior. High-quality Cu, S nanoparticles are critical for photocat-
alytic applications, and various synthesis techniques have been
developed to achieve specific compositions and phases, includ-
ing hydro/solvothermal synthesis, wet chemical synthesis, spray
pyrolysis, ion exchange, co-precipitation, and chemical vapor
deposition.
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The bandgap values of Cu, S decrease with increasing Cu con-
tent, ranging from 2.0 eV for CuS to 1.2 eV for Cu,S. Therefore,
tailoring the Cu,S composition is an effective way to tune the
optoelectronic properties. Generally, the composition of Cu,S is
tuned by controlling the Cu:S molar ratio in the precursor.[19-164]
For example, copper sulfides Cu,S (x = 1.8, 1.84, 1.86, 1.90,
1.92, 1.94, and 1.96) were achieved by solid-state reaction,['®!] and
Cu, ¢; S and Cu, ¢; S nanocrystals were synthesized by varying the
Cu:S ratio during the hot injection process.['®) Further, Cuevas
etal. utilized a spray pyrolysis method to prepare Cu,S thin films,
with the Cu:S ratio jointly tuned by temperature and the precur-
sor ratio.[162]

Additionally, the Cu:S ratio in Cu,S can also be adjusted
post-synthesis while retaining the original size and shape of
the nanoparticles. For example, Xie et al.l'®l prepared Cu,,S
nanoplates using a heat-up procedure. The Cu:S ratio was then
gradually increased from 1.1:1 to 2:1 through a reaction with
{Cu(CH;CN),}PF, in a methanol/toluene mixture. The overall
reaction was Cu,;S + 2yCu(I) - Cu,,,,S + yCu(Il). This ap-
proach allowed the preparation of Cu,S with various composi-
tions while maintaining the nanocrystals’ morphology. Similarly,
Jiang et al.l'** prepared Cu, S, via a solvothermal method and fur-
ther obtained Cu, S, and CuS by adjusting the redox atmosphere,
using KBH, and SnCl,, respectively, to post-treat Cu,S.

Furthermore, other methods have also been employed to
fine-tune the Cu:S ratio in copper sulfide nanocrystals. For
instance, Cu,S nanocrystals with monodispersed sizes were
synthesized by sulfurizing Cu(Il)-alkyl-amine complexes using
dodecanethiol-solvated sulfur.'®3] The chemical composition of
the Cu,S nanocrystals was effectively tuned by varying the alkyl-
amine species used in the reaction. Interestingly, solvents also
play a crucial role in modulating the Cu:S ratio. Wang et al.l1]
prepared copper sulfides (CuS, Cu,S,, Cu,Ss) via a solvothermal
method, with stoichiometry controlled by adjusting the volume of
ethylene diamine. The solvent volume, along with reaction tem-
perature and time, significantly influenced the formation of var-
ious morphologies, such as the hexagonal snowflake-like Cu,S,.

The size and morphologies, such as nanosheets, nanopar-
ticles, nanowires, spheres, nanoplates, etc., can be precisely
controlled by adjusting reaction conditions. The hot injection
method is widely recognized for producing well-dispersed, small
crystals with uniform and well-defined morphologies.!1%7-16]
Cu, S nanodots (3-6 nm) and nanodisks were prepared via a one-
pot hot injection method.['”] The aspect ratio (up to 2.0), thick-
ness, and diameter of the nanodisks were tuned by varying reac-
tion parameters such as temperature, duration, surfactant con-
centrations (tri-n-octylphosphine oxide), and precursor concen-
trations (cuprous acetate (CuOAc) and dodecanethiol). Further-
more, Cu,S/CuS hetero-nanocrystals have also been prepared
through a one-step hot injection approach, leveraging in-situ
self-heterogenization.['7%! Specifically, Cu, S nanocrystals grew in
situ on the (101) and (102) facets of CuS nanocrystals. This
precise facet alignment facilitated efficient charge separation
and transfer, enhancing the hetero-nanocrystals’ photocatalytic
performance.

Kamazani et al.['’! prepared Cu,S, Cu,S/CuS, and CuS us-
ing co-precipitation and hydrothermal methods, exploring fac-
tors such as temperature, surfactant, solvent, concentration, Cu
precursor, and sulfide source. These parameters significantly
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influenced the morphology and particle size, resulting in diverse
nanostructures, including nanospheres, nanoflowers, nanorods,
and nanosheets. Moreover, microwaves have been frequently
used to assist and accelerate the nucleation and growth of cop-
per sulfides during the hydro/solvothermal process. For exem-
ple, Kim et al.l'7?] successfully obtained CuS nanoplatelets with
a diameter of 13.2 nm using this approach in air.

1D copper sulfide nanowires can be obtained using various
strategies, such as hydrothermal synthesis of Cu,S nanowires
on the Cu substrate by reacting sulfur powder with Cu foil,[!73]
Cu,S nanowires with diameters of 2-6 nm obtained from
polymerized Cu-thiolate by solventless thermolysis method,!'74
CuS nanowire grown on a Cu mesh through a liquid-solid
reaction,!’”] Cu,S nanowires by sulfuring the Cu nanowires
at various temperatures,!'’% {100}-oriented CuS nanowire from
electrodeposition,['’’l and CuS nanowires with 40-80 nm in
diameter prepared from Cu-dithiooxamide by hydrothermal
method.

Additional unique morphologies have been achieved through
tailored synthesis methods. For instance, CuS nanoflowers were
prepared via a polyol route, where ethylene glycol acted as a cap-
ping agent for the formation of nanoflowers.['7%] Similarly, rose-
like CuS microflowers were produced via a solvothermal process
in N,N-dimethylformamide (DMF), with the solvent’s low viscos-
ity playing a critical role in morphology formation.l'’”) Adding
PVP to the reaction medium led to the formation of CuS micro-
spheres and multiplates.

Chemical bath deposition has been used to fabricate Cu, S thin
films with varying phases, such as Cu,S, Cu, ;5S, Cu, ;,S, and
CusS, alongside morphologies including nanoplates, nanosheets,
nanospheres, and nanoflowers. The concentration of 1-cysteine
was a key parameter in controlling the morphology.[**"] Stam
et al. demonstrated that in situ converted Sn(IV)-thiolate com-
plexes from additive SnBr, could serve as a shape-directing agent
to control the size, shape, and crystal structure of Cu, S polyhedral
nanocrystals.['®] By varying the SnBr, concentration, hexagonal
bifrustums, bipyramids, and nanoplatelets with diverse aspect ra-
tios were achieved.

2.3.2. Cu-Based Multinary Sulfides

The structure, bandgap, and performance of binary copper sul-
fides depend heavily on their stoichiometry, morphology, and
size. Introducing additional elements into the Cu-S framework
to form Cu-based multinary sulfides with a wide variety of stoi-
chiometries offers enhanced flexibility for tuning electronic and
optical properties. This enables better performance tailored to
specific applications. It was reported that incorporating foreign
atoms into Cu-based systems is often valence-specific, and it is
incompatible with divalent cations.['®2] Instead, it is common to
incorporate trivalent and tetravalent cations into the structure to
form a compound. Examples of such incorporation include met-
als from the p-block (e.g., Al, Ga, In, Ge, Sn, Sb, Bi) and d-block
(e.g., Fe, Co, Ni, Zn). Consequently, a wide variety of Cu-based
ternary and quaternary sulfides have been identified, with appli-
cations spanning photocatalysis and other advanced fields.

In photocatalysis, ternary nanocrystals such as I-1II-VI, (e.g.,
CulnS,, CuGas,), I-IV-VI, (e.g., Cu,SnS;, Cu,;GeS;), [-V-VI
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(copper antimony sulphide, like CuSbS,, Cu,SbS,, Cu,SbS;,
Cuy,Sb,S;;; copper bismuth sulphide like Cu;BiS;, CuBi;S;,
Cu,Bi,S,) and I-IV-VI (copper tin sulphides like Cu,SnS;,
Cu,SnS,, Cu,SnS,, Cu,Sn,S;) have been widely studied. Addi-
tionally, quaternary systems such as I-II-III-VI (e.g., CuZnInS,
CuZnGasS), I-II-IV-VI (e.g., Cu,ZnSnS,, Cu,ZnGeS,), and I-
III-IV-VI (e.g., CulnSnS,, Cu;GaSnSs) expand the range of
Cu-based multinary sulfides.

Since the composition and size of Cu-based sulfides are closely
tied to their optoelectronic properties, considerable efforts have
been dedicated to the controllable synthesis of these multinary
sulfides. The synthetic methods significantly impact their mor-
phology, size, crystal phase, and composition. Factors such as pre-
cursor, capping agents, reaction temperature, and reaction dura-
tion play critical roles in achieving precise control of the Cu-based
multinary sulfides. Similar to binary Cu sulfides, synthesis meth-
ods such as hot injection, solvothermal/hydrothermal, electrode-
position, and spray pyrolysis have been extensively utilized for
their synthesis.

Ternary Cu-III-VI, nanocrystals, such as CulnS,, CuGaS$, and
CuSDbS,, are particularly popular semiconductors due to their
narrow band gaps. For example, CulnS, typically adopts a chal-
copyrite structure at room temperature, whereas wurtzite and
zinc blende phases become stable at higher temperatures. Pan
et al."8] synthesized nearly monodisperse Cu-In-S nanocrystals
with tunable Cu/In ratios, crystalline structures, and particle
sizes ranging from 2 to 30 nm via the hot-injection method. The
zinc blende and wurtzite structure were achieved by using a cap-
ping agent of oleic acid and dodecanethiol, respectively. The com-
monly used chalcopyrite-type CulnS, with diverse morphologies
have been prepared using various approaches, such as nanoparti-
cles by microwave heating process using sodium sulfide as a sul-
fur source in ethylene glycol,[**] monodisperse spherical hierar-
chical architectures by one-pot solvothermal route, ¥ thin films
by electrodeposition followed by sulfurization processes,!'®!
and 2D-3D hierarchical structure by soft-template-assisted hy-
drothermal synthesis.['¥’] Interestingly, cation exchange offers a
powerful strategy to gradually transform binary Cu, S into ternary
CulnS, and subsequently into quaternary CulnZnS. Akkerman
et al."®] demonstrated a three-step cation exchange process for
this transformation. Cu,S nanocrystals were first synthesized,
followed by the incorporation of In3+ to replace Cu+ by a cation
exchange process to form CulnS,. Then, a second cations ex-
change was carried out to introduce Zn?* to replace Cu* and In3*,
yielding CulnZnS$ nanocrystals.

The synthesis of stoichiometric Cu-based quaternary sulfides
presents significant challenges due to the tendency for secondary
phases, such as binary and ternary compounds, to form concur-
rently. Among these, Cu,ZnSnS, (CZTS) stands out as one of
the most extensively studied quaternary semiconductors, owing
to its high absorption coefficient (~10* cm™!), direct bandgap
(1.4-1.5 eV), and composition of non-toxic, cost-effective,
and earth-abundant elements. CZTS has been synthesized
using various methods, including hot injection, hydrother-
mal/solvothermal, sol-gel, and microwave techniques, resulting
in nanoparticles with diverse sizes and morphologies.

CZTS exhibits various crystal phases, primarily the tetrag-
onal kesterite-type and stannite-type structures, both derived
from a tetragonal zinc blende parent structure, as well as the
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hexagonal wurtzite-type structure. The kesterite and stannite
phases are thermodynamically more stable and are, therefore,
the most widely studied. Achieving a single-phase CZTS re-
quires meticulous control over reaction conditions, as factors like
solvents and ligands significantly influence the resulting crys-
tal phase. For instance, long-chain alkanethiols such as dode-
canethiol have been shown to promote the formation of wurtzite
CZTS by acting as both a sulfur source and a surfactant. CZTS
nanoparticles with a hexagonal wurtzite structure have been syn-
thesized using dodecanethiol and oleylamine as sulfur sources
and organic ligands.['®]

The more commonly studied kesterite-type CZTS has been
prepared using various methods. In 2009, Riha et al. synthe-
sized nearly monodisperse kesterite CZTS nanocrystals (12.8 +
1.8 nm) by injecting sulfur and metal precursor solutions in oley-
lamine into hot trioctylphosphine oxide at 300 °C.["%! With a
different hot-injection order, kesterite CZTS, Cu,CoSnS,, and
Cu,NiSnS, nanocrystals with an average diameter of 18.0 =+
5.0 nm were obtained by injecting the sulfur-oleyamine solu-
tions into the hot metal precursors solutions in oleyamine at
280 °C. These nanocrystals demonstrated excellent potential for
photocatalytic H, evolution."!l Kesterite Cu,MgSnS, nanopar-
ticles (14.7 + 3.8 nm) were synthesized using a similar hot-
injection method at 230 °C, where the sulfur precursor was in-
jected into hot metal precursors dissolved in oleylamine.['?] Via
a different method, Ansari et al. achieved uniform kesterite CZTS
nanoparticles (%7 nm) using a hydrothermal method with oleic
acid as a surfactant.!] In a different work, CZTS nanoparticles
(20-30 nm) were solvothermally prepared in ethylene glycol,
demonstrating a highly controllable size and morphology.!'**]

2.4. Cu-Based Halide Perovskites

Metal halide perovskites have emerged as a highly promising op-
toelectronic semiconductor. Various Cu-based halide perovskites
have been explored for advanced photocatalysis. Their attrac-
tive properties—such as high absorption coefficients, long car-
rier diffusion lengths, tunable bandgaps, and low-cost solution
processability—have driven intense research interest over the
past decade. Compared with traditional oxide photocatalysts, the
synthesis of Cu-based halide perovskites is relatively facile as the
preparation condition is mild and can mostly be conducted with a
high yield at room temperature with no calcination process. Dur-
ing the past decade, rapid progress has been made in develop-
ing synthesis methods, which include solid mechanical synthe-
sis, thermal injection, solution method, anti-solvent method, and
solvent evaporation method.

2.4.1. Solid Mechanical Synthesis

The solid mechanical synthesis strategy involves mixing precur-
sors and mechanically grinding them, which might be the most
rapid, simplest, and scalable method without largely using sol-
vents. The synthesis can proceed on laboratory and industrial
scales by well-mixing precursors with a stoichiometric ratio us-
ing mortar or ball milling. For example, Grandhi et al. grounded
CsI and Cul with a molar ratio of 3:2 and 1:2 for 5-10 min to
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synthesize composition-tunable Cs;Cu,I; and CsCu,l;, respec-
tively (Figure 4a). This method can be scaled up proportionally
to obtain scales of several hundred grams and exhibits sufficient
environmental stability.['%°]

To achieve more uniform mixing and automatical synthesis,
Xie et al. synthesized gray-white Cs;Cu,Cl; powder with good
thermal and photostability by ball milling CsCl and CuCl at a
speed of 1000 rpm for 30 min (Figure 4b).[1%] Updated from tradi-
tional ball milling methods, Zheng et al. reported a mechanical-
assisted sintering technique for the preparation of high-quality
perovskite.['”] Similarly, Ren et al. mixed precursor materials
and ball-milled them overnight at 100 °C to prepare Cs;Cu, X,
CsCu,X, (X = Cl, I), Cs;Cu,Clg, I, and Cs;Cu,Cls I, powders,
further improving the crystallinity and phase purity of the mate-
rials (Figure 4c).11%!

Although solid-state mechanical synthesis can be used to pre-
pare halide perovskites, the resulting products are often bulk ma-
terials with non-uniform dimensions. Furthermore, variations in
preparation conditions—such as raw material quality and me-
chanical processing parameters—can lead to significant fluctu-
ations in the performance of the synthesized halide perovskites.

2.4.2. Hot Injection Method

The hot injection method provides a more controlled route to
achieve uniform sizes and morphologies for preparing perovskite
nanoparticles and quantum dots (QDs). The controllable size and
morphology and high crystallinity can be attained by tuning the
synthesis conditions, such as temperature, reaction time, and
precursors. Moreover, long-chain organic ligands (aliphatic car-
boxylic acids and amines) are frequently used to alter reaction
kinetics, affect nucleation rates, and passivate surface defects of
nanocrystals (Figure 5a).'1 According to a recent study from
Le et al., different chain-length ligands can be used to control
the size and shape of Cs;Cu,Brs nanocrystals during thermal
injection. The short ligand (C,) induces irregularly shaped dis-
persed nanoparticles, the longer ligands (C, and C4) can form
smaller nanocubes and nanospheres, and the combination of
C,/C,y and C,/Cy ligands can form rectangular nanosheets and
nanospheres (Figure 5b).[2%)

Meanwhile, the injection temperature also has a significant
impact on the size and morphology of perovskite nanocrystals.
Cheng et al. found that, with the same proportion of precur-
sor added, the product can be controlled to be zero-dimensional
(0D) Cs;Cu, [ or one-dimensional (1D) CsCu,I; by adjusting the
temperature to 100 or 70 °C, respectively (Figure 5c).l°!l More-
over, the type of precursor also affects the crystal structure of
Cu-based halide perovskites. Gao et al. enhanced the thermal
injection method by introducing Inl; to the precursor solution.
While the In** ions did not incorporate into the Cs,Cu, I crys-
tal lattice, their presence led to a gradual decrease in the size of
the Cs;Cu, I nanocrystals. This modification prevented excessive
crystal growth, which can lead to the loss of colloidal stability in
the solvent (Figure 5d).[2%]

2.4.3. Solution Precipitation Method

Metal halide perovskites are prone to nucleation and growth
upon the precursors are dissolved in the solution. Their
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Elactric Field

Figure 4. a) Images of powder samples produced by grinding Cs (or Rb) halide and Cu halide at different molar ratios. b) Schematic illustration of
the synthetic process of Cs;Cu, |5 perovskite powder by using a planetary ball mill. c) The mechanism of synthesizing perovskite using Prototype FAST.
a) Reproduced with permission.l'®3] Copyright 2020, American Chemical Society. b,c) Reprint under the terms of the Creative Common Attribution

4.0 International License.[196: 198]

temperature-dependent solubility is leveraged to achieve super-
saturation, thereby inducing solute precipitation through meticu-
lous temperature control. For compounds exhibiting low solubil-
ity at room temperature, direct crystallization serves as a straight-
forward and efficient method for perovskite preparation. Notably,
certain metal halide perovskites display inverse solubility behav-
ior, where solubility decreases with increasing temperature. This
characteristic has been effectively utilized to grow high-quality
perovskite single crystals by cooling saturated solutions, facilitat-
ing controlled crystallization processes.

Aamir et al. dissolved CuCl, in HBr and added an equimolar
amount of CsBr, stirred for 1 h, and stored at room temperature
for 1 day to synthesize CsCuBr;. For substances with a high coef-
ficient of positive dissolution temperature, the solute can be dis-
solved at high temperatures.[?® Then, the solution temperature
gradually decreases during its growth process, allowing the crys-
tal to continue to grow and attach to the crystal nucleus, form-
ing large and high-quality CsCuBr; crystals. Yao et al. synthe-
sized high-quality Cs;Cu, I with an absolute photoluminescence
quantum yield PLQY of 97.76% using this cooling crystalliza-
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tion method (Figure 6a).?** Indeed, the hydrothermal method
is similar in principle to the cooling crystallization method. Its
critical condition creates a high-temperature and high-pressure
environment inside the reaction vessel by heating, completely
dissolving all the reactants, and then cooling down and crystalliz-
ing as the temperature decreases to produce the target product.
CsCu,I;, CsCuCl; and CsCuCl, Br; , have been synthesized via a
hydrothermal process (Figure 6b).205-207]

Although the halide perovskite grown by solution method has
accurate composition control, high crystal quality, and good re-
producibility, it requires a long growth cycle, high purity of raw
materials, high corrosiveness, and environmental impact.

2.4.4. Anti-Solvent Method

The anti-solvent method is particularly effective for the low-
temperature synthesis of metal halide perovskites. It allows for
the gradual crystallization of perovskite materials in solution
by introducing a miscible solvent that reduces their solubility.
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Figure 5. a) Schematic illustration of the synthetic process for cesium copper iodide with different OLA-I stoichiometric ratios through hot-injection
technique. b) Hot-injection synthesis of Cs,Cus;Brs nanocrystals using different chain-length ligands. c) Colloidal synthesis of cesium copper halide
nanocrystals under different temperatures. d) Schematic diagram of growth mechanism for the Inl;-assisted synthesis of Cs3Cu, |5 NCs. a) Reprint under
the terms of the Creative Common Attribution 4.0 International License.'] b) Reproduced with permission.[2%] Copyright 2021, American Chemical
Society. ) Reproduced with permission.[2°"] Copyright 2019, John Wiley and Sons. d) Reproduced with permission.[292] Copyright 2022, Elsevier.

Anti-solvent methods are generally classified into two main cat-
egories: the gradual crystallization steam-assisted method and
the rapid anti-solvent crystallization method. Jun et al. used
an anti-solvent steam-assisted crystallization method to prepare
Cs;Cu, I by adjusting and controlling the molar ratio of CsI and
Cul.[2%] First, CsI and Cul were dissolved in dimethyl sulfox-
ide (DMSO) and DMF under stirring at 60 °C. Then, methanol
(MeOH) was dropped into the solution until the precipitate was
no longer dissolved. The saturated solution was filtered and
placed in a sealed beaker filled with MeOH. After growing at 60
°C for 48 h, high-quality millimeter-sized crystals were obtained.
The anti-solvent vapor-assisted method achieves crystal growth
by controlling the solvent, dissolving the solute in a good sol-
vent with high solubility, and diffusing the poorly soluble and
volatile poor solvent into the good solvent through heating and
other methods, thereby reducing the solubility of the solute in the
mixed solution and gradually causing the solute to precipitate and
crystallize. On the basis of the anti-solvent steam-assisted crystal-
lization method, a rapid anti-solvent crystallization method has
been developed. By rapidly injecting the precursor solution into
the anti-solvent, crystals can be quickly obtained in a short pe-
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riod. Cs,CuBr, QDs are mainly obtained through this synthe-
sis method. For example, Dong used an improved anti-solvent
method to sonicate stoichiometric amounts of CsBr and CuBr,
in 20 mL DMSO, and then rapidly added the obtained precursor
solution to 500 ml IPA under vigorous stirring. Then, centrifuge
the solution at 3000 rpm for 3 min to remove large particles, and
centrifuge at 10 000 rpm for 5 min to obtain the final product
with the desired particle size.[2"]

The solvent evaporation method is another widely-used tech-
nique that relies on controlling solvent properties to achieve crys-
tal growth. This method involves dissolving the precursor so-
lution in an organic or acidic solvent at a concentration close
to saturation, and then slowly evaporating the solvent from the
porous container cover at a controllable speed, so that the con-
centration of the solution is always in a metastable supersatu-
rated state, providing continuous driving force for crystal growth.
Cs,Cu (Cl,Br, ), was prepared by Huang et al. using the solvent
evaporation method. First, CuX, and CsX (X = Cl, Br) were mixed
in a molar ratio to obtain a series of halide aqueous solutions.
Then, the solvent was slowly evaporated at 40 °C to obtain crys-
tals of different colors and sizes within about 10 days.[2!%]
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Figure 6. a) Schematic diagram of a device for Cs;Cuj,l5 crystal grown by solution method. b) Schematic diagram of the synthesis route of CsCuCl;
and CsCuCl,Br MCs. a) Reproduced with permission.[24l Copyright 2022, John Wiley and Sons. b) Reproduced with permission.[295] Copyright 2022,

American Chemical Society.

