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Advancements and prospects of near-infrared-light
driven CO, reduction reactiont
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In the realm of photoconversion of CO, into high-value chemicals, the importance of near-infrared
(NIR) light is gradually gaining recognition. Relative to ultraviolet (UV) and visible light, NIR light
(700-2500 nm), accounting for ca. 50% of solar energy, offers unique advantages such as
deeper penetration depth and stronger photothermal effects. Thus, utilizing NIR light can not only
compensate for the inherent limitations of UV/visible light-based CO, reduction systems, but also
maximize the use of solar energy. However, efficiently harnessing NIR light remains challenging
because of its low photon energy, making it difficult to drive CO, reduction. Additionally, the limited
knowledge of the reduction mechanism driven by low-energy photons further hinders progress in this
field. In this review, we systematically introduce the motivation and fundamental principles of NIR-
light-driven CO, reduction, the design strategies for NIR-light-activated photocatalysts (including
the energy band structure regulation strategy, the energy transfer strategy, and the photothermal
utilization strategy), NIR-light absorption mechanisms of these catalysts, and representative
applications of these strategies. Finally, we present our perspectives on the challenges facing NIR-
light-driven CO,
characterization techniques, evaluation procedures, and potential large-scale applications in future
research. With further advancements in NIR-light-driven CO, reduction, it holds great promise to
maximize the exploitation of solar energy, ultimately achieving efficient CO, photoconversion for

reduction and provide suggestions for improving current photocatalysts,

rsc.li/chem-soc-rev industrial applications.

1. Introduction

Global fossil fuel consumption releases around 35 billion tons
of CO, into the atmosphere annually. This amount is nearly
double that can be absorbed by the natural carbon sinks, such
as forests and oceans (Fig. 1A)." As a result, the average global
CO, level has reached 417.06 parts per million (ppm), showing
an increase of 2.13 ppm compared to the last year, a rate
consistent with the trend observed over the past decade.
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Currently, atmospheric CO, levels are 50% higher than they
were before the industrial era.> The rapid increase of atmo-
spheric CO, levels has resulted in obvious issues: global warm-
ing, abnormal changes in the climate, and the alarming threat
of species extinction, all posing serious risks to human exis-
tence. For instance, since 1890, the average temperature anom-
aly has shown a continuous upward trend (Fig. 1B). The issues
of global temperature anomalies over land and oceans are
primarily linked to the overemission of greenhouse gases from
human activities.® Therefore, it is crucial to reduce our depen-
dence on fossil fuels and decrease CO, emissions. While
utilizing CO, as a one-carbon (C,) feedstock for the production
of value-added products is recognized as a promising strategy
to mitigate these issues, CO, is a chemically stable mole-
cule (ArGSggx = —394.36 kJ mol™!) with a strong C=0 bond
energy of 750 k] mol', making it thermodynamically inert
and challenging to be activated.” Consequently, the chemical
conversion of CO, often requires harsh reaction conditions to
drive the energetically uphill reactions. To accomplish effici-
ent CO, activation, many approaches have been explored,
including thermal catalysis, electrocatalysis, photocatalysis,
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photoelectrocatalysis, mechanochemical catalysis, and enzy-
matic catalysis.”®> Among these strategies, harnessing renew-
able solar energy for photochemically converting CO, into fine
products and fuels is a potential alternative to both mitigate
CO, emissions and meet the global energy demand.