It should be noted that the solvent evaporation method is suit-
able for solutes with high solubility but low or even negative
temperature coefficients. Compared to the cooling crystalliza-
tion method for preparing single crystal samples, the constant
temperature solvent evaporation method is more convenient in
controlling growth conditions, but it requires maintaining high-
temperature stability.

2.5. MOFs and COFs

MOFs and COFs are classes of highly porous materials forming
two- or three-dimensional structures.?!!=213] MOFs are formed
by coordination bonding between metal nodes and organic
linkers,?* while COFs are formed by covalent bonding between
organic linkers.[%] The structures and properties of these frame-
works can be fine-tuned using different metal nodes and/or
organic linkers.[2!¢217] Pore size and physicochemical proper-
ties can be controlled by varying linker chain length,[?!8] in-
troducing functional groups,/?'! and using different symmetry
combinations. 2]

MOFs and COFs electronic structures are formed by molec-
ular and atomic orbitals, entirely dissimilar to the conventional
semiconductor photoactive materials. Thus, a typical mechanism
of MOFs and COFs photoexcitation can be described as a photo-
stimulated charge transfer mechanism(??!! (see Figure 7) rather
than the photogeneration of free charge carriers. It results in the
relatively short lifetime of the excited states and limited access to
the photoinduced active sites for the reagent molecules.

To enhance MOFs and COFs sensitivity toward visible light
and to create purposefully active sites, various modification
strategies have been proposed. For example, the introduction of
visible light sensitizers or the incorporation of visible light photo-
catalyst nanoparticles (nanoclusters) into the MOF structure (see
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Figure 8)[22%] or the creation of a single atom or single site catalyst
by incorporation of metal atoms or clusters into COF structure
(Figure 9).1223-225]

Another widely used strategy to enhance the overall photoac-
tivity of both MOFs and COFs is the formation of composites
and heterostructures with conventional semiconductors such as
metal oxides and g-C;N, to increase charge separation between
components. All mentioned strategies are applied for Cu-based
MOFs and Cu-containing COFs.[227-22]

In terms of coordination chemistry, copper ions in the biva-
lent state can be tetra- or hexacoordinated and able to form MOF
structures with different linkers. A comprehensive review of the

Metal-to-metal
charge transfer (MMCT)

Metal-to-ligand
charge transfer (MLCT)

Metal based emission

Ligand-to-metal
charge transfer (LMCT)

Figure 7. Schematic illustration of some possible photoinduced reaction
pathways in MOFs. Reproduced under the terms of the Creative Common
Attribution 4.0 International License.[?21]
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Figure 8. Scenarios of MOFs application as photoactive materials: 1)
MOFs photoexcitation, II) photosensitizer incorporation, Il1) host ma-
trix for the visible light photocatalyst nanoparticles. Reproduced with
permission.[226] Copyright 2016, American Chemical Society.

design of different types of Cu-based MOFs and their design is
given elsewhere.l?3% If the metal centers are unsaturated, copper
acts as a good catalyst for various catalytic reactions. HKUST-1 is
one of the most studied materials from the MOFs class based on
Cu. In particular, HKUST-1 is a promising material for catalytic
applications because the assembly of building blocks produces
secondary building units of petals-type containing open metal
sites acting as Lewis acid sites. Remarkably, HKUST-1 is deeply
blue-colored (Figure 10), and therefore, one can expect to observe
its catalytic activity under visible light irradiation. However, to the
best of our knowledge, there have been no reports about HKUST-
1 activity in solar fuel production yet.

At the same time, publications are demonstrating photochem-
ical activity in CO, reduction for other Cu-MOFs. Deng et al. re-
ported that Cu,;(BTC), could be conformally and uniformly de-
posited on Cu,O photocathode to form Cu,O/Cu,(BTC), het-
erostructure to enhance the efficiency and stability of Cu,O for
photocatalytic reduction of CO, to CO.[?3!l The photocatalytic CO
production rate at Cu,0/Cu,(BTC), electrode (16 pmol h™! at
—1.97 V) was four times higher than that on bare Cu,O photo-
cathode in organic solvent when using TBAPF6 (tetrabutylam-
monium hexafluorophosphate) as supporting electrolyte. In ad-
dition, the Cu,0/Cu,(BTC), photocathode showed better stability
than bare Cu,O under visible light irradiation, preventing rapid
photocorrosion of the Cu,O surface.

Albo and coworkers reported copper-based MOFs supported
on gas diffusion electrodes to accelerate the electrocatalytic
conversion of CO, to alcohols.[?*2] Four different synthesized
MOFs were formed: 1) HKUST- 1 MOF, [Cu,(m6-CyH;04);],,;
2) CuAdeAce MOF, [Cu,(m;-CsH,Ns),],; 3) CuDTA mesoporous
metal-organic aerogel, [Cu(m-C,H,N,S,)],; 4) CuZnDTA MOF,
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[Cu0,Zn,,(m-C,H,N,S,)],. These electrodes are characterized
by relatively large surface area, high availability of Cu catalytic
centers, and favorable electrocatalytic activity for CO, reduction
with efficient production of methanol and ethanol in the liquid
phase. The electrocatalytic reduction activity was carried outin an
electrochemical filter press cell under ambient conditions. Fara-
day efficiencies of the electrodes for CO, conversion were 15.9%
for HKUST-1, 1.2% for CuAdeAce, and 9.9% for CuZnDTA at
a current density of 10 mA cm™2. HKUST-1 and CuZnDTA-
based electrodes exhibited stable electrocatalytic performance for
17 and 12 h, respectively. This work provides insights into the
design of efficient electrocatalysts for CO, reduction, including
“paddle wheel” motifs that exhibit square-planar coordination ge-
ometries around Cu(II) centers and create open metal sites for
strong interaction with guest species through a porous frame-
work.

Wang et al. reported a realization of the Z-scheme mechanism
in the heterostructure consisting of Cu-based MOF photosen-
sitizer (PCN-224(Cu), which was prepared from CuTCPP and
ZrCl,) and TiO, nanoparticles (x% PCN-224(Cu)/TiO,, where x
is the weight percentage of TiO,) for the photocatalytic CO, pho-
toreduction to CO.[?*3] The excited electrons can be transferred
from the conduction band of TiO, to the interface between PCN-
224(Cu) and TiO, to recombine with the photogenerated holes
in the HOMO of PCN-224(Cu), preventing the recombination
of electrons and holes generated in PCN-224(Cu) and TiO,, re-
spectively. As a result, the photocatalytic CO, conversion rate of
15% PCN-224(Cu)/TiO, (37.21 umol h~'g™") in aqueous solution
without additional cocatalyst and sacrificial agent was 10 times
and 45.4 times higher than that of bare PCN-224(Cu) and TiO,,
respectively.

X. Han et al. synthesized a copper-based MOF (CUST-804)
using a bulky tetraphenylethylene-tetrazole linker and demon-
strated its photocatalytic activity for CO, reduction. CUST-804 ex-
hibits CO production activity up to 2.71 mmol g! h~! with a se-
lectivity of 82.8%.12**] Theoretical calculations demonstrated that
only the 5-coordinated Cu site is active for CO, reduction, in
which the *COOH intermediate is stabilized and CO is readily
desorbed.

More details about the application of Cu-based MOFs for CO,
reduction can be found elsewhere.[??”:228.20] Cy also behaves
as an active single-site catalyst being incorporated in different
COF structures.[?2> 235 W. Su and coauthors recently reported a
novel Cu-based covalent organic framework (CuN,O,-COF) with
Cu-N,0, single sites.[?*] In this study, CuN,0,-COF exhibited
superior CH, production efficiency in CO, reduction, with the
Faradaic efficiency of CH, formation as high as 85.4%. Theoret-
ical calculations indicated that compared with the Cu-N, or Cu-
O, sites in a typical single-site catalyst, the new Cu-N,O, config-
uration in CuN,0,-COF increased the d-band center of the Cu
sites and enhanced the adsorption of key intermediates (*COOH
and *CHO) required for CO, reduction to CH,.

M. Dong et al. reported the preparation of a metal-cluster-
based covalent organic framework (CuABD).[2*] The reported
yield of 1.3 mmol g=! h! for formic acid (HCOOH) under simu-
lated solar irradiation demonstrates a synergetic effect of Cu clus-
ter and COF combination due to an efficient charge transfer be-
tween diamine monomer and cyclic trinuclear copper (I) units,
and the electron delocalization of the z-conjugated framework.
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Figure 9. a) Schematic illustration of the main processes for solar-to-fuel conversion with COFs as single-site photocatalysts. b) energetic requirements
for the COFs applied to photocatalytic solar-to-fuel conversion and the equilibrium potentials vs NHE (pH 7) of the reduction and oxidation half-reactions.
SSC, single-site catalyst; SA, sacrificial agent; SEA, sacrificial electron acceptor; SED, sacrificial electron donor; CB, conduction band; VB, valence band.
Reprint under the terms of the Creative Common Attribution 4.0 International License.l?23]

Q. Zhao et al. reported a synthesis of a tandem electrocatalyst
consisting of Cu nanoclusters dispersed among the isolated Cu
single atoms in the COF network for CO, to CH,, conversion.?]
They proposed that CO, is first reduced to CO over the atomi-
cally isolated Cu single-atom sites, followed by diffusion onto the
neighboring Cu nanoclusters for further reduction into CH,.

Thus, summing up, we can conclude that the development of
Cu-based MOFs and Cu-incorporated COFs for CO, reduction is
currently in progress, and the major trends of the progress are the
creation of composite and heterostructured materials for MOFs
and the design of Cu single catalytic sites incorporated in COF
structures.

2.6. Cu as a Modifier of Other Structures

Besides Cu-based structures, there is a range of remarkable ma-
terials where Cu is a modifier of a given catalyst, i.e., as a dopant

Figure 10. Photography of Cu-based MOF HKUST-1.
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or single-atom. In both cases, Cu is frequently the active catalyst
site, which highlights its importance.

2.6.1. Cu-Doped Semiconductor

Doping has emerged as a pivotal technique in catalysis to address
the limitations of pristine catalysts, such as wide band gaps, rapid
recombination of photogenerated electron-hole pairs, and slow
surface reaction kinetics. Doping involves incorporating foreign
elements into the host semiconductor without altering its fun-
damental structure. Typically, dopant metals introduce impurity
levels, which modify the electronic and optical properties of the
host material by reducing the band gap and enhancing visible
light absorption. Moreover, dopants can serve as electron traps
to promote charge separation and create new active sites for cat-
alytic reactions.

Among the various metal dopants, including Pt, Ni, Co, Zn,
Mn, Cu, and Fe, Cu has gained prominence as an effective dopant
for catalytic applications. Cu doping in semiconductors, such as
TiO,, ZnO, and MOFs, introduces defect states that enhance light
absorption and charge separation, significantly improving cat-
alytic efficiency. There are various ways to dope Cu into the host
materials. Cu doping is typically achieved through one-step or in
situ methods, often integrated with the synthesis of the host ma-
terial. The synthesis technique significantly influences the dop-
ing process and the resulting material properties.

The sol-gel method is a widely used low-temperature tech-
nique for nanoparticle synthesis and is frequently employed to
prepare Cu-doped materials. For example, Cu-doped TiO, is com-
monly synthesized via the sol-gel process, where precursors
for TiO, and Cu are dissolved simultaneously in a solvent, fol-
lowed by calcination at optimal temperatures. Several studies
have adopted this approach to synthesize Cu-doped TiO,.[238-240]
It has been observed that the choice of Cu precursor influences
the crystalline phase of the resulting TiO, when preparing a Cu-
doped TiO, system.**!l By using copper chloride, brookite was
obtained in high concentrations.
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In contrast, copper sulfate with a 10 wt% concentration pre-
dominantly forms anatase as the primary phase. Another work
by Tseng et al. further highlighted the effect of Cu precursors on
the characteristics and photoactivity of Cu-doped TiO,.[2*2] The
work demonstrated that Cu-doped TiO, synthesized using cop-
per chloride exhibited better Cu dispersion and superior activity
in CO, photoreduction than that prepared with copper acetate.
The microwave-assisted sol-gel method has been utilized to pro-
duce Cu-doped TiO, co-doped with nitrogen (N).[2**] This method
offers advantages such as fast heating rates, consistent heating,
and shorter processing times, which reduce the required calci-
nation period. The resulting nanosized spherical anatase TiO,
exhibited enhanced photocatalytic performance for dye degrada-
tion. In addition to TiO,, the sol-gel method has been success-
fully applied to synthesize other Cu-doped systems, including
Cu-doped ZnO,?*4-24] Cu-doped ZnS,1?*-2#8] and other metal
oxides.[2# 2501

The hydrothermal or solvothermal methods are also a gen-
eral way to prepare Cu-doped materials. These techniques in-
volve chemical reactions conducted at elevated temperatures and
pressures in a sealed steel autoclave containing a specific sol-
vent. For instance, Cu?* was successfully incorporated into NH,—
MIL-125 using an in situ solvothermal approach. This doping
enhanced the electron density at the Cu active site due to the re-
constructed directional charge transfer within the Ti-O-Cu frame-
work, ultimately improving NH; production efficiency.®!] Simi-
larly, Cu** was doped into the core of the porphyrin ring in PCN-
224, forming metalloporphyrin-MOFs via a simple hydrother-
mal process.[??] The doped Cu?* effectively trapped photogener-
ated electrons and suppressed electron-hole recombination, lead-
ing to enhanced photocatalytic performance. Li et al. reported
the hydrothermal synthesis of Cu?"-doped SrTiO, ; nanosheets,
followed by an in situ reduction of partial Cu?* to Cu® under
an H, atmosphere.?>3] This process resulted in dual-functional
Cu (Cu’/Cu?*)-modified SrTiO; 5 nanosheets, exhibiting remark-
able photothermal catalytic performance for CO, reduction and
H, evolution.

In addition to the methods mentioned above, various other
techniques have been employed to uniformly dope Cu into the
host materials, including the precipitation method,!***l solid-state
reaction method, impregnation, spin coating, flame spray pyrol-
ysis, and ammonia-evaporation-induced synthetic method.[?>”]

Cu dopants can substitute specific atoms in a host material,
known as substitutional doping, or occupy interstitial positions,
depending on the system under investigation. For instance, in
halide perovskite systems, Feng et al. successfully doped Cu into
Cs, Bi, Br, hexagonal nanoplates using a one-step mechanochem-
ical synthesis approach. XRD, DFT calculations, and Raman
spectra confirmed that the Cu dopant occupied the Cs sites rather
than substituting Bi or residing in interstitial lattice positions.[25¢]
In contrast, in CsPbI;[%7] and CsPbBr;[»8] systems, Cu was
reported to replace Pb atoms. However, doping behavior can
vary significantly. For example, when Tailor et al.[?*°] attempted
to substitute Ag with Cu in double perovskite Cs,AgBiCl,
they found that Cu incorporated interstitially instead of
replacing Ag.

Additionally, while doping often does not alter the crystal struc-
ture of the host material, it can sometimes induce phase tran-
sitions in perovskites. Such phase changes can degrade mate-
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rial quality but, in some cases, lead to efficient composite struc-
tures for photocatalysis. For instance, Li et al.?**"! developed a Cu-
doped dual-phase CsPbBr;-Cs,PbBr, nanocomposite via an in-
situ transformation strategy. Initially, CsPbBr; was synthesized
using a hot-injection method. Subsequently, cupric acetylaceto-
nate, as a Cu source, was introduced into a 1-octadecene (1-ODE)
solution containing tri-n-octylphosphine oxide at 300 °C. The in-
corporation of Cu led to the formation of Cs,PbBr,, creating a
Cu-doped dual-phase CsPbBr;-Cs, PbBr, system. This composite
exhibited a 4.2-fold enhancement in photocatalytic CO, reduction
efficiency compared to pristine CsPbBr; nanoparticles.

While uniform doping of Cu into the host material through
the aforementioned methods has its advantages, it can some-
times lead to material instability or an increased rate of charge
recombination. To mitigate these challenges, many studies have
shifted their focus towards introducing Cu as a surface-active site
rather than as a bulk dopant. In such cases, a postsynthetic cation-
exchange reaction is often employed. This approach involves a
two-step process: the host material is first synthesized, followed
by a separate step to deposit Cu onto its surface. A common tech-
nique for this purpose is chemical bath deposition. For example,
Wang et al. deposited Cu onto the surface of BiOCl nanosheets,
creating an active site that enriched photogenerated electrons and
facilitated the reaction pathway by reducing the activation barrier
for CO, activation.[261]

Similarly, Arai et al. doped Cu onto the surface of ZnS via a
cation-exchange process driven by the difference in ionization
tendencies between copper and zinc ions.[?®?] The surface Cu-
doped ZnS exhibited significantly enhanced photocatalytic H,
evolution performance compared to bulk Cu-doped ZnS.

2.6.2. Cu Single-Atom

Single-atom catalysts (SACs), characterized by individual and iso-
lated metal atoms stabilized on suitable supports, have emerged
as a transformative innovation in catalysis. These catalysts offer
unparalleled metal atom efficiency and unique catalytic mech-
anisms compared to conventional catalysts. Specifically, SACs
maximize the number of active sites accessible to reactants and
intermediates, exhibiting high catalytic activity and selectivity
due to their unsaturated coordination environments and dis-
tinctive electronic structures. Moreover, their well-defined single-
atom active sites provide an ideal platform for further investigat-
ing reaction mechanisms. Single-atom catalysts with Cu as the
active center represent a cutting-edge advancement in photocatal-
ysis. Compared to traditional Cu-based catalysts, Cu SACs pos-
sess highly uniform active sites and well-defined geometric con-
figurations, enabling precise spatial interactions with substrates
and superior catalytic performance.

The synthesis of Cu SACs requires precise control to achieve
high atom density, robust stability, and the desired electronic
structure. Stabilization of Cu single atoms on supports can oc-
cur through various mechanisms, such as interaction with sur-
face atoms, substitution of surface atoms, or coordination with
organic bridging ligands, depending on the nature of the support.
The choice of support material plays a crucial role in stabilizing
Cu single atoms and significantly influences the loading method.
Various techniques are employed to load Cu SACs onto supports,
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Figure 11. Synthesis process of the Cu SAs/UiO-66-NH, photocatalyst. Reproduced with permission.[?67] Copyright 2020, American Chemical Society.

ensuring proper stabilization and maximizing their catalytic
potential.

Impregnation is a widely used method for loading Cu sin-
gle atoms onto semiconductors. Semiconductor surfaces typi-
cally feature abundant O*~/OH or S~/SH groups and vacancies,
which act as anchoring sites for Cu atoms. Cu atoms can directly
bond to surface O?~/OH or S~/SH ligands through impregna-
tion or occupy surface cation vacancies, enabling effective stabi-
lization. For example, Li et al. immobilized Cu SACs on the sur-
face of TiO, using an impregnation-calcination method, where
the single-atom Cu was coordinated with oxygen atoms.!>®*) The
Cu SACs provided additional electron-rich sites, facilitating the
co-photoactivation of N, and CO, and achieving remarkable per-
formance in urea photosynthesis.

In contrast, Lee et al.2**l employed a wrap-bake-peel method
to precisely control the Cu atom’s location within the Ti vacan-
cies. This process involved coating silica spheres with a sol-gel
layer of TiO,, adsorbing the Cu precursor, applying a silica over-
layer, baking at high temperatures, and finally etching away the
silica overlayer. The resultant Cu/TiO, with Cu atoms occupying
Ti vacancies demonstrated a reversible and cooperative photoac-
tivation process.

Recently, Huang et al.[?®] developed Cu-ZnS photocatalysts
containing dispersed Cu SAs synthesized via impregnation fol-
lowed by calcination. In this system, Cu SAs were coordinated
with sulfur atoms, forming Cu-S-Zn units. These units stabilized
the *COHCO intermediate and facilitated its coupling with *CO
to generate *COCOHCO, ultimately enhancing CH;CH,COOH
production. Additionally, impregnation has been utilized to con-
struct Cu/UiO-66 catalysts with Cu atoms anchored at defect
sites.[2°] In this study, UiO-66 was synthesized with one miss-
ing linker per Zr, cluster. The Cu atoms were subsequently an-
chored to the oxygen atoms of —OH/—OH, groups, terminat-
ing defect sites through impregnation, demonstrating a highly
effective approach to stabilizing single-atom Cu within a robust
framework.

Adv. Funct. Mater. 2025, 2502901 2502901 (17 of 53)

The photoinduced method is another widely utilized approach
for loading Cu SAs onto semiconductor surfaces. For instance,
Wang et al. developed UiO-66-NH,-supported Cu SACs using
this method.?*’! In their work, Cu species in solution were first
adsorbed onto the -NH, groups within UiO-66-NH,, followed
by anchoring under visible light irradiation, as illustrated in
Figure 11. This method effectively anchored Cu SACs, leverag-
ing light-driven processes to achieve strong binding on the MOF
support.