To fully harness solar energy for photocatalytic CO, conver-
sion, mastery is required not only in the design and synthesis of
single component catalysts (composition, nanostructure, etc.)
but also in the nanoscale assembly of these photocatalytic
active units with effective auxiliary nanomaterials. It is reason-
able to anticipate that, given the considerable contemporary
emphasis on CO, capture and utilization in the context of
carbon neutrality, the coming years will witness significant
advancements in CO, photochemical fixation, including the
development of effective light absorption models, synthetic
approaches for tailored photocatalysts, and the design of
high-efficiency photocatalytic reactors. All of these are devel-
oped for the maximal solar energy exploitation and efficient
CO, conversion. To reach the goal, one of the tasks is to fully
utilize the low-energy photons from solar light. Although the
concept of CO, photoreduction has existed for a long time,
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unlike the well-established ultraviolet (UV) or visible light
photocatalysis, the utilization of near-infrared (NIR) light for
CO, upgrading has gained prominence only recently. That is
because, even though NIR light (700-2500 nm) accounts for ca.
50% of the solar spectrum, its low photon energy makes it
difficult to drive the uphill CO, reduction reaction (CO,RR).
Consequently, studies on the utilization of NIR light to drive
CO,RR are still rare. Meanwhile, the lack of basic understand-
ing of the reaction mechanisms driven by low-energy photons
also has resulted in slow progress in this field.

Photocatalysts serve as crucial “tools” in the process of NIR-
light-driven CO,RR, where the inherent properties of incident
photons dictate how these “tools” are designed and engi-
neered. In this case, precisely matching the characteristics of
incident photons and the electronic structures of the photo-
catalysts is particularly crucial. In this review, we outline the
state-of-the-art photocatalysts for NIR-light-driven CO,RR,
focusing on the light absorption mechanisms and design
strategies of these NIR-light-responsive photocatalysts, and
their applications in CO,RR. First of all, we begin with brief
discussions on the basic principles of CO, photoconversion, as
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well as the motivation and fundamentals of NIR-light-driven
CO,RR, to offer a contextual backdrop. This is followed by a
discussion of design strategies for NIR-light-responsive
photocatalysts. For instance, NIR light can be directly har-
nessed to achieve CO,RR through energy band structure
regulation strategies, including the construction of narrow-
bandgap, intermediate-band, metallic, and heterojunction
photocatalysts. Moreover, to enable the indirect utilization
of NIR light for CO,RR, energy transfer strategies are pro-
posed, including pure surface plasmon resonance (SPR) systems,
SPR-semiconductor synergetic systems, and up-conversion
systems. Especially, significant progress focused on photother-
mal utilization, which can improve conversion and/or yield
in the NIR-light-driven CO, reduction systems, has also been
discussed. Finally, we highlight the future directions for
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constructing advanced NIR-photocatalytic CO,RR systems,
including developing an advanced multifunctional photo-
catalytic system (referred to as a ‘“‘more-in-one” system),
constructing electron-rich sites and enhancing local CO,
concentration for deep CO,RR, and quantifying light and
thermal contributions in photothermal CO,RR systems driven
by NIR light. To push the advancement of NIR-light-driven
CO,RR, we also provide insights into developing advanced
techniques, conducting reliable evaluations of catalytic per-
formance, and increasing the feasibility of CO, photoreduc-
tion for practical applications. Throughout the review, we aim
to identify the challenges in NIR-light-driven CO,RR, provide
feasible design strategies for NIR-responsive photocatalysts,
and propose strategic directions for future development in
this area.
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Fig. 1 (A) Global trends in the increase in CO, concentration are shown

via globally averaged CO, mole fraction since 1980. Reproduced with
permission from ref. 2. Copyright 2024, NOAA. (B) Global land and ocean
average temperature anomalies since 1850. Coordinate anomalies are
concerning the 1890-2020 average. Data adapted from the National
Ocean and Atmospheric Administration (NOAA) website. Reproduced with
permission from ref. 3. Copyright 2024, NOAA.