Intercalation is a cost-effective strategy to anchor Cu single
atoms onto photocatalysts with layered structures. Xiao et al.[268]
intercalated Cu single atoms into and between C;N, planes by
introducing chlorophyll sodium copper into a supramolecular
precursor, followed by controlled pyrolysis. The Cu atoms were
shown to coordinate with compositional N atoms (Cu-N,), form-
ing charge transfer channels that facilitated the separation and
transport of charge carriers, significantly enhancing photocat-
alytic performance.

Pyrolysis is considered one of the most efficient methods for
preparing Cu SACs. Duan et al.l?%! employed a one-step pyroly-
sis process to directly anchor single-atom Cu onto CN while gen-
erating N vacancies as dual active centers. Specifically, thiourea
and copper chloride were used as precursors, followed by high-
temperature pyrolysis at 550 °C. In addition to carbon-based ma-
terials, MOFs are extensively used as precursors in the pyrolysis
method for SACs due to their high porosity and tunable inter-
nal structures. For example, MIL-125 was utilized as a precursor,
with partial Ti atoms replaced by Cu during the hydrothermal
synthesis.[?’% Subsequent high-temperature pyrolysis resulted in
mesoporous TiO, with Cu SAs anchored on its surface, demon-
strating excellent catalytic performance.

In another interesting study, Da Silva et al.[?’!l synthesized a
crystalline carbon nitride, poly(heptazine imide) (PHI), through
the thermal treatment of melamine and NaCl, yielding Na-PHI.
For the sample preparation, an aqueous suspension of Na-PHI
and the metal chloride precursor (CuCl) were mixed. After the
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metal coordination, the material was washed. The XRD patterns
indicated that the cation exchange reactions do not considerably
change the structure of carbon nitride.

Cu-N-C Single-Atom: The dynamic structure of N-doped C-
supported metal SACs (M-N-C), particularly Cu-N-C single-
atomic catalysts, is a significant feature in electrochemical pro-
cesses, setting them apart from other catalysts.?”?] Cu-N-C
single-atomic catalysts have remarkably performed in various
electrochemical reactions, especially in CO, reduction. The pro-
cess of reconstruction of these catalysts during electrochemical
reactions is a critical aspect that affects their performance and
stability. However, there is still a gap in understanding how to as-
sess this dynamic stability during operational conditions./?72~274]

For instance, Bai et al. have studied the dynamic stability of
Cu—N,—C SAC during CO,RR using computation methods and
experimental applications.!?”?] They have reached a few conclu-
sions: 1) as the electrode potential becomes negative, the adsorp-
tion of hydrogen at the nitrogen sites intensifies; 2) hydrogen ad-
sorption serves as a crucial factor for the mobilization of copper
single atoms from the catalyst surface during electrolysis, proba-
bly diminishing the kinetic barrier to Cu mobilization; 3) follow-
ing the detachment of a subset of copper atoms, transient small
clusters are formed with adjacent copper atoms, which facilitate
the electroreduction of CO, to ethanol; 4) upon reaction comple-
tion or positive potential adjustment, the oxidation of Cu is signif-
icantly accelerated by hydroxyl radicals, followed by redeposition,
ultimately restoring the Cu clusters to their initial atomically dis-
persed state, thus completing the copper catalyst reconstruction
cycle.

This reconstruction’s reversible nature is particularly notewor-
thy. This dynamic behavior highlights the importance of evaluat-
ing catalyst stability under realistic reaction conditions.

3. Applications of Cu-Based Catalysts

Energy and environmental issues have long been among human-
ity’s most pressing challenges. Due to their excellent light ab-
sorption and catalytic properties, Cu-based catalysts have demon-
strated remarkable potential across various applications to ad-
dress these challenges. This section highlights the latest research
progress on Cu-based catalyst applications, such as CO, reduc-
tion, water splitting, N, fixation, and oxidation reactions, includ-
ing the degradation of organic pollutants and organic synthesis.

3.1. CO, Reduction

Several approaches are already available to mitigate the amount
of CO, in the atmosphere, such as carbon capture and storage
(CCS), electrochemical and thermochemical conversion, photo-
electrochemical processes, photocatalytic reduction, and biologi-
cal fixation.[?”> 2761 Although CCS is a well-studied approach with
recognized effectiveness, its challenges include the risk of leak-
age in geological deposits and the costs associated with compres-
sion and transportation.[?’””! Similarly, biological fixation of CO,
by microalgae, while promising, faces limitations related to en-
zyme production and regeneration.!?’8!

On the other hand, the catalytic conversion of CO, into CH,
and CO, using transition metals as catalysts, is seen as a promis-
ing and effective option in terms of technological applicability.
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The technique of CO, reduction employs a catalyst to convert
CO, and water into solar fuels and chemicals such as CH,, CO,
methanol (CH,;OH), formic acid (HCOOH), and formaldehyde.
It is desirable to foster these reactions to C,, products (e.g., ox-
alic acid, ethanol, etc.), where the CO, abatement would be more
efficient and, consequently, the potential for effective carbon se-
questration. The transformation of CO, into fuels and chemi-
cals offers an additional energy-storage strategy that can strate-
gically contribute to expanding the energy matrix.!?*279=281] In
conclusion, CO, catalytic reduction can solve two global prob-
lems: energy generation and decreasing CO, concentration in the
atmosphere.

Catalysis involving cascade CO, reduction reactions has also
begun to emerge. In this process, the product generated from
one catalytic step serves as the reactant for the subsequent step.
This approach integrates multiple catalytic steps within a single
reactor or system, enabling the sequential conversion of inter-
mediates This entire sequence occurs in either a spatially de-
fined arrangement within a catalytic material or a temporally con-
trolled manner within a reaction system, ultimately leading to
the conversion of CO, into more complex and valuable chem-
ical products.[?82-2%] This strategy draws inspiration from nat-
ural enzymatic cascades, where enzymes, either as individual
units or as multienzyme complexes, facilitate multistep trans-
formations with remarkable efficiency and selectivity. In enzy-
matic systems for methanol synthesis, CO, is reduced to formate,
then formaldehyde, and finally methanol, each step catalyzed by
specific enzymes.[27®]

Carbon monoxide (CO) is a crucial intermediate in many
CO2RR cascade reactions, particularly for multicarbon product
formation. The initial step often involves selective CO, reduc-
tion to CO on catalysts like Ag, Au, or modified copper. Subse-
quent steps involve CO adsorption and activation on a second
catalytic site, often copper, for C-C coupling to form C,, prod-
ucts. In-situ spectroscopic techniques and theorical calculations
are crucial for elucidating reaction mechanisms and identifying
transient intermediates.[?84 2861

Theaker et al. demonstrated a two-step electrochemical cas-
cade system using heterogeneous catalysts to convert CO, to
ethanol.?®3] In this system, CO, was first reduced to CO using
an Ag-nanocoral catalyst, and then CO was reduced to ethanol
using an oxide-derived Cu catalyst. The authors found that ex-
cluding CO, from the second-stage electrolyzer was critical for
maintaining appreciable ethanol selectivity. Despite the limited
conversion of the intermediate CO between cascade steps, the
system produced ethanol with a faradaic efficiency of 11.0% at
an average applied potential of —0.52 V vs RHE, demonstrating
the potential of cascade systems for electrochemical reduction of
CO, to liquid fuels.

Lian et al. developed a ternary composite material (CTU/CdS-
P25) for high-efficiency photocatalytic CO, reduction. The com-
posite was synthesized by inserting TiO, particles into CdS grains
to form CdS-P25 and then integrating this composite with a
mixed-ligand-based MOF, CuTCPPcUiO-66 (CTU). The result-
ing CTU/CdS-P25 composite showed broadened light absorp-
tion and enhanced delivery of photo-induced carriers, leading to
a CO production rate of 2.38 umol h~!, which is significantly
higher than that of UiO/CdS-P25 and CdS-P25. The authors pro-
posed a cascade electron transfer mode within the heterojunction
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structure, which suppresses the recombination of carriers and
enhances photocatalytic behavior.

Thus, despite significant progress, challenges remain in
achieving high selectivity, Faraday efficiency, and stability for de-
sired products while suppressing HER. Long-term catalyst stabil-
ity under industrial conditions needs improvement.

3.1.1. CO, Photoreduction

CO, stands as an exceptionally stable covalent molecule (C=0),
AH ~ 800 k] mol~') with a linear configuration and net dipole
moment of zero, presenting minimal opportunities for electron
transfers and chemical transformations.[?®”] Among the candi-
dates for converting CO,, heterogeneous photocatalysis in CO,
photoreduction emerges as a promising alternative, as high-
lighted in the literature, as it allows CO, to deviate from its
linear form, creating dipole moments and inducing chemical
reactivity.[287 288

The initial research on heterogeneous photocatalysis dates
back to Markham.[?®] However, with the studies conducted by
Fujishima and Honda,[?* this process gained greater promi-
nence, solidifying itself as a continuously evolving area of inter-
est. Due to its unique characteristics, heterogeneous photocatal-
ysis has found applications in various sectors, such as environ-
mental remediation of dyes,°!'2°2) pharmaceuticals,!?**2** and
pesticides.!?®> 2% Subsequently, it was realized that the mecha-
nism of photocatalysis could be employed in the photoreduction
of CO,, also known as artificial photosynthesis.[?7]

The first reported work on the photocatalytic reduction of CO,
into other products was conducted by Inoue et al.2%®! This study
utilized various semiconductors, including WO,;, TiO,, ZnO,
CdS, GaP, and SiC, with CO, photoreduction tests performed
in water. TiO,, ZnO, CdS, GaP, and SiC generated formic acid,
formaldehyde, and methyl alcohol. The authors observed that as
the negativity of the material’'s conduction band increased, more
methyl alcohol was produced.

In CO, photoreduction, the adsorption of CO, molecules plays
a crucial role in determining the selectivity of the formed prod-
ucts. Both adsorption and activation processes are critical for
product generation and suppressing competitive reactions. Typi-
cally, there are three initial pathways of CO, product formation,
as depicted in Figure 12a. Despite the linear structure of gaseous
CO, and its lack of a dipole moment, each oxygen atom within it
possesses a lone pair of electrons, capable of donation to surface
Lewis acid centers, illustrated in bend — I. Moreover, the carbon
atom gains electrons from Lewis base centers, such as oxide ions,
leading to the formation of a carbonate-like species, as depicted
in bend - II. Lastly, the CO, molecule can function as both an
electron donor and acceptor simultaneously, forming mixed co-
ordination products, illustrated in bend — III. This initial adsorp-
tion process tends to alter the linear geometry of CO, causing the
molecule to lose its linear symmetry, subsequently reducing the
reaction barrier.[?®] The redox potentials of different byproducts
were compiled in Table 1.3%!

CO, photoreduction reaction involves various steps, as de-
picted in Figure 12b. Initially, electrons are excited upon absorb-
ing photons with energy equal to or greater than the material’s
band gap, transitioning from the valence band (VB) to the con-
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Figure 12. Mechanism of CO, adsorption onto the semiconductor surface
(a) and photoreduction process (b). These schemes were composed of a
compilation of information from references.[303~306]

duction band (CB), forming a hole in the VB and an electron
in the CB (1). In the subsequent step, electron-hole pairs over-
come the Coulombic force, facilitating their separation and trans-
fer to the surface reaction sites. The recombination of electron-
hole pairs consistently occurs during the charge transfer process
within or on the catalyst’s surface, significantly constraining cat-
alytic activity (2).3°1 The final and pivotal step encompasses reac-
tants (CO, and H,0) adsorbed on the surface undergoing a redox
reaction with electrons and holes, forming various carbon-based

Table 1. CO, photoreduction into diverse products and the associated re-
dox potentials (vs NHE at pH 7).[300.30]

Product Reaction E® (V vs NHE)
Carbon monoxide CO, + 2H*+2e~ - CO +H,0 —-0.53
Formic acid CO,+2H*+2e~ — HCOOH —-0.61
Formaldehyde CO, + 4H*+4e” — HCHO+H,0 —0.48
Methanol CO, + 6H*+6e~ — CH;OH+H,0 —0.38
Methane CO, + 8H*+8e™ — CH,+2H,0 —-0.24
Acetaldehyde 2CO, + 10H*+10e” — CH;CHO+3H,0 —-0.36
Ethylene 2C0, + 12H*+12e~ — C,H,+4H,0 —0.34
Ethanol 2C0, + 12H*+12e~ — C,H;OH+3H,0 -033
Ethane 2CO, + 14H*+14e” — C,Hg+4H,0 -0.27
Oxygen H,0 — 1/20, + 2H*+2e” +0.81
Hydrogen 2H*+2e” - H, —-0.42
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Figure 13. Energy bands of various semiconductors, their reduction potentials, and specific reactions for the process. Observation: a-TiO, refers to the
anatase phase, while r-TiO, denotes the rutile phase. This diagram was composed of a compilation of information from references.[321-324]

products (3, 4, and 6). The reaction with water produces H,, ren-
dering water splitting a competitive process during photocatalytic
CO, reduction (3, 4, and 5).302I-

While photocatalytic CO, reduction stands as a promising al-
ternative to mitigate atmospheric CO, levels, some challenges
limit its application. For instance, water splitting emerges as a
competitive reaction in photocatalytic CO, reduction.3?] Typi-
cally, materials utilized in these processes exhibit a high band
gap energy in the UV spectrum, rapid charge-combination, low
affinity/adsorption for reactants, and photocorrosion.[**: 307 308]
Therefore, seeking the synthesis of materials to overcome these
challenges is essential for enhancing their photocatalytic perfor-
mance.

Numerous materials have been investigated for their potential
in CO, photoreduction. TiO, has been studied due to its stabil-
ity and bandgap properties,[*'! while g-C,N,,3!] Fe,0,,312] and
CdSB1] are notable for their absorption of visible light. ZnO,
characterized by its high surface area and the presence of sur-
face defects and oxygen vacancies, serves as an active site for
CO, activation!®'-3141 WO,, owing to its intermediate band gap,
significant oxidizing power of the valence band holes, and ro-
bust stability in both acidic and oxidative conditions, has also
garnered attention*!* MoS, stands out due to its unique layered
structure.316317] In contrast, Nb,Os, with its acidic surface, en-
hances selectivity.3®] Cu, O is favored for its low cost and earth
abundance,?'% 321 while CuO is recognized for its ability to re-
duce CO, to CH,.”% 151 The bandgaps of some of the listed ma-
terials are summarized in Figure 13.

In this context, Cu-based catalysts have received particular
attention due to their ability to convert CO, into hydrocarbon
and alcohol products. Heterostructures with copper oxides have
emerged as promising materials for CO, photoreduction due
to their ability to address the limitations of individual compo-
nents. Interestingly, Shreya Singh and collaborators modulated
the electronic and structural properties of the MoS, and Cu,O
heterostructure components. They studied the effect of work
function and morphology of the material for CO, photoreduc-
tion application.”?] Two types of MoS, were used: p-MoS, with
a higher work function and n-MoS, with a lower work function
and structural defects. Similarly, two types of Cu,O with slightly
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different work functions were employed based on their morphol-
ogy (cubic or cuboctahedron). The study confirmed the n-type
conductivity of n-MoS, and identified defects, sulfur deficien-
cies, and oxygen incorporation within its structure. Notably, the
choice of MoS, and Cu,O was strategic as each excelled in ei-
ther CO, reduction (Cu,0) or water oxidation (MoS,), but not
both. An efficient photocatalyst needs both functionalities. Ex-
periments confirmed the low CO, reduction activity of the in-
dividual components. However, all MoS,-Cu, O heterostructures
exhibited a 2-5 times increase in CH;OH yield compared to the
isolated catalysts. P-MoS,-based heterostructures displayed supe-
rior activity due to their Z-scheme charge transfer mechanism. In
this scheme, photogenerated electrons accumulated on the com-
ponent with a stronger reduction ability (Cu,0O), while holes ac-
cumulated on the component with a stronger oxidation ability
(MoS,). This contrasted with the type-II mode in n-MoS,-based
structures, where the charge distribution was reversed. The Z-
scheme effectively suppresses electron-hole recombination and
provides stronger redox abilities, leading to higher photoactiv-
ity. This finding highlighted the significance of work function in
governing charge transfer across the heterostructure interface.
Tailoring the work function through different synthesis methods
could further enhance photoactivity.

Furthermore, p-MoS,-Cu,O-c (with cubic Cu,O morphology)
demonstrated significantly improved activity compared to p-
MoS,-Cu,0-co (cuboctahedron Cu,O). This was attributed to
the stronger binding energy between {100} facets of Cu,O-c
and {002} facets of MoS,, as revealed by density functional
theory (DFT) calculations. Additionally, differences in electron
and hole effective masses obtained through DFT calculations
explained lower electron-hole recombination in p-MoS,-Cu,O-
¢, confirmed by electrochemical impedance spectroscopy (EIS)
measurements.!”3] Their results emphasized the crucial role of
work function and morphology in optimizing binding and charge
transport within heterostructures.

Hao and coworkers synthesized Z-scheme heterojunctions be-
tween Cu,O and WO, through post-hydrothermal treatment of
the aqueous solution containing metal precursors.[** The mo-
lar ratio of Cu was varied concerning WO,, ranging from 5 to
25%. In terms of structure, the hexagonal phase of WO, was
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identified, and in the samples containing copper, the (111) and
(200) planes related to Cu,O were observed. High-resolution
transmission electron microscopy (HRTEM) images unveiled the
embedding of Cu particles onto the surface of the WO, semi-
conductor within the nanocomposite, doped with Cu,0 in WO,,
aligning with the diffraction pattern of the nanocomposite. CO,
photoreduction tests were conducted in a gas-solid heteroge-
neous reaction mode with H,O gas, and the resulting gaseous
products, including O,, H,, CH and CO, were quantified. The
results showed that the materlal did not produce significant val-
ues for the sample without Cu (pure WO,). However, even at the
lowest proportion of 5% Cu, a substantial amount of CH, and
CO was observed, while the amounts of O, and H, were negli-
gible. Thus, the new material preferred CO, reduction over the
water-splitting reaction, a positive aspect given the challenges as-
sociated with this process. As noted by the authors, doping WO,
with Cu,O increased CO, adsorption and prevented charge re-
combination through the migration of photogenerated electrons.
The materials maintained a constant production rate over six cy-
cles, surpassing isolated oxides.[3"]

Nogueira et al.[3%¢] synthesized Nb,O,/CuO heterostructures
through the solvothermal method, incorporating commercial
Nb,O; power in the CuO synthesis and modifying the molar ra-
tio of CuO and Nb,Os between 2.5 and 10%. CO, photoreduc-
tion tests were conducted in water. Concerning morphology, the
orthorhombic phase of Nb,O; was identified. Due to the low
amount of CuO, only two main peals were discerned, namely
(=111) and (111). As discussed by the authors, a Z-scheme het-
erostructure was formed between the oxides, extending the life-
time of photo-generated charges. However, more importantly, the
selectivity of the byproducts and the heterojunction formation
increased the production of H;CCOOH in samples with lower
CuO content. This underscored the significance of CO formation
in generating longer hydrocarbons, indicating that CH; and CO
should be formed on the same surface. Regarding sample reuse,
at the 10% proportion, there was a decrease from the first to the
second cycle, yet the amount of CH, formed remained constant
in subsequent cycles.

Another interesting work by Lei Li et al. described an
innovative approach for constructing CuO/Cu,O S-scheme
heterostructures.>?’] The central characteristic of this design
was the interfacial Cu (II)-O-Cu(l) bridges, which were formed
through an in-situ topotactic transformation strategy. The au-
thors described that these interfacial bridges played a cru-
cial role in promoting both the separation of photogenerated
carriers and the activation of CO, molecules. The Cu (II)-O-
Cu(I) bridges acted as efficient channels for transferring elec-
trons from CuO to Cu,O, leading to improved charge separa-
tion. Additionally, these bridges modified the electronic struc-
ture of the Cu(I) sites, making them further favorable for
CO, adsorption and activation. As a result of these com-
bined effects, the CuO/Cu,O heterostructures exhibited an
enhanced CO, conversion rate of 22 umol g=' h™' with a
CO selectivity of 94%. This performance surpassed pristine
CuO nanosheets, Cu,O nanosheets, and Cu,0 nanocubes by
a wide margin. This work emphasized the potential of interfa-
cial engineering for creating advanced photocatalysts with su-
perior performance. The findings demonstrated the effective-
ness of the in-situ topotactic transformation strategy for con-
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structing well-defined interfaces with optimized electronic struc-
tures and their critical role in boosting CO, photoreduction
activity.3%]

Wei Wang and collaborators further demonstrated the feasi-
bility of modulating Cu oxidation states to enhance photocatalytic
CO, reduction.['*!] Their work introduced a novel CuOy @p-ZnO
hybrid catalyst derived from Cu-doped ZIF-8. In this configu-
ration, Cu primarily existed in its oxidized form (CuO). Poly-
crystalline ZnO (p-ZnO) was a semiconductor sensitizer, absorb-
ing light to generate electrons. These electrons were then trans-
ferred to Cu oxide, which acted as the active center for CO, re-
duction. Employing microwave-assisted thermal synthesis, the
researchers obtained a dodecahedral-shaped material. HRTEM
revealed lattice fringes corresponding to ZnO (100) and (101)
planes, as well as CuO (002) planes, confirming the formation of
an interface between the two components. Remarkably, this pho-
tocatalyst facilitated the generation of CH, and C,H, products,
exhibiting a selectivity of 32.9% for C,H,, a significant advance-
ment over pristine p-ZnO lacking Cu. Additionally, cycling mea-
surements demonstrated minimal activity loss (less than 10%)
over four cycles, indicating good material stability.!1*?]

In the study by Fang et al., the authors investigated the con-
tribution of TiO, crystal facets on the photocatalytic reduction
of CO, using CuOx/TiO, heterostructures.*?®! The CuOx/TiO,
photocatalyst was synthesized using TiO, nanocrystals predom-
inantly exposing different facets ({001}, {100}, and {101}) as
supports. The interaction of CuOx with TiO, was found to be
strongest in CuOx/ TiO, -{001} catalysts. The research demon-
strated that under light irradiation, supported CuO species on
TiO,-{001} were photoreduced to stable Cu,O species, which
benefited the photocatalytic CO, reduction to CH,. In contrast,
supported CuOx species on TiO,-{100} and TiO,-{101} were pho-
toreduced to Cu® species, which were less favorable for photo-
catalytic CO, reduction to CH,. Characterization methods were
utilized to investigate the catalysts’ physical and chemical prop-
erties and helped to understand the interactions between CuOx
and TiO, and their impact on photocatalytic performance. Pho-
tocatalytic activity measurements revealed that CuOx/TiO, cat-
alysts exhibited enhanced performance compared to bare TiO,
nanocrystals, with facet-dependent variations in activity. The
study also employed in situ DRIFTS to investigate the photo-
catalytic reaction mechanism, demonstrating that CO, reduction
to CH, occurred via bicarbonate and carboxyl intermediates on
all CuOx/TiO, catalysts. Additionally, CO, and formate interme-
diates contributed to the reaction mechanism on CuOx/ TiO, -
{100} and CuOx/ TiO, -{101} catalysts.[3?8

In another work, Liu and colleagues studied more complex ma-
terials by introducing a novel photocatalyst design, Cu-Pt/TiO,-
CuO, prepared through a two-step process.’??! The synthesis in-
volved the initial preparation of Cu,O/TiO,, followed by treat-
ment with a chloroplatinic acid solution. Light illumination
during this treatment led to the partial redissolution of Cu,O
nanoparticles on TiO, and their subsequent redeposition along-
side elemental Pt. Simultaneously, the Cu,O was oxidized into
nanosized CuO clusters. This process resulted in a final sur-
face decorated with bimetallic Cu-Pt clusters, with elemental Cu
situated on the exterior, encapsulating the Cu-Pt complex. The
studied Cu-Pt/TiO,-CuO heterojunction demonstrated signifi-
cantly higher CO, reduction activity, producing CO as the main
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product at a rate ten times greater than Cu,0O/TiO, or Pt/TiO,.
Furthermore, the CuO surface modification enabled this mate-
rial to respond to CO, photoreduction under visible light irradi-
ation. This finding highlighted the potential of Cu-Pt/TiO,-CuO
as a visible-light-driven photocatalyst for CO, reduction.[?"!

This intriguing design utilized Cu in both its metallic and ox-
ide forms. While copper oxide is a well-established photocatalyst
in the literature, metallic Cu can also be employed as a cocatalyst,
leveraging its efficient charge transfer capabilities. Additionally,
metallic Cu can function as a plasmonic catalyst, exploiting the
generation of charges through the LSPR phenomenon.

In addition to using copper oxides in forming heterostruc-
tures, metallic Cu can be employed in this type of modification.
Thus, utilizing Cu as a cocatalyst in heterostructures is a com-
mon strategy for boosting its photocatalytic activity in CO, re-
duction reactions.!#? 33

In this context, TiO, stands out as one of the most employed
materials in photocatalytic processes due to its widely used struc-
ture in forming heterostructures.[292 319 Ag a result, it is com-
mon to come across heterostructures involving TiO, and Cu-
based catalysts. For example, Jinyan and collaborators developed
mesoporous TiO, with Cu particles anchored and applied it as
a photocatalyst for CO, conversion to CO and CH, under artifi-
cial sunlight irradiation.[**!] The TiO,-Cu nano aggregates with
varying concentrations of Cu (0 to 7.5%) were obtained through
solvothermal route. One of the advantages of this approach is the
fine control of the parameters and resulting morphology. Then,
SEM images showed TiO, and TiO,-Cu (5%) materials presented
similar morphology to aggregated spherical nanoparticles. The
elemental mapping of TiO,-Cu (5%) by EDX showed uniform
Ti, O, and Cu distribution. HRTEM measurements identified
the lattice fringes corresponding to both TiO, (101) and Cu
(111) planes, verifying the formation of a heterostructured cat-
alyst. The study reported that incorporating 5% Cu enhanced
CH, production by 220% during CO, photoreduction, which
was attributed to a more efficient charge separation and transfer
process.[331]

A study led by Torres and colleagues explored the material
interaction in TiO,/Cu heterostructure as a catalyst for CO,
photocatalysis.”! This study aimed to address the challenge of
the poor stability of Cu-based semiconductors in aqueous envi-
ronments, which is attributed to parallel oxidation reactions. The
synthesis process of the TiO,/Cu heterostructures involved the
immobilization of Cu nanoparticles on TiO, surfaces by reduc-
ing copper nitrate with sodium borohydride. The proportion of
Cu during the synthesis varied from 1 to 30%. Experimental re-
sults from CO, photoreduction reactions revealed that TiO,/Cu
catalysts demonstrated considerable stability, indicating the ben-
eficial impact of an adequately formed heterojunction on catalyst
activity. Experimental results from CO, photoreduction reactions
highlighted the role of the heterojunction formed between TiO,
and Cu in enhancing photocatalytic activity. The study pointed
out that Cu presence increases the catalytic efficiency and in-
fluences the selectivity towards different products, with a partic-
ular interest in forming C,, compounds with higher commer-
cial value. The work of Torres et al. demonstrated the impor-
tance of optimizing the Cu’-TiO, interface to improve both the
efficiency and stability of photocatalysts for CO, reduction, of-
fering insights into developing more sustainable and efficient
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methods for converting CO, into valuable carbon-based fuels and
chemicals.[””]

Huibin Ge et al. described the synthesis and application of
TiO, nanotubes with confined, highly dispersed Cu clusters for
the photocatalytic reduction of CO, and water to light olefins.33?!
The authors employed the atomic layer deposition (ALD) tech-
nique to achieve their goal. UV-vis diffuse reflectance spectra
showed that Cu (100)/TiO,-RO exhibited enhanced visible light
absorption compared to pure TiO, nanotubes and Cu (100)/TiO,.
This improved light absorption was attributed to the presence of
Cu species. The sample bandgap was calculated, revealing a de-
crease in the bandgap with the introduction of Cu oxide, indicat-
ing a modification of the TiO, and a redistribution of its electrical
charge. The photocatalytic activity and selectivity of the catalysts
were evaluated, and Cu (100)/TiO,-RO exhibited enhanced effi-
ciency, with the activity and selectivity being highly dependent on
temperature. At 150 °C, the catalyst achieved a maximum selec-
tivity of 60.4% for light olefins, primarily ethylene, with a gener-
ation rate of 1.52 pmol g=! h~!. However, a further rise in tem-
perature or light intensity resulted in a significant enhancement
in methane selectivity. The superior selectivity of this catalyst
towards light olefins arose from the optimized heterostructure.
This structure was characterized by well-dispersed Cu clusters
enriched with Cu(I) species on the surface. Additionally, the au-
thors mention that proper control of the CO, and active hydrogen
ratio at moderate temperatures and low light intensity facilitated
the achievement of high olefin selectivity.33?]

Another emerging approach in CO, photocatalysis research is
the utilization of plasmonic catalysts. These catalysts comprise
metal nanoparticles that exhibit LSPR upon irradiation with ap-
propriate light. This phenomenon leads to generating charge
carriers, driving the photocatalytic reaction.***] Among various
metals, Cu exhibits exceptional electrical conductivity, affordabil-
ity, and a strong LSPR effect. However, rapid charge carrier re-
combination on the Cu surface significantly hinders its pho-
tocatalytic activity. To address this limitation, researchers have
strategically introduced other elements into the structure to en-
hance charge separation. Haiwei Lai et al. investigated this phe-
nomenon using Cu@Co particles and proposed a photocatalytic
CO, reduction mechanism based on charge transfer from Cu to
Co atoms.?** Although the materials were not semiconductors,
this charge transfer mechanism aligned with the principles of
heterostructure formation. In this report, the Cu@Co bimetal-
lic catalyst was synthesized by hydrothermal reaction under mild
conditions (200 °C, 15h) using different Cu and Co molar ratios.
The research also compared the performance of other bimetal-
lic materials like CuNi, CuPb, CuPt, CuAu, and CuRu for CO,
reduction. Characterization techniques, including HRTEM im-
ages and EDS, confirmed the formation of an interface region
between Cu (111) and Co (101) planes and provided elemental
distribution mapping. Among the tested catalysts, Cu@Co, with
amolar ratio of 8.5:1.5, exhibited the highest efficiency. It attained
CO yields of 920.28 umol g=! h~! of CO and a selectivity of 98%
during a 12 h test. Notably, isolated Cu nanoparticles synthesized
under the same conditions produced less than 500 pmol g=! h~!
of CO, demonstrating an expressive drop in its activity within the
third hour of the experiment.333]

He et al. investigated Cu/ZnO heterojunctions as pho-
tocatalysts for CO, hydrogenation, demonstrating improved
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Figure 14. a) Comparison of photocatalytic product yields per hour of synthesized samples; The CO and CH, yields of CsCuCl; and CsCuCl,Br MCs.
b) Time-yield CO and/or CH, plots over Cs,CuBr, and CsPbBr; PQDs. c) Yield of CO and CH, over the prepared samples. d) Comparison of the
photocatalytic product yield and CH, selectivity of catalysts after 3 h of photoreaction under simulated sunlight of 100 mW cm~2. a) Reproduced
with permission.[20°] Copyright 2022, American Chemical Society. b) Reproduced with permission.[2%] Copyright 2022, American Chemical Society. c)
Reproduced with permission.l'®”] Copyright 2024, Elsevier. d) Reproduced with permission.[33¢] Copyright 2023, John Wiley and Sons.

performance and control over product selectivity by adjusting the
Cu/Zn molar ratio.?*] The photocatalyst was prepared using a
straightforward precipitation technique followed by calcination
in an argon environment containing 5% hydrogen. This cata-
lyst exhibited significantly enhanced CO, hydrogenation at 300
°C under light irradiation, achieving a 10.4-fold performance in-
crease compared to the dark reaction. This enhancement was at-
tributed to the synergistic effect of hot electrons generated within
the Cu nanoparticles through surface plasmon resonance and
photogenerated electrons from ZnO under light excitation. These
combined effects facilitate H, dissociation and CO, activation.
The study further revealed that the Cu/Zn molar ratio influenced
the selectivity of CO, reduction products. By adjusting this ratio,
the researchers achieved control over CO and CH, production
rates. Notably, a 1:1 Cu/Zn ratio yielded only CO at a rate of 300
pumol g~! h~1. Conversely, the sample with a 1:2 ratio solely pro-
duced CH, at a rate of 51.93 pmol g=! h~'. An intermediate ratio
of 1:3 resulted in the formation of both CO and CH,, with respec-
tive rates of 66 umol g=! h™! and 13 pmol g=! h=1.13%]

Although studies on photocatalytic CO, reduction over Cu-
based halide perovskites are still in their immature stage, it has al-
ready shown their great potential, attributed to the low toxicity of
Cu-based halide perovskites compared to Pb-based perovskites.
Figure 14 shows a few product yields for CO, photoreduction us-
ing Cu-based catalysts.

1D hexagonal CsCuCl; microcrystals were reported by Kuang
et al. Br doping reduces their bandgap and charge transfer kinet-
ics. Compared with bare CsCuCl,, the electron consumption rate
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of CsCuCl, Br increased by 1.4 times, and the CH, yield (15 umol
g71) and CO (5.61 umol g71) increased by 1.3 times and 2.0 times
after 3 h, respectively.l2] Later, 0D Cs,CuBr, QDs were synthe-
sized using an anti-solvent strategy by Dong et al. and employed
for solar photocatalytic CO, reduction, yielding close to 75 umol
g™! of CH, and 149 umol g~! of CO after 5 h. Their photocatalytic
performance surpassed CsPbBr; QDs prepared under identical
conditions, attributed to the microelectronic polarization effect
inherent in the Cs,CuBr, QDs.[2%!

To promote charge dispersion and improve photoactivity, a
coupled Cs,CuBr, @WO;-x catalyst was synthesized by Zhang
et al. using an anti-solvent method. The materials exhibited ex-
cellent CO, photoreduction performance, with an electron con-
sumption rate of up to 390 pumol g! h7!, three times supe-
rior to bare Cs,CuBr,. The enhanced performance stemmed
from precisely tuning the WO, , Fermi level through controlled
oxygen vacancy concentration. This optimization facilitated effi-
cient charge separation and directed electron transfer within the
Cs,CuBr, @WO,_, heterojunction.!'””] Loading metal ions is also
an efficient method for adjusting the bandgap width of perovskite
and improving CO, reduction performance. The CsCuCl;/Cu
heterojunction, developed by Zhao et al. using acid etching so-
lution reaction to in situ load Cu nanocrystals on the surface
of CsCuCl;, exhibited an electron consumption rate of about
59 pmol g=! h™1, nearly three times that of single CsCuCl,. It
also achieved a remarkable CH, selectivity of 92.7%, significantly
higher than CsCuCl; and most lead-free halide perovskites. This
enhancement was primarily attributed to the Cu nanocrystals,
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which effectively extract photoelectrons, improve charge separa-
tion efficiency, and improve CO, adsorption and activation.*3¢]

3.1.2. CO, (Photo)Electroreduction

Over the past years, numerous review articles have extensively
covered the application of Cu-based catalysts for the electrochem-
ical reduction of CO, (CO,RR), reflecting the dynamic progress
and widespread interest in this field. These reviews have pro-
vided comprehensive insights into Cu-based systems’ under-
lying mechanisms,?¥’] material designs,?*®! and performance
optimizations.[®* 3391 However, given the rapid pace of research,
it is crucial to highlight the latest developments to provide an
updated perspective. This section will focus on key articles pub-
lished within the last four years to summarize the most impactful
contributions and advancements in the design and application
of Cu-based catalysts for CO,RR. It covers electroreduction and
photoelectroreduction since the basic aspects of both processes
are the same, and they cannot be addressed separately.

Cu-based catalysts have been the focal point of research for
CO,RR due to their unparalleled ability to produce a variety of
valuable hydrocarbons and alcohols via multi-electron transfer
pathways.[®3] Despite their versatility, significant challenges, in-
cluding high overpotentials, poor selectivity, and catalyst deac-
tivation, have limited their practical application.3** Recent ad-
vancements have sought to optimize Cu catalysts’ structural and
electronic properties to overcome these barriers, yielding notable
improvements in performance metrics such as current density,
faradaic efficiency (FE), and long-term stability.[%* 3] Cu-based
catalysts for CO,RR can be broadly categorized into four major
classes: monometallic Cu, oxide-derived Cu (OD-Cu), bimetal-
lic Cu alloys, and Cu-based single-atom catalysts. Each class fea-
tures distinct material properties to address specific challenges
in CO,RR.

One prominent strategy involves nanostructuring Cu metallic
to expose specific facets and control particle size, directly influ-
encing the catalytic performance. Studies have demonstrated that
Cu(100) surfaces favor forming C,, products, such as ethylene,
due to enhanced C-C coupling, while Cu(111) surfaces are more
selective for methane generation. Zhang et al.?*?] described the
production of various Cu(100)-rich films, deposited in GDL sub-
strates, obtained by a designed deposition-etch-bombardment
process, allowing for the obtention and control of the Cu(100)
facet through the adjustment of the kinetic energy of the bom-
barding Cu atoms. Three different Cu® films were obtained by
adjusting the bombarding power and adding molecular O, dur-
ing bombardment. It was obtained from high electrochemically
active surface area electrodes, where the bombardment power di-
rectly correlated the exposure of the Cu(100) facet, with the HRS-
Cu sample obtaining higher contents of Cu(100). At the same
time, LRS-Cu formed mainly with the presence of the Cu(111)
facet. Electrochemical assays performed better for the HRS-Cu
sample, which could generate C,, products and CO from CO,
reduction at different applied potentials. It achieved a maximum
FE of 86.6% for C,, products, including 58.6% for ethylene. Ad-
ditionally, scaling up the electrode to a 25 cm? MEA system allows
the current to reach 12 A, achieving a single-pass yield of 13.2%
for C,, products.
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Oxide-derived Cu (OD-Cu) has emerged as an auspicious ma-
terial, retaining unique defect sites and grain boundaries that
stabilize intermediates during CO,RR. The presence of Cu(l)
species, either as surface oxides or at Cu(0)/Cu(I) interfaces, has
been shown to facilitate the formation of C,, products. In this
sense, Jiao et al.>*}] reported new insights into the effect of the
coordination number (CN) of Cu catalysts on the selectivity of
the obtained products of CO, reduction. The authors synthesized
a series of Cu catalysts by reducing CuO precursors via pulsed
electrolysis, cyclic voltammetry, and potentiostatic electrolysis,
respectively named Pul-Cu, Cyc-Cu, and Pot-Cu. Through the
quantitative fitting of the FT-EXAFS curves, it was shown that
the CN obtained for the samples was dependent on the reduction
process applied, changing from 12 to 6, respectively. The CO, re-
duction assays show an interesting correlation between the CN of
the Cu samples and the obtained reduction product, with the high
CN samples generating primarily C,, products, mainly ethylene
and ethanol, with the Pot-Cu sample obtaining a FE of 82.5% for
C,, products, with a current density of 514.3 mA.cm~2, while also
achieving no FE for CH,, at —1.27 V. On the contrary, the low CN
sample showed a higher predominance of CH, production, with
aFEqyy, = 56.7%, achieving a current density of 234.4 mA.cm =2 at
—1.87V, while also being able to generate C,, products, only with
a considerably lower FE of 16.7% (Figure 15). X-ray absorption
and Raman spectroscopy were employed in situ to investigate
*CO adsorption on Cu catalysts with different coordination num-
bers. The studies revealed distinct adsorption behaviors, influ-
encing the CO,RR pathway. Liu et al. designed and synthesized
oxygen-rich ultrathin CuO nanoplate arrays.>* These structures
were produced through a scalable anodic corrosion method and
self-evolve into Cu/Cu,O heterogeneous interfaces during elec-
trocatalysis. The optimized catalyst demonstrated a high ethylene
Faradaic efficiency (84.5%) and a total C,, product Faradaic effi-
ciency exceeding 80%, along with exceptional stability for ~55 h
in a flow cell. Mechanistic analyses revealed that the Cu/Cu,O
interfaces enhance the adsorption of key intermediates, such as
*OCCOH, reducing energy barriers for C—C coupling and pre-
serving structural integrity over extended reactions. The neutral
KCl electrolyte played a critical role by generating a high local pH
and suppressing hydrogen evolution, further improving selectiv-
ity and durability. Moreover, the catalyst achieved an ethylene en-
ergy efficiency of 27.6% at a current density of 200 mA cm=2 in
a membrane electrode assembly electrolyzer. These results high-
light the potential of Cu-based nanostructured catalysts and mild
electrolytic conditions to enable efficient and scalable CO, reduc-
tion for industrial applications. However, maintaining structural
stability during prolonged electrolysis (1000 h) remains challeng-
ing, as these defects can degrade under the reaction conditions.

Oxide-derived Cu-based catalysts have emerged as a promis-
ing approach to enhance chloride adsorption and enable effi-
cient electrocatalytic CO,RR under neutral pH conditions, of-
fering multiple advantages. Neutral electrolytes help minimize
energy and carbon losses associated with carbonate formation.
Still, these systems often suffer from limited multicarbon selec-
tivity and low reaction rates due to the sluggish kinetics of the
CO-CO coupling step. Yang et al.?*] published an article demon-
strating effective CO, reduction utilizing a neutral KCl electrolyte
while taking advantage of specific chloride adsorption in order to
mediate local CO intermediate coverage for an augmented CO
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Figure 15. Electrochemical CO,RR over different Cu electrodes. a,b) Product distribution over Pot-Cu (a) and Pul(3)-Cu (b) at different potentials. c)
Plot of FE¢,, (solid line) and FE¢y4 (dash line) vs potential. d) Plot of jc,, (solid line) and jcp4 (dash line) vs potential. e) Plot of j vs time over Pul(3)-Cu
at —1.87 V vs RHE (top) and Pot-Cu at —1.27 V vs RHE (bottom). f) Schematic representation of the different CO, reduction mechanisms of high CN
and low CN Cu samples. Reproduced with permission.[343] Copyright 2024, American Chemical Society.

dimerization kinetics. The authors obtained a dual-phase Cu cat-
alyst through the reduction of CuCl,.2H, O in ethylene glycol at
room temperature, with the addition of tannic acid, in order to
promote the chelation of Cu?* ions, halting the complete tran-
sition of Cu?* to Cu® during the reduction process, resulting in
the formation of a Cu-Cu(I) dual phase catalyst. By using this
approach, the Cu(I), mainly present in the catalyst as a copper
oxide matrix, can facilitate Cl~ adsorption, significantly improv-
ing the application of the KCI electrolyte, which was confirmed
through ion chromatography to be significantly adsorbed on the
amorphous copper oxide present in the catalyst. The improved
Cl~ adsorption originated a more energetically favorable CO-CO
coupling, significantly augmenting the production of C,, prod-
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ucts in a neutral electrolyte, with the most optimal sample achiev-
ing a FE(,, of 81% in 3 m KCl, with a superior current density
of 400 mA cm™?, significantly higher than the crystalline and
amorphous Cu samples, respectively showing an F.E. of 41.4%
and 7.5% and current densities values of around 2.2 times lower
for the crystalline counterpart, and an insignificant value for the
amorphous sample, which yielded mainly CH, as the reduction
product. Furthermore, it was stable for 45 h at commercially rel-
evant current densities (300 mA cm™2), showcasing its potential
for industrial CO, electrolysis applications.

Several studies suggest that the enhanced activity of oxide-
derived catalysts in CO, reduction is closely associated with form-
ing oxygen vacancies during the reaction .>*6=3*] These oxygen
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vacancies would play a critical role in modifying the electronic
structure of the catalyst, improving its ability to adsorb and ac-
tivate key intermediates, such as *CO and *OCCOH. The pres-
ence of these defects facilitates electron transfer and lowers the
energy barriers for crucial reaction steps, such as C-C coupling,
ultimately leading to improved selectivity and efficiency in the
production of multicarbon products. Chen R. et al.>* reported a
new strategy of inducing Cu vacancy defects through a fast elec-
trochemical reconstruction process, resulting in an efficient re-
duction of CO, into C,, products with high selectivity (Figure 16).
Through the reconstruction of Cu(OH), nanowires, by in situ
electroreduction, the authors were able to obtain Cu nanowires
with high concentrations of triple-copper-vacancies, noted as
ViicoTich-Cu. Similarly, through the electroreduction of CuO
nanowires, the V; c,-poor-Cu sample was obtained. HAADF-
STEM analysis and positron annihilation lifetime were used to
confirm and identify the induced defects that resulted from the
electrochemical approach, clearly depicting, in the case of the
Viicotich-Cu catalyst, high quantities of vacancies of three ad-
jacent Cu atoms, while in the case of V,; ,,-poor-Cu, the vacancy
concentration observed was significantly lower. As a result, the
Vi.cu-Tich-Cu catalyst obtained a 1000 mA cm~2 current density
at —0.82 V, almost two times higher than what was observed for
the V,,; ¢, -poor-Cu. Additionally, the vacancy-rich material also
showed a partial current density of 754 mA cm™ for C,, prod-
ucts at —0.85 V with a FE,, = 80%, while the values observed
for the V, ¢,-poor-Cu sample at the same applied potential were
of 274 mA cm™ and a FE,, = 30%. DFT calculations and ATR-
SEIRAS were used to evaluate further the effects of the Cu vacan-
cies in the observed improvement over the V,; ,-rich-Cu catalyst.
It was found that the presence of the vacancies significantly in-
creased the CO, adsorption capabilities of the material, improv-
ing the reduction process. The defects were also responsible for
contributing to a more excellent stabilization of the adsorbed CO
and accelerated *CO dimerization, resulting in superior catalytic
capabilities for the V,; ,-rich-Cu catalyst.

Single-atom catalysts (SACs) have emerged as highly promis-
ing materials for catalyzing electrochemical CO, reduction (ECR)
owing to their exceptional atomic utilization efficiency. A break-
through inSAC technology has been the development of CuN,O,
active sites supported by carbon dots (Cu-CDs). These cata-
lysts were synthesized through a novel low-temperature partial-
carbonization method, preserving a unique coordination envi-
ronment of Cu with nitrogen and oxygen. The Cu-CDs exhibit
extraordinary selectivity, with more than 99% of CO,RR prod-
ucts being CH, over a wide potential range (—1.14 to —1.64 V
versus RHE) and a FE of 78% at —1.44 V with a current den-
sity of 40 mA cm~2. The catalysts also demonstrate a turnover
frequency of 2370 h™! and remarkable stability, retaining 96%
of the initial FE after 6 h of continuous operation. DFT calcu-
lations attribute these results to suppressed hydrogen evolution
reaction (HER) and optimized energy barriers for CH, produc-
tion intermediates.3>°) Despite the high selectivity achieved, this
work exhibits a low current density and stability, key parameters
for a practical application.

Another practical approach to improving the performance of
Cu-based catalysts is the formation of single-metal Cu-based al-
loys, which present tailored electronic structures and modified
surface adsorption properties, which facilitate optimized CO, ac-
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tivation and stabilization of key reaction intermediates, thereby
enhancing selectivity and efficiency for the formation of multicar-
bon products in electrochemical CO, reduction. Kim et al.,l*>!] re-
ported novel discoveries related to the application of cobaltions as
a trace-level dopant in a Cu-Benzene-1,4-dicarboxylic acid MOF
system, which showed promising results towards more efficient
CO, reduction into C,, compounds, applied with a neutral elec-
trolyte. The prepared Cu-MOFs were doped with concentrations
of Co ions from 0.2 to 5.0%. Through XPS and UPS analysis, it
was shown that the presence of Co atoms directly affected the d-
band center of the Co-doped materials, with a gradual shift to the
Fermi level, increasing in correlation with Co concentration. This
shift in the d-band directly correlates with the binding strength of
CO intermediates, making it so that the samples doped with con-
tents of Co of 1% and more had their partial current densities for
CO,RR considerably diminished due to a stronger binding affin-
ity to CO. On the other hand, the 0.2% doped sample showed
highly enhanced current densities for CO, reduction since the
low atomic contents of Co dopants were not sufficient enough to
affect the d-band center of the catalyst. Additionally, the authors
showed, through DFT calculations, that active Cu sites near CO-
poisoned Co sites can further hasten the conversion of CO, to
CO, enhancing the coverage of adsorbed intermediates that are
required for the formation of C,, products. The electrode with
0.2% doped was able to achieve a high yield of C,H, of 15.6% at
—1.07 V vs RHE, with a current density of 282 mA cm=2.

Zheng et al. also synthesized a single-atom Pb-alloyed Cu cata-
lyst using the sol-gel approach with remarkable performance for
CO, reduction to formate (HCOO™). A PbCu catalyst achieved
near-exclusive conversion of CO, to HCOO™ with Faradaic ef-
ficiencies exceeding 96% and high partial current densities of
~1000 mA cm~2 at —1.0 V vs RHE (Figure 17). The catalyst also
maintained a Faradaic efficiency above 90% across a broad po-
tential range (0.7 V to —1.0 V vs RHE). The PbCu catalyst ex-
hibited exceptional stability, with continuous operation at a par-
tial current density of —500 mA cm~2 maintaining an average
Faradaic efficiency of 90% over 20 hours in a flow reactor. Addi-
tionally, in a system designed for the direct production of pure
formic acid using a solid electrolyte, the catalyst sustained oper-
ation for 180 h at —3.45 V, producing a total of approximately
8 liters of a 0.1 m HCOOH solution while maintaining selec-
tivity above 85%. The enhanced activity and selectivity of PbCu
arise from the suppression of competitive reaction pathways,
such as the HER and C-C coupling. In situ spectroscopic stud-
ies revealed that the Pb atoms modify the electronic structure
of adjacent Cu sites, favoring the adsorption and stabilization
of HCOO* intermediates over COOH¥*. This selective pathway
minimizes side reactions, allowing the production of high-purity
formic acid solutions. Furthermore, theoretical calculations sup-
port these experimental findings, highlighting the reduced en-
ergy barriers for the HCOO* pathway on PbCu compared to
pure Cu.352!

Bimetallic catalysts have gained significant attention for the
electrochemical reduction of CO, due to their unique ability to
combine the properties of two metals, often resulting in syner-
gistic effects that enhance catalytic performance. Jiang et al.?%]
reported the application of tin and copper oxide nanotubes that
achieved a highly selective CO, electroreduction to formate by
the modulation of the oxidation state of the catalyst. The catalysts
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and Sons.

Ad. Funct. Mater. 2025, 2502901 2502901 (27 of 53) © 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

0€9T9T

ad’'o

\pe//sdny wouy

85U8017 SUOILLIOD A1 3|ced1jddle 8y Aq pauseAob a2 S9oiLe O ‘85N JO S9N 104 AR1d1T8UIIUO AB|IA UO (SUOIPUCO-PUB-SLLIBY WD A8 [IW ARed] U UIO//SANY) SUORIPUOD Pue SWis | 84} 885 *[5202/90/90] Uo Akiqiauljuo /B)im ‘etrensedo.By esinbsad ap el |seid eseidwis - vd Vg INT Aq T06205202 WiPe/Z00T 0T/I0p/L0D" A8 I Akeig 1pul L


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

www.afm-journal.de

-2 -11 -10 -09 -08 -07 -06

el o= ———— = ——————— - == |
l 120 |
H ~ H —-o— | 0

I ESico EERHcoo™ @lHy -e- v {-0.4 Pb,Cuin 0.5 M KHCO
00 1 3 I
100 - — N e P

| 2 ol Sl ™= -02F}

I e Bl s I
80 |- Tl 1 §& 041 |

I b o mo %

g T <= s I
g | 083 | < 06 !
| - i\ 2 H

N &1 5 o8l I
I 40 + q m L& -08
|
Ll i I
I I
| 5 e :
I I
|

a) E(V vs RHE)
___________________________________________ |
I = 0 -300 |
| l:l.:J ' [ CO T HCOOH [ H, -@- joon |
I x 09 Qﬁ’o

2 ¢ - s —— ——— —— — S 4 -250 |
I 218 }- 1
| A e i g ; 80 1| {-200 &
L S| g |
r ° o o ° °o © LA ® - ° o < | =
[ ° e o ° o e © o o | . 3 |
I 80 [( w 60 o /,Q“ 150 2 |
I & 6o H, | 3 I
| w r Continuous electrolysis at -500 mA cm™2 ® HCOO~ 4o0r yoq 17100 =
: 40 COselectivity <0.5% ’/ I
[ 20 + - =50
) e | e
( B 1 — —X— |
| 0 o é 4 6 8 10 2 14 16 18 20 22l 0 o S o o o s ¢ |
I c) - d P A S A S X
ime (h) | ) |
| I Cell current (mA) ;
., - T :
g % [ |

L 00 A gy gy e S S S sy RPN
I & 150 !
I 3~ F

>~ 1 1 1 | 1 1 1 1 I
I 100: |
| e © ° ° ® Y ° ° Y ® L] L ] Py e o ® o |
I sor I
I & 60t H, |
| E P Continuous production of pure HCOOH at -3.45 V ® HCOOH I
| I

20 -

' I
| 0 1 1 1 1 1 1 |
| 0 20 40 60 80 100 120 140 160 180

e) Time (h) I
U g a4V U ey U S a

Figure 17. a) FEs of all CO,RR products at different current densities and the corresponding j—V curve of Pb;Cu SAAs. b) Variation in the formate partial
current density against applied potential over Pb;Cu SAAs. c) Stability test at —500 mA cm~2 current density in a flow cell for over 20 h, indicating an

average formate FE of about 90%, estimated by NMR analysis. d,e) Direct
with a solid electrolyte. Reproduced with permission.3°2] Copyright 2021,

were obtained through electrospinning and thermal oxidation of
the Sn, Cu, and PVP precursors, with varying ratios of Sn and Cu,
that when annealed at 400 °C resulted in a composite nanotube
structure of a SnCu-Carbon nanotubes, denoted as SnCu-CNS.
FE-SEM and HR-TEM techniques confirmed that the obtained
materials possessed a 1D hollow nanotube structure, which could
allow for more exposed active sites that can greatly accelerate elec-
tron transfers in order to improve the formate selectivity in CO,
reduction. The obtained XPS spectra confirmed the additional ox-
idation states contained in the catalyst, with the SnCu-CNS pos-

Adv. Funct. Mater. 2025, 2502901 2502901 (28 of 53)

production of pure liquid fuel over Pb;Cu SAAs using a CO, reduction device
Springer Nature.

sessing split Sn peaks, related to the presence of Sn* with higher
binding energies than that of Sn**, and also a greater ratio of
Cu?*/Cu*. Compared to the individual tin or copper oxides, the
obtained SnCu-CNS showed greater selectivity toward the pro-
duction of formate from the CO, reduction process, with the
highest FEg ... obtained among the tested catalysts of 95.1% at
—0.9 V, with diminished CO and H, production. Comparatively,
the obtained Sn and Cu oxides obtained FE,, ... values of 70.8%
and 54.4% at the same applied potential. In an electrochemical
flow cell, SnCu-CNS can further deliver partial current densities
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Figure 18. Schematic illustration of a) the preparation of Cu-MOF-CF
and b) the main products of electrochemical CO,RR catalyzed by CF (left)
and tandem catalysis at Cu-MOF—CF (right) with the locally abundant CO
provided by Cu—MOF for the C,H, formation on CF (color scheme: Cu
element, blue; N, cyan; O, pink; C, gray; S, yellow; H, light gray). The FE
of CO, CHy, and C,H, catalyzed by c) CF, d) Cu-MOF-CF for CO,RR. d)
The FE and e) partial current densities of C,H, catalyzed by CF and Cu-
MOF-CF for CO,RR. Reproduced with permission.[*33] Copyright 2024,
American Chemical Society.

exceeding 200 mA cm~? and over 90% faradaic efficiencies for the
formate.

Tandem catalysis also represents a promising and efficient
strategy to overcome the challenges associated with CO, reduc-
tion. By combining distinct active sites tailored for specific re-
action pathways—such as CO, activation, intermediate stabiliza-
tion, and product formation-tandem catalysts can facilitate the
production of complex hydrocarbons and oxygenates that are
otherwise challenging to achieve.’>*! In this sense, Yan and co-
authors!*>! reported the synthesis of a tandem catalyst, com-
prised of a combination of Cu foil (CF) with a single-site Cu?*
MOFwith an enhanced chemical environment allowing for a
better selectivity for C,H,. The catalyst was obtained through
an in situ hydrothermal growth of the [Cu,(L,),(L,),(H,0),]
MOF, where L, = 1,3,5-tris(1-imidazolyl)benzene and L, =
4,4'-biphenyldicarboxylate, on top different commercial CFs
(Figure 18a). Structural analysis through PXRD showed an al-
most complete disappearance of the Cu(111) facet caused by the

Adv. Funct. Mater. 2025, 2502901 2502901 (29 of 53)

www.afm-journal.de

addition of the Cu-MOF, while at the same time, enhancing the
Cu(200) facets. This modification in itself was responsible for a
significant suppression of the production of CH, during CO, re-
duction, giving rise to the prevalence of C,H, produced. Because
of this the Cu-MOF-CF combined catalyst showed increased
C,H, selectivity, being the main product obtained throughout the
electrochemical experiments, with a FE,,;, of 48.6%, at —1.11
V, more than double that of single CF, with a FE,;;, of 22.4%,
at —1.16 V. Additionally, no CH, was obtained by the Cu-MOEF-
CF catalyst during the experiments (Figure 18b—f). Additionally,
DFT calculations showed that the CO formation mainly happens
through Cu-MOF over CF, due to a lower calculated free energy of
the first electron transfer. Cu-MOF also showed a more favorable
desorption energy of CO, indicating that the CO intermediates
could Dbe easily desorbed after the first electron transfer, allow-
ing for an improved migration of CO to the CF, where the C—C
coupling process could happen more favorably.

Chen et al.**] reported the obtention of novel copper metal-
organic polyhedrons (MOPs), with hastened C—C coupling ki-
netics, and with high selectivity towards C,H, production. The
authors have successfully obtained two different terpyridine and
carboxyl-based copper metal-organic cages, named respectively
Cu(I) and Cu(II). Structurally, the two cages differed in terms of
connectivity and the general availability of Cu sites, with Cu(l)
being coordinated to six nitrogen atoms, and having only one
Cu site, while Cu(II) was bonded to oxygen atoms along an axis
containing two available Cu sites. Moreover, structural charac-
terizations revealed that Cu(II) also possessed, along the whole
cuboctahedral structure, internal cavities with sufficient diame-
ters to facilitate the adsorption of CO, molecules, showing great
potential in stabilizing the adsorbed OCCO intermediates. These
structural advantages, along with the fact that Cu active sites were
present both internally and externally, lead to a lower energy bar-
rier required to induce the formation of *OCCO intermediates,
where DFT calculations showed that CO adsorption and further
dimerization caused an increase in the d-band center of the dou-
ble Cus sites, leading to an electron transfer from Cu to *CO, fur-
ther promoting C-C coupling reactions. With this, the Cu(II) cat-
alyst substantially outperformed both the obtained Cu(I) and Cu
nanoparticles throughout all the evaluated potentials, achieving
a FEq,yy, of 51% with a current density and turnover frequency
of 469.4 mA.cm~2 and 520 h™! respectively, while also being able
to efficiently suppress the H, evolution process, while also gen-
erating CO, CH,, ethanol, acetate, and formate in the process.

Table 2 compilates the electrochemical conditions applied for
the above-mentioned publications, showcasing the type of elec-
trochemical cell used, the electrolyte, and the main result ob-
tained. Despite notable advancements, several challenges still
need to be addressed. State-of-the-art systems frequently strug-
gle to maintain high selectivity and activity relevant to industrial
applications at current densities. Achieving partial current den-
sities for C,, products exceeding 500 mA cm~? with sustained
FEs above 80% remains a critical target. Furthermore, the long-
term operational stability of Cu-based catalysts, particularly those
with high-index facets or engineered oxidation states, is hindered
by structural and compositional degradation.’>”] Future research
should emphasize the rational design of Cu-based catalysts that
balance high activity, selectivity, and durability. Key strategies
include stabilizing high-performance facets, optimizing alloy
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Table 2. Performance of state-of-the-art Cu-based electrocatalysts for the CO,RR to hydrocarbons.

Catalyst FE (%) Product Partial current density [mA cm2] Electrochemical cell Refs.
Metallic Cu(100)-rich films 86.6 C,, products; 150 Membrane electrode assembly [342]
CuO nanoplate 84.5 C,, products 200 Flow cell [344]
Co-doped Cu,BDC, MOF 45 CH, 282 Flow cell 351]
Pot-Cu 82.5 C,, products; 514.3 Flow cell [343]
Cu-Cul 81 C,, products; 400 Flow cell [345]
Cu-Cul 71 C,, products 591 Flow cell [358]
Carboxyl-based Cu-MOP 51 C,Hy 469.4 Flow cell [356]
Single-Site Cu2* MOF 486 C,H, 10 H-cell 355]
Vyicu-rich-Cu 80 C,, products 754 Flow cell [349]
SnCu-CNS 95.1 HCOO~ 230 Flow cell [353]
Pb-alloyed Cu 90 HCOO- 500 Flow cell [352]

compositions, and engineering surface properties. Achieving
these goals will require advanced in situ characterization tech-
niques, such as operand spectroscopy and high-resolution mi-
croscopy, combined with density functional theory calculations
to establish design principles that guide the development of
next-generation catalysts capable of supporting large-scale CO,
utilization.

The photoelectrocatalysis technique represents a synergistic
combination between the photoexcitation of semiconductors and
electric conduction, integrating the applicability aspects of pho-
tocatalysis with enhanced charge separation kinetics. In this ap-
proach, the photocatalysts are usually applied as photoelectrodes
in an electrochemical cell. Upon sufficient irradiation of the cata-
lyst, the photoelectrocatalytic process is initiated, with the applied
material fostering the formation of electron-hole pairs. The appli-
cation of an external electric field then promotes the directed mi-
gration of photogenerated charges towards the electrode surface,
effectively suppressing charge recombination, by spatially sepa-
rating the photogenerated charges. If the photogenerated elec-
trons and holes are not quickly separated, they can recombine,
releasing energy as heat or light and thus becoming unavailable
for the desired reactions. Photoelectrocatalytic systems facilitate
carrier separation through overpotential adjustment and enable
rapid multi-electron and proton transfer, enhancing catalytic re-
action efficiency.l>*”!

This approach is particularly advantageous in CO, reduction,
where multiple electron and proton transfers are required to
form complex products. In CO, photoelectroreduction, the ap-
plied external bias plays a crucial role in overcoming the ther-
modynamic barrier for CO, reduction, effectively lowering the
overpotential required for the reaction to proceed compared to
photocatalytic processes. Furthermore, the applied bias can sig-
nificantly influence the charge transfer kinetics at the electrode-
electrolyte interface and also play a role in determining the se-
lectivity of the reaction towards different products. By control-
ling the magnitude of the applied voltage, the energy levels of the
catalyst surface and the adsorbed reaction intermediates can be
altered, which in turn can favor specific reaction pathways over
others, leading to the preferential formation of specific CO, re-
duction products.[>*!

As expected from its catalytical activity in photo and elec-
troreduction, Cu-based catalysts are also promising materials
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for the photoelectroreduction of CO,. Brito et al. investigated
the photoelectrochemical reduction of CO, using a Cu/Cu,O
electrodes.31) The study revealed the formation of several prod-
ucts, including methanol, ethanol, formaldehyde, acetaldehyde,
and acetone, under UV-visible radiation over a 3-hour period at
0.2V (versus Ag/AgCl). Notably, the process led to removing 80%
of the initial CO, in a 250 mL one-compartment cell with a 1 cm?
cathode. The authors proposed that the reduction involves pho-
togenerated electrons in the p-type Cu,O semiconductor, with
subsequent reactions involving radical species influencing the
distribution of the resulting products. Furthermore, the research
identified pH as a key factor affecting the selectivity of methanol
formation.

Zhou et al. synthesized Cu-modified Bi,Se, catalysts with
selenium-deficient sites to enhance the photoelectrochemical re-
duction of CO, to formate.[**?] The introduction of Cu improved
the catalytic performance, achieving a maximum formate Fara-
day efficiency of 65% at a low overpotential of —0,5 V vs RHE
with the catalyst containing 8% Cu. The authors attributed this
enhancement to Cu’s role in improving CO, adsorption, increas-
ing the catalyst’s electrochemical active surface area, and mod-
ifying the electronic structure of Bi,Se,. Additionally, the study
demonstrated a high formate yield of almost 140 pmol h™! cm ™
in a photoelectrocatalysis system using solar light.

In another work, Zhang et al. introduced a hydrophilic-
hydrophobic Cu—SnO, /ZIF-8 composite catalyst.[**}] The mate-
rial enabled the direct use of gas-phase CO,, enhancing CO,
activation and suppressing hydrogen evolution, achieving al-
most 69% Faraday efficiency for formic acid at a low overpo-
tential of ~#364 mV, with a maximum current density reaching
12.8 mA cm™2. The authors suggest that the ZIF-8 structure fa-
cilitates electron transfer and Cu—SnO, dispersion, providing
more active sites. At the same time, the composite’s unique
hydrophilic-hydrophobic nature and small band gap contribute
to its high performance.

In a study by Wang et al., a hybrid catalyst was designed fea-
turing active Cu-N sites on a CuO photocathode for the photo-
electrochemical reduction of CO,.3** The photocathode demon-
strated enhanced performance, reaching a photocurrent density
of —1.0 mA cm= at 0.2 V vs RHE, showing a 15.2% Faradaic
efficiency for C, product formation in aqueous solution. Den-
sity functional theory calculations indicated that the Cu-N pair’s
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unique arrangement, with an asymmetric d-p orbital on the CuO,
facilitates C-C coupling by altering the binding energy of inter-
mediate species. The improvement in C-C coupling was also ob-
served by Wang et al., with the designed Cu@porphyrin-COFs
nanorods catalyst.’®] This novel material yielded various C;-
C, products, including methanol, ethanol, ethane-1,1-diol, and
acetone.

3.2. Hydrogen Evolution Reaction

The urgent need to reduce dependence on fossil fuels has driven
significant advancements in developing technologies for produc-
ing sustainable and clean energy. Among these, photo or electro-
catalytic H,evolution stands out as a promising approach. In an
ideal system, H, and O, are generated through catalytic reduction
and oxidation, irrespective of whether the energy input is pho-
tonic or electrical. The overall thermodynamic potential required
for water splitting into H, and O, is 1.23 V. This fundamental
value establishes an energy threshold for photo- and electrocat-
alytic processes.

This 1.23 V requirement in photocatalysis translates to the
minimum band gap energy a semiconductor must possess to en-
able water splitting. Furthermore, the semiconductor’s conduc-
tion and valence band positions must facilitate photogenerated
electron and hole transfers with sufficient energy to drive wa-
ter reduction and oxidation. Similarly, the applied potential must
surpass 1.23 V in electrocatalysis to provide the reaction’s neces-
sary thermodynamic driving force. The overpotential, which is
the excess potential above the thermodynamic minimum, is a
key parameter affecting the reaction kinetics in both photo- and
electrocatalysis.

Developing catalysts that meet these criteria is critical for
achieving efficient water splitting. Cu-based catalysts exhibit tun-
able electronic properties, including a wide range of bandgap val-
ues (from 1.2 to over 3.0 eV), making them versatile for light
absorption in photocatalysis and for optimizing electrochemical
potentials in electrocatalysis. Additionally, the conduction band
edge of many Cu-based catalysts and their electrochemical poten-
tials often align favorably with the H, evolution potential, which
is advantageous for promoting H, production reactions in both
photo- and electrochemical systems. The rational design of ma-
terials with optimized band structures or electrochemical poten-
tials is crucial for enhanced performance in both domains.

Many standalone Cu-based catalysts have shown activ-
ity for H, production, including Cu,0,B3%3%] CuO,%I
CuSe,3®! CuCro, 1 CuAl0,,’”!l CuFe0,,372] Culns, 1185373
Cu,ZnSnS,,  Cu,,SnS, 74 CsCuCl, %) Cs,Bi,l,,¥7)
Cs;Bi,, Sb, ,, I, (x~ 0.3),*”71 Cu-I-bpy (bpy = 4,4'-bipyridine),,1>”®]
MOF-199,37] etc. However, despite their promising attributes,
pure Cu-based catalysts often encounter significant challenges
in both photo- and electrocatalysis, including rapid electron-hole
recombination or surface site deactivation and, in the case of
photocatalysis, photocorrosion. This is particularly evident in
materials like Cu,0 and CuO, where the reduction potentials,
whether accessed through photon excitation or applied voltage,
fall within their respective energy gaps or operational potential
windows, leading to instability. Thus, the development of modi-
fied photo and electrocatalysts has garnered significant attention
in recent scientific literature.
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3.2.1. Electrocatalytic H, Evolution

At the HER electrode, hydrogen is generated through bubble
release, proton movement, and electron transfer. These ele-
ments are crucial considerations in the electrode’s design and
development.’®°] Doping has been identified as an effective ap-
proach for advancing electrode development. For instance, Han
et al. developed a copper and palladium co-doped molybde-
num disulfide (Cu—Pd—MoS,) catalyst for the HER. The authors
found that doping MoS, with Cu effectively improved its poor
electrical conductivity, a significant limitation for its practical ap-
plication. Simultaneously, Pd doping enhanced the phase tran-
sition in MoS, to the more catalytically favorable 1T phase. This
combination of Cu and Pd doping created a synergistic effect that
increased the number of active sites for the HER and modulated
the electronic structure of MoS, to enhance its intrinsic catalytic
activity. As a result, the co-doped Cu—Pd—MoS, catalyst demon-
strated superior HER performance in acidic media, exhibiting a
low overpotential of 93 mV at a current density of 10 mA cm=2, a
small Tafel slope of 77 mV dec™!, and excellent stability of 50 h.

Heterojunctions are also a widely adopted strategy to improve
the efficiency of Cu-based catalysts in water splitting. Wang et al.
synthesized Cu,S/MoS, heterojunction nanorod arrays on cop-
per foam using a facile hydrothermal method.[*®!] The authors
achieved nitrogen doping in situ and characterized the hetero-
junction interfacial texture and defect-rich nanoarray configura-
tion using HRTEM, SEM, XPS, and EDX. The resulting hetero-
junction structure demonstrated enhanced HER electrocatalytic
activity, with a low charge transfer resistance of 5.4 Q at —0.2 V
vs RHE, a high electrochemical double layer capacitance of about
49 mF cm~2, a low overpotential of 91 mV at 10 mA cm=2, and a
small Tafel slope of 41 mVdec™!.

Yoon et al. reported on the synthesis and HER electrocatalytic
activity of unique cactus-like hollow nanoplates composed of
Cu,_, S@Ru.*®”] The authors detailed a synthesis involving the
initial formation of “Ru islands” on copper sulfide nanoparticles
which led to the formation of a hollow nanostructure with thin
Ru pillars. The resulting catalysts displayed excellent HER per-
formance in alkaline media, characterized by a low overpoten-
tial of 82 mV at a current density of —10 mA cm~2 and a small
Tafel slope of 48 mV dec™!. This enhanced activity was attributed
to the heterojunctions formed between metallic Ru, Ru oxide,
and Cu,_,S phases, facilitating water dissociation and hydrogen
adsorption.

As demonstrated in Yoon et al. study, transition metal chalco-
genides have proven to be effective electrocatalysts., owing to
their diverse electronic configurations and adaptable morphol-
ogy. Recently, Cu-based chalcogenides such as Cu, S, Cu,Se, and
Cu,Te were reported as effective electrocatalysts for HER study.
For example, Bae et al. reported the preparation of a catalyst
composed of composite chalcogenide materials with layered Cu-
based heterojunctions and investigated their charge transport
properties in HER. In this method, when MoS, is deposited on
transition metals like Cu, sulfidation reactions occur, leading to
the formation of bulk layered heterojunctions (BLH]s) of Cu-Mo-
S, containing MoS, flakes uniformly dispersed in the Cu,S ma-
trix. The resulting BLH]Js showed efficient HER performance,
achieving ~10 mA cm™ at a potential of —0.1 V vs a RHE, with
a Tafel slope of 30-40 mV dec™.
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Fan et al. presented a method for the in situ growth of single-
crystalline y—Cu, S nanoplates on copper foam and investigated
its application as an electrocatalyst for HER at neutral pH. The
authors demonstrated that Co(II) acetate assisted in inhibiting
the formation of Cu,0), directing the formation of the y—Cu,S
crystal phase, and controlling the morphology of the resulting
y—Cu,S nanoplates. The resulting y—Cu,S/Cu foam material,
used as an integrated 3D electrode, exhibited efficient HER ac-
tivity, achieving a current density of 10 mA cm~2 at a small over-
potential of 190 mV, demonstrating a 100% Faradaic yield and
maintaining its activity for over 10 h.

[tis interesting to notice that the pH conditions during electro-
catalytic H, evolution is a crucial factor. Bhat and Nagaraja syn-
thesized Cu,S micro-hexagons via a hydrothermal method and
evaluated their electrocatalytic activity for the HER in extreme
acidic (0.5 M H,SO,, pH 0) and basic solutions (1 m KOH, pH
14).383] The Cu,S micro-hexagons demonstrated efficient HER
performance in both extreme pH conditions, requiring overpo-
tentials of 330 and 312 mV to achieve a current density of 10
mA cm~? in basic and acidic solutions, respectively. The catalyst
also exhibited good stability over 24 h.

3.2.2. Photocatalytic H, Evolution

In photocatalysis, sacrificial agents such as methanol, ascorbic
acid, Na,SO,/Na,S, Na,S,0,, oxalic acid, and TEOA are com-
monly employed to consume photogenerated holes in most ap-
plications. Strategies such as coating Cu-based catalysts with pro-
tective layers to enhance stability or coupling them with other
suitable semiconductors to form heterojunctions have been de-
veloped to improve their efficiency and durability in H, evolution
reactions.

The low activity and durability of pure Cu-based catalysts re-
main significant barriers to further developing this technique.
Passivation engineering provides a practical solution by offer-
ing additional protection to photocatalysts and facilitating the
smooth transfer of photogenerated carriers. A passivation layer
can be integrated during fabrication or applied as a coating in a
separate step. For example, Daskalakis et al.’3* employed a sul-
fidation process to passivate surface sulfur defects in Cu-doped
ZnS, forming Cu,S/ZnS. This approach enhanced charge trans-
fer, achieving an H, evolution rate of 1 mmol g=' h™!. Dey et al.
used plasma treatment to create a nanoscale CuO surface layer
on Cu,O, which minimized interfacial defects. This significantly
improved both the catalytic H, evolution performance and the
stability of the Cu,O photocatalyst. Moreover, nanometer-thick
protective layers, such as TiO,, ZnO, Al,O,, and carbon, are com-
monly applied to enhance the photostability of Cu-based photo-
catalysts. Li et al.’®] prepared a Cu,0@C composite through
photo-induced in situ synthesis, where the carbon shell pre-
vented photo-corrosion of Cu,O. The Cu,O@C nanocomposite
demonstrated an H, evolution rate of almost 1.3 mmol g=! h™!
under visible light and maintained excellent stability without de-
activation after five cycles. Similarly, rGO-enwrapped Cu—Cu,O
photocatalysts showed a remarkable H, evolution rate of 51.6
mmol g! h™! with stable performance.**®] Ren et al.l**’] encap-
sulated Cu® nanoparticles with ultrathin graphene using MOFs
as precursors. This design resulted in exceptional stability, and
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the optimized Cu@C/SrTiO, achieved an H, evolution rate of
255.3 umol g~! h~! with an apparent quantum efficiency of 3.8%
at 420 nm.

TiO, is another widely used protective layer for Cu-based pho-
tocatalysts, particularly Cu,O, to improve stability and H, evolu-
tion efficiency.l*®~3%1 Among Cu-based compounds, CuBi,O, is
a promising photocatalyst with a narrow bandgap (~1.8 eV) suit-
able for H, evolution.[®:392] However, like Cu,O, it faces chal-
lenges with self-reduction during photocatalytic reactions, likely
caused by the trapping of photoelectrons in the Cu 3D band. Pro-
tective layers, such as TiO,, have also effectively addressed this
issue for CuBi,0,-based systems.[15 3%3]

Heterojunctions are effective in enhancing light absorption
and promoting the separation of photoinduced charge carriers.
Beyond serving as a protective layer, TiO, is one of the most
popular materials to couple with Cu-based photocatalysts for
efficient H, evolution. Examples include Cu,O/TiO,,3% 3]
CuO/TiO, % 37)  Cu,S/Ti0,,®  CuS/TiO,,’*0  and
CulnS,/TiO,.*l Notably, coupling CuO or Cu,O with TiO,
enables H, production in pure water, achieving yields of 265
pmol h~! and 290 pmol h™! for CuO/TiO, and Cu,0/TiO,,
respectively.?**l The formation of a Z-scheme heterojunc-
tion between CuS and TiO, preserves the strong reduction
capability of CuS and the oxidation capability of TiO,.[*%!
This configuration was employed to construct a bifunctional
photocatalytic system for simultaneous H, evolution and
selective oxidation of benzylamine to N-benzylidene ben-
zylamine. Beyond TiO,, many other semiconductors have
been successfully coupled with Cu-based photocatalysts to
form efficient heterojunctions. Examples include Cu,O/g-
C,N, 21 Cu0/g-C,N,,, 1% Cu,0/Zn0,[*4 451 Cu,0/WO,,*%]
Cu0/Sno,,147) Cu,S/CdS,“08] Cu,S/MoS, /Ti0, [l
CuS/ZnS,[410) CusS/Cds, 411 412) CuS/g-C;N, /CdS 3]
CuFeO,/Sn0, [l CulnS,/Znln,S,*  CulnS,/Mo,S;,[*°]
and Cu,0/2D PyTTA-TPA COFs.*V] The list continues to
grow as numerous semiconductors demonstrate compatibility
and effectiveness in forming heterojunctions with Cu-based
photocatalysts. A particularly noteworthy advantage of forming
heterojunctions is their ability to enable certain systems to
produce H, directly from pure water. For example, Cu,O/WO,
and CuS/CdS!*!?l heterojunctions have shown this capability,
underscoring the promise of heterojunction engineering in
advancing photocatalytic H, production.

Metallic Cu has emerged as a promising alternative to noble
metals as a cocatalyst for photocatalytic H, evolution. However,
the standalone use of Cu nanoparticles is limited due to their in-
herent instability, including tendencies toward aggregation and
oxidation. Cu has been combined with semiconductors or non-
semiconductors in photocatalytic systems to address these chal-
lenges. This approach enhances the dispersion and stability of
Cu nanoparticles while introducing synergistic effects that boost
photocatalytic performance.

In semiconductor-based systems, Cu/TiO, has been exten-
sively investigated. Photoinduced electrons on TiO, are effi-
ciently transferred to metallic Cu. These electrons accumu-
late on Cu, reducing protons or water to produce H,. For in-
stance, Xiao et al.[*®] employed a microwave-assisted hydrother-
mal strategy to decorate Cu nanowires with TiO, nanorods. This
hybrid system demonstrated exceptional photocatalytic activity,
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Figure 19. a) lllustration of the preparation procedure for samples, b) Photocatalytic H, evolution under solar light, c) Schematic of reaction mechanism
over the Cu/graphene system. Reproduced with permission.[42] Copyright 2019, Elsevier.

achieving an H, production rate of 5104 umol h™! g=! and

an apparent quantum yield of 17.2%. The enhanced perfor-
mance was attributed to the favorable geometry of the Cu/TiO,
system, which provided a large interfacial contact area and
facilitated efficient photoelectron transfer from TiO, to Cu.
Song et al."! synthesized one-dimensional Cu/TiO, with Cu
nanoparticles measuring 3—6 nm in diameter. The Cu nanopar-
ticles exhibited LSPR absorption spanning the visible to near-
infrared spectrum. The plasmon-induced photothermal effect
significantly enhanced photocatalytic H, evolution, yielding
243.6 umol of H, under full-spectrum light, which was dou-
ble the yield obtained under UV-Vis irradiation. In addition
to semiconductors, Cu nanoparticles have been successfully
loaded onto various supports, including carbon materials, 101 4201
nitrides,[*21=#23] polymers,[*** and silica.[*?* #%] For example,
Huang et al.*?%l prepared graphene nanosheets with fewer
layers by carbonizing and activating chitosan, followed by
the deposition of Cu nanoparticles via in-situ photoreduction
(Figure 19a). The optimal Cu/graphene photocatalyst achieved
an H, evolution rate of 3.94 mmol g=! h~!, which was 3.2
times higher than pure Cu nanoparticles (Figure 19b). The
graphene support acted as an electron mediator and an accep-
tor, facilitating the separation of photoinduced electron-hole pairs
(Figure 19c¢).

As previously discussed, Cu-based photocatalysts can undergo
photocorrosion under irradiation during reactions. Interestingly,
this phenomenon can sometimes enhance photocatalytic perfor-
mance by generating plasmonic metallic Cu nanoparticles. Xi
et al.l*?’l developed a Cu,O/TiO, heterostructure for H, evolu-
tion, where metallic Cu particles formed after several hours of
irradiation. These Cu particles played a crucial role in boosting
H, generation by increasing the availability of photoinduced elec-
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trons and facilitating the separation of charge carriers. The in-situ
reduction of Cu* to Cu® during photocatalysis was also confirmed
by Sinatra et al.3%! Similarly, Esmat et al.*?*] observed an in-
situ structural transformation of CuO/TiO, nanosheets during
photocatalytic H, evolution in the presence of ammonia-borane.
Their findings revealed that CuO nanoparticles transformed into
metallic Cu during the reaction. The plasmonic features of the
in-situ generated metallic Cu significantly contributed to the pho-
tocatalytic activity, highlighting the dynamic role of Cu during
photocatalytic processes.

It is worth mentioning that the Cu site plays a piv-
otal role in optimizing the photocatalytic H, evolution per-
formance, particularly in systems featuring Cu SAs and
doped Cu. Liu et al*?l demonstrated that by tuning the
electronic states of Cu sites in metal-organic supramolecu-
lar assembles from {Cu,(bpybc)(phen),(H,0)Br,,,}-Br, s to
{Cu, (bpybc) (bpy), (H,0)Br, 1,}-Br, 55 (bpybe = 1,1"-bis(4-carboxy
benzyl)-4,4’-bipyridinium, phen = 1,10-phenanthroline, bpy =
2,2'-bipyridine), based on z--r stacking, the photocatalytic
H, production rate was remarkably improved from 522 to
3620 pmol g! h~'. Han et al*% constructed a MOF/COF
heterostructured photocatalyst, Cu-NH,-MIL-125/TpPa-2-COF,
where Cu ions were immobilized by -NH, groups of MOF.
The Cu ions alternated between Cu?" and Cu* states, acting as
active centers. During photocatalysis, photogenerated electrons
transferred from the CB of TpPa-2-COF to the CB of Cu-NH,-
MIL-125, reducing Cu?* to Cu*. The reduced Cu* then facil-
itated the reduction of H* to H,, regenerating Cu?*. This ef-
ficient mechanism enabled a remarkable H, evolution rate of
9.2mmol g ' h™".

In recent years, Cu SAs have gained attention for their excep-
tional H, evolution capabilities. For instance, single-atom Cu was
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integrated into C;N, sheet interlayers to create electron-transfer
channels between layers.[*!] Rapid interlayer charge transfer was
realized with the additional help of N vacancy to allow more elec-
trons to the Cu sites via the delocalized z-conjugated network of
C;N,. This system achieved an H, evolution rate of 605.1 umol
g~ h~! without a cocatalyst and 11.2 mmol g~! h~! with a 1 wt%
Pt cocatalyst under visible-light irradiation. Stabilizing high con-
centrations of single-atom Cu without aggregation remains a sig-
nificant challenge. Zhang et al.[*?] addressed this issue by em-
ploying a pre-encapsulation strategy, enabling the stabilization
of Cu single atoms on TiO, at a loading of >1 wt% without ag-
gregation. The Cu single atoms facilitated efficient charge trans-
fer via the Cu?*/Cu* redox process, achieving an impressive H,
evolution rate of 101.7 mmol g~' h=' under simulated solar irra-
diation. Fu et al.l**3] further investigated the mechanism under-
lying single-atom photocatalysis using Cu-TiO, as a model sys-
tem. Through ab initio quantum dynamics simulations, they re-
vealed that the exceptional activity of Cu single atoms arises from
their quasi-planar coordination structure formed upon H,O ad-
sorption. This structure enables the Cu atom to capture photoex-
cited hot electrons and transfer them into a hybridized orbital
formed between Cu and H, O, thereby enhancing photocatalytic
performance.

3.3. Oxygen Reduction Reactions

The oxygen reduction reaction (ORR) is a critical process that un-
derpins the performance of several essential clean energy tech-
nologies. In devices such as proton-exchange membrane fuel
cells, alkaline fuel cells, direct methanol fuel cells, and metal-
air batteries, the efficient conversion of oxygen is paramount.
Despite its significance, the ORR is hindered by its inherently
sluggish reaction kinetics, which involves multiple electron and
proton transfer steps and the challenging cleavage of the strong
0O=0 bond, leading to substantial overpotential. This kinetic limi-
tation is a major bottleneck, significantly impacting these devices’
overall efficiency, power density, and cost-effectiveness. For in-
stance, in proton-exchange membrane fuel cells, the ORR kinet-
ics are notoriously slow, estimated to be about six orders of mag-
nitude slower than the hydrogen oxidation reaction occurring at
the anode.[*34=43¢]

To overcome the kinetic barriers of the ORR, efficient electro-
catalysts are crucial. Platinum (Pt) and its alloys, typically sup-
ported on carbon (Pt/C), have long been established as state-of-
the-art catalysts, exhibiting the highest activity and reasonable
stability for ORR, particularly in the demanding acidic environ-
ment of proton-exchange membrane fuel cells. Nevertheless, the
widespread adoption of Pt-based catalysts is hampered by two
major factors: the high cost and the limited natural abundance.
The catalyst cost, primarily due to Pt, can account for a substan-
tial portion (40-50%) of the total cost of a proton-exchange mem-
brane fuel cell stack.**] These limitations have spurred inten-
sive research toward developing alternative ORR catalysts based
on earth-abundant, low-cost, and stable materials. In this con-
text, various Cu-based catalysts have been explored for the ORR,
including copper oxides, copper sulfides, copper alloys, Cu-SACs
anchored on supports like nitrogen-doped carbon (Cu-N-C), and
others.
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To further understand the role of copper oxides in this reac-
tion, Li et al. explored the structure-dependent electrocatalytic
activity of Cu,O nanocrystals towards the ORR in an alkaline
environment.[*”] The authors observed that Cu,O nanocrystals’
electrocatalytic activity depends on the exposed crystal facets,
with the {100} facet exhibiting higher activity than the {111} facet.
Notably, Cu,0 nanocubes with dominant {100} crystal planes
demonstrated superior four-electron selectivity (n = ~3.7) and a
low H,0, yield of 15% during the ORR process. Furthermore,
the Cu,O nanocrystals retained approximately 91% of their ini-
tial current after 10000 seconds and exhibited better methanol
tolerance and durability for ORR than commercial Pt/C materi-
als. This facet preference for ORR can be modified depending
on the material complexity and structure. For instance, Liu et al.
synthesized Cu,O-based composites with Co,0, for use as non-
noble catalysts in ORR and OER.[*3] DFT calculations predicted
Cussites in the Cu,0-Co;0, (111) structure to be the primary ac-
tive sites for ORR. The resulting catalyst showed enhanced ORR
activity, with a half-wave potential of 0.90 V, and exhibited bet-
ter methanol tolerance than Pt/C. In another work, Chang et al.
synthesized Cu,O cubes, octahedra, and rhombic dodecahedra,
exposing (100), (111), and (110) surfaces, respectively, and incor-
porated them into carbon nanotubes (CNTs) to study their elec-
trocatalytic activity for ORR.[***] The rhombic dodecahedra/CNTs
composite exhibited the highest ORR activity, with a limiting cur-
rent density of 4.25 mA cm~2, followed by the octahedra/CNTs
(3.93 mA cm~2) and the cubes/CNTs (3.67 mA cm~2). Koutecky—
Levich plots showed that the Cu,O polyhedral were highly se-
lective towards the four-electron pathway in the ORR, and DFT
calculations indicated that the Cu,O (110) surface had the weak-
est O, adsorption (-0.09 eV), contributing to its superior ORR
activity.

Copper oxide catalysts were also studied in photo-assisted ORR
systems. Recently, Li et al. engineered copper oxide with cop-
per vacancies (CuO g 45, V) to enhance its performance in ORR,
specifically for photo-assisted Zn-air batteries.[**! The introduc-
tion of these vacancies optimized the chemisorption and acti-
vation of OOH intermediates on active Cu atoms. This process
leads to a faster reduction rate of O,. The photocathode attained
an improved charge separation yield of 59% and a transfer yield
of 70% in ORR reactions. This approach allowed the ZABs to
achieve higher discharge voltage and energy efficiency.

Alloying copper with palladium represents a viable approach
to decreasing the quantity of noble materials in catalysts. Fouda-
Onana et al. investigated Pd-Cu alloys as catalysts for the ORR
in acidic media.[*!! The study revealed that the electrocatalytic
activity of Pd-Cu alloys is enhanced by adding Cu, with the
Pdso, Cusy, alloy demonstrating the highest activity for the ORR.
This enhanced activity was attributed to an optimal d-band prop-
erty that facilitates the dissociative adsorption of OOH, consid-
ered a critical step in the ORR. Furthermore, the study revealed
that the ORR on Pd-Cu alloys proceeds through a four-electron
transfer mechanism, with a Tafel slope of 60 mV dec™! at low
overpotentials, indicating a chemical rate-determining step.

Cu-SACs materials, particularly Cu-N-C SACs, have been
reported for ORR, demonstrating significant potential. For
example, in 2022, Yang et al. developed a nitrogen-doped
porous carbon material containing atomically dispersed Cu and
Cu clusters.[**?] The resulting catalyst showed excellent ORR
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activity in both alkaline and acidic media. In an alkaline medium,
the catalyst achieved a half-wave potential of 0.88 V and a
diffusion-limiting current density of 5.88 mA cm~2, outperform-
ing commercial Pt/C catalysts. Notably, it also displayed state-of-
the-art performance in an acidic medium, with a half-wave poten-
tial of 0.80 V and a diffusion-limiting current density of 5.86 mA
cm~2, surpassing previously documented Cu-based catalysts.

Yao et al. investigated the effect of carbon defects on Cu-SACs.
The catalyst exhibited significant ORR activity, characterized by
a half-wave potential of 0.89 V versus RHE and a limiting cur-
rent density of 6.5 mA cm~2, which exceeded Pt/C catalysts. The
Cu-SACs also showed remarkable durability, maintaining high
activity over 30 000 cycles in ORR tests and 1100 h in Zn-air bat-
tery operation, indicating their potential for practical application
in energy conversion devices.

Cu SACs have also been reported for photocatalysis applica-
tion on ORR. For instance, Zhang et al. investigated the pho-
tocatalytic efficiency of single-atom Cu-doped C;N, catalyst on
ORR.[*¥] The study revealed a direct one-step electron trans-
fer process where single-atom-induced hybridization states fa-
cilitate the direct trapping of hot carriers. Specifically, the pho-
togenerated electron transfer time was found to be 325 fs for
Cu single-atom-doped systems, which is considerably faster than
the conventional two-step process. Moreover, the system exhib-
ited a nanosecond-level photogenerated carrier lifetime, indicat-
ing high photocatalytic efficiency.

Beyond energy generation via the preferred four-electron (4e7)
pathway, the ORR can also proceed via a two-electron (2e7)
pathway to selectively produce hydrogen peroxide (H,0,).**]
H,O0, is a valuable chemical product and a green oxidant, which
makes this synthesis an alternative to the energy-demanding
anthraquinone process and an attractive approach for organic
degradation in environment remediation applications.[**#] In this
context, research has demonstrated that modifications of copper
materials can influence the efficiency and selectivity of ORR cat-
alysts. Venkatesan et al. synthesized Cu-doped perovskite and in-
vestigated its electrocatalytic activity for ORR.[**] The authors ob-
served that the catalyst selectivity increased from 30% for the un-
doped perovskite to 65% for the Cu-doped perovskite. Further-
more, the onset potential for the ORR was shifted to lower po-
tential values with copper doping, indicating improved reaction
kinetics. Similarly, Deng et al. synthesized Cu-doped TiO, and
found it to be a highly selective and efficient electrocatalyst for
the 2e~ ORR.[*¢] The incorporation of Cu into the TiO, led to
lattice distortion and the formation of oxygen vacancies and Ti**
species. The resulting electrocatalyst exhibited an improved on-
set potential of 0.79 V and a high H, O, selectivity of 91.2%.

In another instance within the field of photocatalysis, Sahu
et al. report a strategic heterojunction of Zn,;Cd, ;Se quantum
dots with CuS nanosheets, resulting in an impressive H,0, pro-
duction rate of 3.7 mmol g~! h~! when exposed to visible light.[*”]
This performance surpasses that of the individual components.
The system demonstrates sustained stability over five cycles, indi-
cating its potential for durable application in photocatalytic H,O,
synthesis. Zhang et al. also attained enhanced photocatalytic
ORR performance using Cu-based catalysts.[**8] The authors syn-
thesized an S-scheme heterojunction semiconductor by growing
copper-indium-sulfide (CulnS,) catalysts on the surface of poly-
meric carbon nitride (PCN) via a low-temperature hydrothermal
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method. The yield of H,O, reached 1247.6 umol L~! h~!, which
was notably higher than that of PCN (107.4 umol L' h™!) and
Culn$, (78.0 pmol L~ h™1).

In summary, despite the promise, utilizing Cu-based materi-
als for ORR faces significant challenges. Their intrinsic catalytic
activity is often lower than that of Pt, especially for the demand-
ing 4e reduction in acidic media. Selectivity control between the
2e” (H,0,) and 4e~ (H,0/OH") pathways can be difficult. Per-
haps most critically, stability remains a significant concern. Cop-
per species can be prone to dissolution or oxidation state changes
under electrochemical potentials, particularly in corrosive acidic
environments. Furthermore, copper oxides like Cu,O, while at-
tractive for their light-absorbing properties in photocatalysis and
photoelectrocatalysis, suffer from severe photocorrosion. There-
fore, replacing Pt with Cu is economically desirable, ensuring ad-
equate long-term stability under operating conditions emerges
as a primary hurdle that must be overcome through rational
material design and engineering.

3.4. Nitrogen Fixation

Ammonia (NH,) is one of the most essential chemical and indus-
trial products, widely used in applications such as agricultural fer-
tilizers and artificial fibers. However, the conversion of N, to NH,
poses significant challenges due to the high dissociation energy
of the N=N triple bond (941 k] mol~!) and the complex process
of transferring multiple electrons and protons. The Haber-Bosch
process remains the most commonly employed method for syn-
thesizing NH,; from N,. Despite its widespread use, this process
is highly energy-intensive, requiring elevated pressures (over 100
bar) and temperatures (500 °C), which result in substantial en-
ergy consumption and carbon emissions.[**]

In response to the limitations of the Haber-Bosch process,
electrocatalytic nitrogen reduction reaction and photocatalytic ni-
trogen reduction reaction have emerged as promising sustain-
able alternatives for ammonia production. The photocatalytic N,
fixation process relies on sustainable solar energy and water as
inputs. Solar energy generates charge carriers (electrons and
holes), while water provides the necessary protons to convert N,
into NH; under environmentally friendly conditions. The reac-
tions involved in photocatalytic N, fixation can be summarized as
follows:

Photocatalyst Lgn +e (1)
2H,0 + 4h* - O, + 4H* (2)
N, + 6H* + Ge~ — 2NH, (3)
Total reaction : 2N, + 6H,0 — 4NH; + 30, “4)

By directly converting solar energy into chemical energy, pho-
tocatalytic N, fixation presents a pathway toward zero-emission
ammonia production.

The electrocatalytic N, reduction utilizes an external electrical
potential to convert N, into 2NH,. This method offers improved
operational control through product efficiency, as it can modulate
the energy potential. If powered by renewable electricity sources
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permission.[*4] Copyright 2020, John Wiley and Sons.

and operated under ambient conditions, this method can also of-
fer a potentially carbon-free route to ammonia synthesis.

While photo- and electrocatalytic N, reduction has seen signif-
icant progress, its broad application is still hindered by funda-
mental limitations. The substantial activation energy required to
break the N, triple bond poses a considerable obstacle. In pho-
tocatalytic systems, electron-hole recombination drastically re-
duces quantum yields. Concurrently, in electrocatalytic environ-
ments, the HER, with its lower overpotential, outcompetes N,
reactions in aqueous electrolytes, leading to diminished Faradaic
efficiency and selectivity for ammonia synthesis. This competi-
tion is exacerbated under ambient conditions, where the overpo-
tential gap between HER and N, reduction narrows.[*4% 4]

Schrauzer first successfully demonstrated photocatalytic N,
conversion to NH; on TiO, .1 Even today, many studies on N,
fixation employ TiO,-based systems as photocatalysts. However,
the practical application of TiO, is significantly limited by its wide
bandgap, which restricts its photoresponse to the ultraviolet (UV)
region. This limitation has spurred the development of alterna-
tive materials, including BiOBr, g-C;N,, MoS,, CuO, Cu,O0, etc.
Cu-based photocatalysts have emerged as a promising group due
to their suitable conduction and valence band positions, enabling
efficient N, reduction and H,O oxidation under visible light.

Among Cu-based photo and electrocatalysts, Cu,O is the most
widely utilized material for N, fixation. Its potential was recog-
nized as early as 1989 when Tennakone et al.l[**?] demonstrated
N, reduction to NH; on hydrous Cu,0-xH,0, using CuCl as a
hole scavenger. More recently, Wang et al.[**®] synthesized plate-
like Cu, O mesocrystals by introducing Cl~ ions as crystal growth
modifiers. These mesocrystals achieved an N, reduction rate to
NH; of 85.1 pmol g~! h~! under visible light (4 > 420 nm). The
mesocrystals comprised nanocrystals with diameters of approxi-

Adv. Funct. Mater. 2025, 2502901 2502901 (36 of 53)

mately 20 nm, but further size reduction to ultrafine structures
(less than 10 nm) revealed surprising enhancements in activ-
ity. Zhang et al.***] developed sub-3 nm ultrafine Cu, O platelets
via CuZnAl-layered double hydroxide (LDH) in situ topotactic
transformation. This innovative approach resulted in an excep-
tional NH; production rate of 4.10 mmol gCu,0~! h~! under vis-
ible light (4 > 400 nm), demonstrating the potential of nanos-
tructured Cu,O for high-performance photocatalytic N, fixation
(Figure 20).

Despite advancements in Cu,O-based catalysts, their N, fixa-
tion performance, along with that of other single-material sys-
tems, remains suboptimal. This is primarily due to the insuffi-
cient availability of active sites on the surface for N, adsorption
and, in photocatalysts, the rapid recombination of photogener-
ated electron-hole pairs. Various strategies have been employed
to address these challenges, including defect engineering, which
involves introducing foreign metal dopants, incorporating cocat-
alysts, and designing plasmonic nanostructures.

Gu et al. developed a Cu-doped cobalt selenide nanosheet elec-
trocatalyst with selenium vacancies for the electrochemical re-
duction of nitrate to ammonia.l*>*] The electrocatalyst showed a
Faradaic efficiency of #93% and an ammonia yield rate of 2360 ug
h=! cm~? at —0.60 V vs RHE. The study demonstrated that intro-
ducing Cu dopants and Se vacancies enhances electron transfer
from Cu to Co atoms, creating electron-deficient Cu sites that fa-
cilitate nitrate dissociation and stabilize intermediates, achieving
selective and efficient ammonia production.

Additionally, generating vacancies as adsorption sites and con-
structing heterostructures have proven effective for enhancing
charge carrier separation and promoting surface reactions. For
example, Iridium (Ir) clusters modified on Cu,0{111} achieved
an NH; yield of 173.8 ug g, ' h™!, which was 3.3 times higher
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than that of pristine Cu,0{111}.14°¢ This enhancement was at-
tributed to the Ir clusters, which likely reduced the reaction en-
ergy barrier and facilitated photoinduced charge separation.

Constructing Cu,O-based heterostructures has been a more
widely adopted strategy for improving photo and electrocatalytic
N, fixation. For example, Cui et al.*’! coated ultrafine Cu,O
(~7 nm) onto W,30,, ultrathin nanowires to form an S-scheme
heterostructure with abundant oxygen vacancies. These vacan-
cies promoted the chemisorption and activation of N, molecules.
This system achieved an NH; production rate of 252.4 umol g~!
h=!, which was 11.8 times higher than W ;0,4 alone. Cu,O clus-
ters were combined with MIL-100(Fe) to form a heterojunction,
resulting in an NH; production rate 25 times higher than that
of MIL-100(Fe) alone.[*8] This remarkable improvement was at-
tributed to fast photogenerated electron transfer facilitated by the
Cu-O surface interaction and efficient electron-hole separation
enabled by the type-1I heterojunction.

Biset-Peiré et al. explored using a composite electrode that
combines Cu and Cu,O to enhance nitrate conversion and tita-
nium Ti to improve faradaic efficiency to ammonia in the elec-
trochemical reduction of nitrate. The study found that the per-
formance of the electrodes is highly influenced by pH and ni-
trate concentration. The composite electrode achieved a 92%
faradaic efficiency to ammonia and productivity of 0.28 mmol
NH;-cm=2-h~! at —0.5 V vs RHE.

Zhang et al. fabricated a Cu—Cu,O/multicomponent hy-
droxide heterojunction with superior N, adsorption ability.[**]
This photochemical system achieved an NH,; yield of over
210 pmol g=! h™! under full-spectrum irradiation. The mul-
ticomponent hydroxide and Cu—Cu,O acted as oxidation and
reduction sites, respectively, enabling effective charge sepa-
ration and utilization. Several other efficient heterostructures
have been developed for photo and electrocatalytic N, fixation,
such as Cu,0/g-C;N,,[*% Cu,0/BiOCLM“! Cu,O0/Cu(OH),!*?]
and Cu,O/BN.[*3] While Cu,O remains the most extensively
studied Cu-based catalyst, other Cu-based materials have also
shown promise, often in combination with other materials to
form hybrids. Examples include Cu/CuO,[''] CuO/TiO,,!*%]
WO, /CuO/Cu mesh,[*®]  UiO-66(—NH,)/CulnS,,l*¢  UiO-
66(—NH,)/Cu,S,,147] Cu,0/SnS,/Sn0,, 1“1 ZnCulnS/BiOI, 146!
g-C;N, /CuFe0,.*

Moreover, Cu can also act as an active center for N, fixation,
making it a versatile component in catalytic systems. Regulat-
ing and modifying the local coordination environment of metal
centers in catalysts has proven to be an effective strategy for en-
hancing the catalyst’s activity. Fang et al.l*’!l developed Cu sin-
gle atom/Ti;C, 0, photocatalysts. In this system, Cu sites in the
Cu-N,-Ti3* structure acted as electron-rich aggregates bridged to
electron-donating Ti** defects. Incorporating Cu enhanced the
charge density within the asymmetric Cu-N;-Ti** coordination
environment, facilitating N, adsorption and activation. This de-
sign achieved an impressive NH, production rate of 29 umol g=!
h=!. Zhang et al.[*’?] introduced coordinatively unsaturated Cu’*
into ultrathin ZnAl-LDH nanosheets, which were engineered to
include abundant oxygen vacancies. The synergistic effects of the
oxygen vacancies and the electron-rich Cu®" centers significantly
promoted N, adsorption, charge separation, and transfer. The op-
timal photocatalyst achieved a remarkable NH; production rate
of 110 umol g~ h~L.
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Wang et al. developed a novel Cu/oxygen vacancy-rich Cu-
Mn; 0, heterostructured ultrathin nanosheet array electrocata-
lyst on Cu foam (Cu/Cu-Mn;O,NSAs/CF) using a one-step hy-
drothermal approach.*”3] The authors demonstrated that the
two-dimensional ultrathin nanosheet arrays, the heterogeneous
nanointerface, and oxygen vacancies synergistically enhance the
nitrate-to-ammonia activity at the active centers. The resulting
Cu/Cu-Mn;0, NSAs/CF catalyst demonstrated excellent perfor-
mance for the electrocatalytic nitrate reduction to ammonia with
high ammonia selectivity (87%) and FE (92%).

Cu? also plays a vital role as an electron donor in plasmonic
photocatalysis. Hou et al.l*’*] utilized porous CuFe frameworks
for photocatalytic N, fixation, achieving an outstanding NH, pro-
duction rate of 342 umol g, ~' h™'. Mechanistic studies revealed
that the surface Fe atoms served as active centers for N, adsorp-
tion, forming nitrogen-containing complexes. Simultaneously,
the Cu frameworks generated “hot electrons” through surface
plasmon resonance (SPR), enhancing the efficiency of the overall
reaction.

In another interesting work, Perales-Rondon et al. fabricated
copper electrodes using a 3D-printing technique for nitrate-to-
ammonia conversion.[*”*] The 3D-printed electrodes were pre-
pared using the fused fabrication filament printing technique
with a Cu-containing filament. The 3D-printed electrodes were
sintered and nanostructured using an electrochemical method,
followed by a chemical treatment to produce a faceted surface.
The electrodes have shown to be highly efficient for ammonia
synthesis, with a faradaic efficiency of 96% and a high ammonia
selectivity of 95%.

3.5. Degradation of Organic Pollutants

The world faces a severe drinking water shortage exacerbated by
groundwater contamination. A significant contributor to water
pollution is the release of organic pollutants from chemical in-
dustries, which often contain high concentrations of toxic and
non-biodegradable substances. Common organic dyes, such as
rhodamine B (RhB), methylene blue (MB), methyl orange (MO),
and congo red (CR), are among the primary pollutants.

In addition to water contamination, indoor air quality has
gained substantial attention recently. Volatile organic com-
pounds (VOCs), including benzene, toluene, and formaldehyde,
are some of the most prominent toxic gases threatening public
health. Traditional physical and chemical methods for treating
these pollutants have significant limitations, including high en-
ergy consumption and low efficiency.

To address these challenges, advanced oxidation processes
(AOPs) have emerged as a sustainable and cost-effective alterna-
tive. AOPs rely on the generation of highly reactive radicals, such
as hydroxyl radicals (-OH), superoxide anion radicals (0,° ), and
other reactive oxygen species (ROS), which effectively degrade or-
ganic pollutants. Common AOPs include photocatalysis, Fenton-
based reactions, electrochemical oxidation, and ozonation.

Photocatalytic and electrocatalytic oxidative degradation pro-
cesses leverage the generation of reactive species to decompose
organic pollutants. In photocatalysis, light irradiation excites the
catalyst, creating electron-hole pairs. The photogenerated holes
(h*) can directly oxidize pollutants or react with water to produce
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hydroxyl radicals (¢OH). Simultaneously, electrons (e”) react
with oxygen to form superoxide radicals (O,e~), which may fur-
ther generate singlet oxygen (10,). These reactive oxygen species
(ROS),e0H, O,e", and '0,, are potent oxidizing agents capable
of degrading organic pollutants. In electrocatalysis, an applied
potential drives similar oxidation reactions, generating ROS at
the electrode surface.

Conventional photocatalysts such as TiO, and ZnO have limi-
tations, particularly their inability to efficiently utilize visible light
from the solar spectrum due to their wide band gaps. Cu-based
photocatalysts, with their narrower band gaps, offer enhanced
visible light absorption, making them attractive for sustainable
environmental remediation. Similarly, in electrocatalysis, select-
ing Cu-based electrodes can optimize the generation of ROS and
to improve pollutant degradation. In both photo and electrocatal-
ysis, the tunability of Cu-based materials allows the control of re-
action pathways and the efficient degradation of a wide range of
organic pollutants, offering promising avenues for environmen-
tal applications.

Significant advancements in Cu-based catalysts have been
achieved over the past decades. Numerous Cu-based catalysts,
including Cu,0,[76=47%1 Cu0,# CuFeO, #1482 Cys,[483-455]
Cu, S,1#86-488] Culns, 1184 48] NiCu,!**°! and Cul—triazole MOFs
(CuTz-1),[*Y have demonstrated exceptional effectiveness in de-
grading persistent pollutants such as textile and food dyes, ben-
zene, toluene, and formaldehyde. Strategies to improve the gen-
eration and lifetime of the charge carriers have further enhanced
their catalytic performance.

These strategies include doping and coupling with metals,
carbon materials, or other semiconductors. Take Cu,O, for
instance; it has been extensively coupled with cocatalysts such as
rGO,[*92 4931 metals like Ag,[494] Cul95, 4961 Aqy [101,497] 3 Pt [498]
semiconductors to form a heterojunction with TiO,,*%% %]
CuOl1 521 BiOBr5% Ce0,,5 g-C,N,,15%! BivO, 5% and
a-Fe,0,.571  Additionally, multicomponent systems, includ-
ing Cu,0 coupled with Cu/AgBr/Ag!'"®! 1GO/In,0,,>%
g-C;N,/ZnO,P®  Cu/CuO,*®1  Cu/g-C;N,,PICu/Fe,l>1!]
graphite/Cu,’?l Cu(Cr,,,Aly,),0,,°*! and Ag/TiO,l™ have
also been developed to boost catalytic performance.

Beyond the rational design and construction of catalysts for en-
hanced electro and photocatalytic reactions, another critical factor
influencing activity is the catalyst’s ability to adsorb pollutants,
providing more reaction opportunities. Adsorption capacity di-
rectly affects the reaction rate, making it a limiting factor in elec-
tro and photocatalytic degradation. Various approaches have been
employed to improve adsorption performance, such as increas-
ing the surface area by reducing particle size, designing unique
nanostructures, and exposing crystal facets with higher adsorp-
tion capabilities.

It is widely accepted that smaller catalyst sizes result in higher
specific surface areas, which can enhance pollutant adsorption.
However, there is ongoing debate about whether smaller sizes
universally lead to superior catalytic activity. Cu-based catalysts
with small particle sizes have been extensively utilized for pol-
lutant degradation, often showing better catalytic performance
due to their higher surface areas.’'>! Contradictory findings have
also been reported. For example, Karthikeyan et al.>'®l synthe-
sized Cu,O nanocubes with tunable sizes ranging from 50 to
500 nm. They observed an inverse relationship between photo-
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catalytic activity for phenol degradation and H, production and
the nanocube size. They demonstrated that despite their lower
surface areas, larger Cu,O nanocubes exhibited slower radiative
recombination of photoinduced electron-hole pairs, contributing
to better photocatalytic performance. Conversely, Tang et al.>'7]
argued for an optimal size for Cu,O nanocubes in MO degrada-
tion. By testing sizes ranging from 20 to 400 nm, they identified
30 nm as the most effective size for achieving maximum photo-
catalytic efficiency.

It has been reported that unique nanostructures, such as hi-
erarchical, hollow, or porous forms, exhibit high electro and
photodegradation activity. These structures offer a high surface
area, which enhances the adsorption and desorption of reac-
tants while providing more active sites for catalytic reactions.
Over the years, numerous Cu-based catalysts with unique mor-
phologies have successfully removed organic pollutants. Exam-
ples include Cu nanocubes, >8] surface-capped chalcocite (Cu,S)
snowflakes,[**’] hierarchical Cu,S microsponges,!*¥’] graphene-
like-nanosheet CuS,l**) CuO nanowires/Cu,0,?] multimodal
hierarchical porous structured Cu,O@nanoporous Cu compos-
ite ribbon,>2!) Cu, O nanowire arrays on Cu mesh,/*??l and Cu,0O
on silicon nanowires.l>?)] For instance, Jiang et al.’?! synthe-
sized CuO with various morphologies, including nanowires, nan-
otetrahedra, and nanospheres supported on Cu,O. These mor-
phologies displayed significantly enhanced photocatalytic activity
for methyl orange MO degradation compared to pristine Cu,O.
Among these, the CuO nanowires /Cu,O demonstrated a specific
reaction rate of 1.6 pmol min~! g=!, which is 260 times higher
than that of pristine Cu,O.

Furthermore, preferential adsorption of organic pollutants on
specific crystal facets offers an opportunity to optimize photocat-
alytic performance. Studies have shown that the photocatalytic
activity of Cu,O for degrading MO is highly dependent on its ex-
posed crystal facets.[*7% 5243301 Similar facet-dependent activity of
Cu,O has been observed in the degradation of other pollutants,
such as toluene,*3!] MB,[*’7] and RhB.[’8] This facet-dependent
behavior has also been demonstrated in other Cu-based photocat-
alysts. For example, CuFeO,[**?] and CuO!*33] have shown selec-
tive pollutant degradation activities based on their exposed crys-
tal facets, underscoring the critical role of structural design in
enhancing photocatalytic performance.

The synergistic effect of adsorption and catalytic degradation
has been shown to enhance pollutant removal efficiency signif-
icantly. Improved catalytic activity can be achieved by utilizing
porous materials with high surface areas to facilitate efficient
pollutant adsorption. Such materials provide an ideal interface
for adsorbing and accommodating organic molecules, creating
a foundation for effective degradation. For example, porous
KAPs-B (Knitting Aromatic compound Polymers-Benzene)
with excellent adsorption ability loaded on Cu,O for MO
degradation,’>**] micro-fibrous structured sepiolite immobilized
Cu,0/Cu for CR degradation,®*] Cu,S-Cu-TiO, mesoporous
carbon-composite for MO removal®*! and Cu,S@ biomass
carbon tube for MB degradation.l>?’] Zhang et al.l>*®! further
enhanced the adsorption capacity of Cu,O nanoparticles by
supporting them on wood-based biochar (MBC). This composite
material achieved an impressive maximum adsorption capacity
for MO of 1610 mg g~!. Leveraging an adsorption-photocatalytic
degradation mechanism, the system demonstrated a
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photocatalytic degradation efficiency of 94.5% for MO under
visible light irradiation.

This characteristic is similarly observed in electrocatalysis. For
instance, Hefnawy et al. explored the adsorption behavior of CO
on electrocatalytic activity for urea electrooxidation. The authors
usedDFT calculations to investigate the CO tolerance of the Cu-
doped NiO, showing that Cu doping can modify the electronic
properties and minimize CO chemisorption, thus improving the
electrode’s stability and efficiency.

3.6. Organic Synthesis and Oxidation Reactions

Organic chemicals are crucial in producing many products, in-
cluding pharmaceuticals, food additives, and pesticides. Over
the years, the chemical industry has developed diverse methods
to meet the demands of synthesizing these compounds. How-
ever, the increasing emphasis on cost reduction, environmen-
tal sustainability, and process efficiency has heightened the need
for innovative and greener approaches to chemical production.
Traditional methods of organic synthesis typically rely on high-
temperature and high-pressure conditions, resulting in signif-
icant energy consumption and environmental impact. Further-
more, balancing high activity and selectivity in such processes is
often challenging. These limitations have driven the exploration
of alternative methods, with photocatalytic and electrocatalytic
approaches emerging as up-and-coming solutions.

Photocatalysis and electrocatalysis offer a sustainable and
energy-efficient route for organic synthesis, operating under
milder reaction conditions than traditional methods. Photocatal-
ysis harnesses solar energy, while electrocatalysis utilizes exter-
nally applied electrical potential, enabling precise control over re-
action pathways and enhancing product selectivity. In photocatal-
ysis, photogenerated charge carriers, electrons, and holes drive
reduction and oxidation reactions, respectively. Similarly, in elec-
trocatalysis, electrons are supplied or withdrawn at the electrode
surface to facilitate redox transformations. The selectivity of both
processes is intrinsically linked to the control of these charge
transfer events.

Both catalytic systems have the key advantage of being able
to direct organic synthesis through either reductive or oxida-
tive pathways. However, achieving precise control over reac-
tion selectivity remains a critical challenge. Cu-based catalysts
have demonstrated remarkable potential in addressing this chal-
lenge owing to their tunable electronic properties and cat-
alytic activity, making them suitable for a wide array of organic
transformations.

In photocatalytic and electrocatalytic systems, the strategic use
of electron or hole scavengers (or redox mediators in electrocatal-
ysis) can significantly enhance reaction efficiency and selectivity.
These species suppress undesired side reactions and promote the
formation of target products. Consequently, Cu-based catalysts,
when integrated with optimized reaction designs and appropri-
ate mediators/scavengers, are increasingly recognized for their
capacity to drive sustainable and selective organic synthesis pro-
cesses. The integration of both photon and electron-driven catal-
ysis opens up a broader range of reaction pathways, and the po-
tential to combine both methods (photoelectrocatalysis) provides
synergistic advantages.
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3.6.1. Oxidation of Alcohols

Selective oxidation of organic compounds, particularly alcohols,
has been a research subject in both photocatalysis and electro-
catalysis. The redox potentials of alcohols generally align favor-
ably with the valence band edge of many Cu-based semiconduc-
tors in photocatalysis, and with suitable potentials in electrocatal-
ysis, making them viable catalysts. However, achieving high se-
lectivity is crucial, as oxidation can yield multiple products, in-
cluding desired carbonyl compounds (aldehydes and ketones) or
undesired byproducts such as carboxylic acids and CO,. There-
fore, controlling reaction pathways to maximize selectivity is a
central challenge, addressed through careful manipulation of re-
action conditions—solvent choice, oxidant selection (O,, for ex-
ample), and, critically, catalyst design.

Partial oxidation of alcohols to aldehydes or ketones is of par-
ticular interest due to their significance as intermediates in syn-
thesizing pharmaceuticals, fine chemicals, and agrochemicals.
For instance, Bisht et al.>3?] developed a CuO-Bi-BiOBr ternary Z-
scheme photocatalytic system that efficiently oxidizes various al-
cohols to their corresponding aldehydes or ketones. Remarkably,
this system operates in an open atmosphere and under sunlight
irradiation without requiring an external oxygen source. They
achieved high product selectivity (>99%) and conversion rates
(>99%). In this ternary system, photogenerated electrons in the
CB of BiOBr recombine with holes in the VB of CuO, facilitated
by Bi bridges that enhance the recombination rate. This mecha-
nism results in an accumulation of electrons in the CB of CuO
and holes in the VB of BiOBr. The absorbed O, is reduced to su-
peroxide radicals (-O, ™) by the electrons in CuO’s CB, which sub-
sequently oxidize alcohols to the desired aldehydes or ketones.
This process, illustrated in Figure 21a, highlights the importance
of rational catalyst design for achieving high selectivity and effi-
ciency in targeted oxidation reactions.

The selective oxidation of benzyl alcohol to benzaldehyde is a
desirable reaction due to its industrial significance. Various Cu-
based catalytic systems have been explored for this purpose, in-
cluding carbon quantum dots coated Cu,0,5*°! Au or Pd particle
decorated Cu,0,>*!] 3D printed Cu-Cu,0-MoS, composites,>*?]
CuO/Cu,0 heterostructure,>?! and Cu doped SrTiO,.’**] These
systems have demonstrated remarkable efficiency and selectiv-
ity in driving this oxidation process under mild conditions. Ad-
ditionally, in an interesting study, Zhang et al. developed a
method for the electrocatalytic oxidation of benzyl alcohols to
benzyl aldehydes using a 3D-printed copper monosubstituted
phosphotungstate-based polyacrylate resin (Cu-LPOMS @PPAR)
catalyst.[’] The method uses electrochemical anodic oxidation.
The authors report that the 3D-printed catalyst showed good
yields of 95% and excellent functional group tolerance.

A notable trend in modern photocatalysis is the effective uti-
lization of photogenerated electrons and holes by coupling two
useful synergistic reactions—one at the reduction and the other
at the oxidation sides. A particularly attractive paired reaction
is the simultaneous reduction of CO, and oxidation of benzyl
alcohol, which enables efficient use of the charge carriers and
enhances overall reaction efficiency. Chen et al.l>*! developed a
Cu,0/Cu nanocomposite via an in situ reduction method that
successfully facilitated the production of benzyl acetate by cou-
pling CO, reduction with benzyl alcohol oxidation under visible
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Figure 21. a) Electron transfer in CuO-Bi-BiOBr and mechanism for selective photo-oxidation of alcohols. b) Mechanism coupling of photocatalytic CO,
reduction and benzyl alcohol oxidation to benzyl acetate. a) Reproduced with permission.[33°] Copyright 2021, Royal Society of Chemistry. b) Reproduced

with permission.[4¢] Copyright 2022, Royal Society of Chemistry.

light. The mechanism revealed that the presence of Cu’ played a
crucial role in enabling the coupling reaction (Figure 21b). Sim-
ilarly, a Cu,0-RGO/BiVO, system has been employed for simul-
taneous CO, reduction and benzyl alcohol oxidation, showcas-
ing its versatility and potential for dual-function photocatalytic
processes.l>*]

For Cu-based electrocatalytic systems, alcohol oxidation has
great relevance for application on direct alcohol fuel cells
(DAFCs), which are being explored as efficient power sources.[>*!

Adv. Funct. Mater. 2025, 2502901 2502901 (40 of 53)

Most studies focus on the oxidation of methanol,>#—>>1

ethanol,>*® 5521 benzylalcohol,I*>! cyclohexanol,’>* and others.

3.6.2. Oxidation of Aromatics
The hydroxylation of aromatics plays a crucial role in pro-

ducing industrial chemicals such as phenol, catechol, and
hydroquinone, which serve as essential precursors for
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pharmaceutical products and other chemical industries. Among
these, phenol is in exceptionally high demand. Recently, photo-
catalytic phenol production from benzene has gained attention
as a sustainable approach. This process typically involves either
the hydroxylation of benzene, where an H atom on the aro-
matic ring is replaced by an OH group, or the hydrolysis of a
substituent on the aromatic ring.

Zhang et al.5%] developed Cu@ZSM-5 zeolite with well-
dispersed Cu single sites within the channels of the MFT struc-
ture. This material was applied in the photocatalytic hydroxyla-
tion of benzene to phenol, achieving a benzene conversion rate of
27.9% and a phenol selectivity of 97.6%. In another study, Zhang
et al.’* incorporated Cu clusters into g-C; N, through a two-step
thermal polymerization process, resulting in black ferromagnetic
Cu-g-C;N, nanosheets. The Cu-N bonding was formed by in-
tercalating Cu atoms into a dicyandiamide-based supramolecu-
lar precursor. This photocatalytic system demonstrated an im-
pressive benzene-to-phenol conversion rate of 90.4% with a
phenol selectivity of 99.1%. Notably, it also exhibited signifi-
cant activity for H, generation and CO, reduction under visible
light, showcasing its capacity to drive both reduction and oxida-
tion reactions efficiently through photogenerated electrons and
holes. Additionally, other Cu-based systems have shown strong
potential for benzene-to-phenol conversion. Examples include
Cu-based MOFs derived from CuO@tubular carbon nitride, >’
octanethiol-modified Cu,O-graphene,>>®! and CuZnSbO.>>!

3.6.3. Oxidation of Cyclohexane

The partial oxidation of cyclohexane to KA oil, a mixture of
cyclohexanol and cyclohexanone, is a crucial industrial pro-
cess. KA oil is an indispensable precursor in synthesizing e-
caprolactam, a key intermediate for nylon production. Vari-
ous Cu-based photocatalytic systems, including Cu-doped meso-
porous Ti0,,’% copper vanadates,**!! and Cu/carbon quan-
tum dots,>%2] have demonstrated effectiveness in this conver-
sion. Shahzeydi et al.’®3] developed a system where Cu metallic
particles were immobilized on the surface of amorphous C;N,
(a-C5N,) using a pulse laser ablation technique in liquid. The
photocatalytic performance for cyclohexane oxidation was opti-
mized by varying the laser irradiation time. For instance, the
Cu-20min/a-C;N, catalyst achieved a 25.5% conversion of cyclo-
hexane with 52% selectivity to adipic acid. Remarkably, with in-
creased laser irradiation time, the Cu-40min/a-C;N, catalyst ex-
hibited an 88% cyclohexane conversion rate and 95% selectiv-
ity to KA oil, showcasing the tunable nature of this approach.
Peng et al.>*! introduced a more intricate hierarchical photocat-
alyst, MoS, @Cu/Cu,O@C, which displayed significantly higher
cyclohexane oxidation performance than its individual compo-
nents. The superior activity was attributed to the forming of a
heterojunction, which enhanced the generation and separation
of photogenerated electrons and holes. Additionally, the pres-
ence of Cu’ played a pivotal role in capturing electrons effec-
tively and suppressing electron-hole recombination, benefiting
from its LSPR effect.

Siboonruang et al. explored the electrochemical oxidation of
cyclohexane to KA 0il.1’®] They described the reaction involving
O, as the primary oxygen source, similar to thermochemical ox-
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idation. Their study showed that the reaction is initiated by the
formation of cyclohexyl or hydroxyl radicals, with the specific ini-
tiation step varying depending on the electrode material. They
also found that undivided two-electrode cells can produce mis-
leading results due to crossover effects, where products from one
electrode interfere with the reactions at the other electrode. This
research highlights the complexities of electrochemical cyclohex-
ane oxidation and emphasizes the importance of considering fac-
tors like electrode material and reactor design for accurate anal-
ysis and optimization of the process.

3.6.4. Synthesis of Nitrogen-Containing Compounds

Imines are essential organic intermediates with broad applica-
tions in pharmaceuticals and fine chemicals. They can be syn-
thesized through the photocatalytic oxidation of amines, offer-
ing a sustainable and efficient pathway. Cu-based systems have
shown remarkable potential in this reaction. For example, a Cu-
based metal-organic framework (Cu-BTC)@CuS@CeO, com-
posite was employed to oxidize amines under visible to near-
infrared light irradiation.>®! The enhanced performance of this
system was attributed to several synergistic factors: efficient
charge separation facilitated by the heterojunction, a high density
of active sites, improved light absorption due to the hollow struc-
ture, and Lewis acid sites. These features collectively promoted
superior photocatalytic activity. Recently, Gao et al.l>*’! achieved
the simultaneous reduction of CO, and oxidation of amines us-
ing Cd-doped CdS quantum dots. This innovative system gener-
ated syngas and secondary amines in a single photoredox cycle.
The presence of doped Cu improved charge separation efficiency
and served as active catalytic sites, enhancing the overall reaction
performance. In another recent work, Hu et al.l’®] developed a
Cu@CuO, /WO, composite photocatalyst, which exhibited out-
standing catalytic activity in converting various amine derivatives
into their corresponding imines. Both experimental studies and
DFTcalculations confirmed that Cu,O served as the primary ac-
tive site in this system, enabling efficient and selective amine
oxidation.

Qi et al. reported an efficient and selective electrochemical
method for synthesizing phenols and anilines from arylboronic
acids in aqueous ammonia.l’®! The technique allows for the se-
lective formation of either phenols or anilines by changing the
concentration of aqueous ammonia and the anode potential in
an undivided cell. For phenol synthesis, using an aqueous am-
monia concentration of 0.13 M and an anode potential of 0.6
V vs Ag/AgCl, the reaction yielded up to 92% phenols with a
C—0:C—N selectivity ratio of up to 30:1. Conversely, for aniline
synthesis, employing 2.61 M aqueous ammonia and an anode po-
tential of 0.2 V vs Ag/AgCl resulted in up to 86% yield of anilines
with a C—N:C—O selectivity ratio of up to 21:1. These electro-
chemical reactions proceeded with high reaction rates and good
chemoselectivity, and without the need for alkali base, ligand, or
organic solvent.

4. Comparative Analysis of Cu-Based Catalysts in
Photo and Electrocatalysis

Copper is rapidly emerging as a cornerstone in sustainable
catalysis, powering advancements in both photocatalysis and
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electrocatalysis. Its abundance and cost-effectiveness position it
as a compelling alternative to precious metals, driving innovation
in energy conversion and environmental remediation.

Both photocatalysis and electrocatalysis leverage Cu’s ability to
undergo facile redox transitions, enabling efficient charge trans-
fer processes. This is crucial for activating reactant molecules and
facilitating desired chemical transformations. Moreover, Cu’s
versatility allows for synthesizing diverse nanostructures (e.g.,
nanoparticles, nanowires, oxides, sulfides), tailoring the catalyst’s
surface area, morphology, and electronic properties to optimize
performance in specific applications. While sharing fundamental
advantages, their strengths and weaknesses manifest differently
across photocatalysis and electrocatalysis domains. This analysis
dissects the distinct advantages and limitations of Cu-based ma-
terials across these two crucial fields.

4.1. Photocatalysis

Cu’s prowess in photocatalysis stems from its unique ability to
interact with light. Cu-nanomaterials exhibit localized surface
plasmon resonance, enhancing light absorption across a broad
spectrum, including the visible and near-infrared regions. This
heightened light harvesting capability improves efficiency in or-
ganics degradation, hydrogen production, and CO, reduction
processes. Furthermore, when coupled with semiconductors, Cu
facilitates efficient charge separation, hindering electron-hole re-
combination and boosting catalytic performance. Cu-complexes
also demonstrate strong photoexcited reducing power, enabling
selective organic transformations.

However, challenges remain. Cu oxides, such as Cu, O, can suf-
fer from rapid electron-hole recombination and photocorrosion,
limiting their long-term stability. Cu can unexpectedly exhibit an
oxidizing role in certain systems, counteracting the desired re-
duction processes. Achieving high selectivity for specific prod-
ucts can also be difficult, and leaching of Cu species can occur,
raising environmental concerns.

4.2. Electrocatalysis

Cu-based electrocatalysts demonstrate excellent activity towards
various electrochemical reactions, including the oxygen evolu-
tion reaction (OER), hydrogen evolution reaction, and CO, elec-
troreduction.

In electrocatalysis, Cu stands out as the only monometallic cat-
alyst capable of reducing CO, into valuable multicarbon products
like hydrocarbons and alcohols with appreciable efficiency. The
catalytic properties of Cu can be finely tuned by controlling its
particle size, morphology, and surface composition, allowing for
the optimization of specific electrochemical reactions. Modifying
Cu with other metals can effectively suppress the competing hy-
drogen evolution reaction, enhancing selectivity for CO, reduc-
tion products. Advanced reactor configurations, like gas diffusion
electrodes, amplify catalytic current densities, signifying rapid re-
action rates.

Despite these strengths, electrocatalytic CO, reduction on
Cu catalysts often requires significant overpotentials, leading to
lower energy efficiency. The HER remains a persistent com-
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petitor, and achieving high selectivity for a single desired prod-
uct among the multitude of possibilities presents a considerable
challenge. Cu catalysts are also susceptible to poisoning and deac-
tivation by adsorbed species, and leaching can occur under elec-
trochemical conditions. The complex, multistep nature of CO,
electroreduction on copper necessitates further research to eluci-
date and control the reaction pathways fully.

4.3. Final Perspectives

Copper-based catalysts hold immense promise for advancing
sustainable technologies in photocatalysis and electrocatalysis.
While challenges such as stability and selectivity remain, ongo-
ing research on material design, surface engineering, and reac-
tion optimization continuously expands their capabilities. Cop-
per’s unique properties and economic viability firmly establish
it as a key player in the quest for cleaner energy and a more
sustainable future.

5. Conclusion

As the urgency of addressing climate change and the global
energy crisis intensifies, Cu-based catalysts stand out as versa-
tile and accessible materials capable of meeting these demands.
Their excellent electrical conductivity, inherent catalytic activ-
ity, abundance, affordability, and adaptability lay a solid foun-
dation for continued innovation, ensuring their pivotal role in
transitioning towards sustainable energy and a cleaner environ-
ment. The practical application of Cu-based catalysts faces hur-
dles; however, as research continues to delve into their synthesis,
characterization, and application, it is expected that further im-
provements in their catalytic efficiency, selectivity, and stability
will be attained. From our perspective, while the practical appli-
cation of Cu-based catalysts encounters certain challenges, on-
going research into their synthesis, characterization, and appli-
cation is anticipated to yield enhancements in their catalytic ef-
ficiency, selectivity, and stability. The development of novel het-
erostructures, single-atom catalysts, and advanced modification
techniques holds the potential to unlock unprecedented catalytic
capabilities and expand the applicability of these materials across
diverse fields. By bridging fundamental research with scalable ap-
plications, Cu-based catalysts could help pave the way to achiev-
ing ambitious climate and energy goals, making the future of
these materials vast with the potential for advancing renewable
energy and environmental technology.
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