2. Principles and development of
photocatalytic CO, recycling

2.1. Principles of photocatalytic CO, recycling

Utilization of solar energy to construct an efficient artificial
carbon cycle holds immense promise for reducing fossil fuel
consumption and mitigating climate change (Fig. 2A). In nat-
ure, photosynthetic organisms adeptly harness solar energy
through intricate supramolecular assemblies to synthesize
energy-rich compounds from water and atmospheric CO,."*
The robust stability and exceptional selectivity of photosynthesis
hinge upon the precise spatial arrangement of chromophore
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Fig. 2 (A) Scheme of the artificial carbon cycle aiming at upgrading CO,
into value-added chemicals. (B) The diagram of a typical photocatalytic
CO; reduction process on semiconductors.
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molecules and catalytic centers achieved through self-assembly.
However, the efficiency of natural photosynthesis is too low to
effectively reduce current atmospheric CO, level on its own.
Inspired by photosynthetic organisms, the synthesized photo-
catalysts have been successfully integrated into the carbon cycle
to achieve an artificial photosynthesis process. The widespread
adoption of such artificial photosynthesis can facilitate CO,
utilization, lower atmospheric CO, concentration, and transform
CO, into energy-dense fuels, thus diminishing the reliance on
traditional fossil fuels. The underlying mechanism of photo-
synthesis in nature offers invaluable design principles for devel-
oping artificial photosynthesis systems aiming at capturing and
storing CO, on a global scale.

Photocatalytic CO, reduction (PCO,R) is a complicated
process, which involves a variety of intricate elementary reac-
tions that work together to facilitate CO, conversion. In a
typical PCO,R process, activated by the incident photons whose
energy (hv) exceeds the energy bandgap (E,) of the catalyst, the
electrons in the valence band (VB) will transition to the con-
duction band (CB), producing active holes and electrons. Most
of the electrons and holes suffer from severe recombination
either within the bulk material or at the surface. However, a
fraction of long-lived photogenerated carriers can successfully
transfer to the surface, where they are engaged in the PCO,R
process (Fig. 2B). To enable CO, reduction, the conduction
band minimum (CBM) of the catalyst must be more negative
than the CO,RR potential (E..q), while its valence band max-
imum (VBM) is required to be more positive than the water
(H,O) oxidation potential (E.) or the oxidation potentials of
other substituted agents (e.g., H,'” and amines'®) (Table 1).
This enables photogenerated electrons to drive the CO,
reduction reaction (CO,RR), while the photogenerated holes
drive the oxidation reaction.

Ideally, H,O oxidation is the recommended oxidation half-
reaction for PCO,R. Most cases discussed in this review are
based on the water-assisted PCO,R. However, it is sometimes
replaced by the oxidation reactions of the reagents that possess
lower oxidation potential to enhance the PCO,R efficiency. One
should be aware that the overall reaction of PCO,R varies
according to the oxidation half-reaction, which suggests that

Table 1 Theoretical thermodynamic values (pH = 7) for CO, photo-
reduction?

E°/IV vs. AGhai/
Product Half reaction NHE KkJ mol~*
CO CO, + 2H" +2e~ - CO+ H,0 —0.53 102.29
HCOOH CO, + 2H" + 2¢” —» HCOOH —0.61 117.73
HCHO CO, + 4H" + 4~ — HCHO + H,0 —0.48 185.28
CH,OH CO, + 6H' + 6e” — CH,OH + 2H,0 ~0.38 220.02
CH, CO, + 8H' + 8¢~ — CH, + 2H,0 —0.24 185.28
C,H, CO, + 12H" + 126~ — C,H, + 4H,0 ~0.34 393.72
C,H:OH CO, + 12H" + 126~ — C,H;OH + 3H,0 —0.33 382.14
C,H, CO, + 14H" + 14e~ — C,H, + 4H,0 —0.27 364.77
C;H,OH CO, +18H' + 18e~ — C3;H,OH + 5H,0 —0.32 555.84
0, 1/20, + 2H" + 2¢~ - H,0 +0.82  —158.26

“ Reproduced with permission from ref. 15. Copyright 2021, Wiley-VCH.
Reproduced with permission from ref. 16. Copyright 2022, Wiley-VCH.
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the thermodynamics and kinetics may be different as well.***°
Due to the diversity of oxidation half-reactions, we will refrain
from delving into detailed discussions of specific oxidation
half-reactions, in order not to distract the review’s focus from
the CO,RR half-reaction.

2.2. Development of photocatalytic CO, recycling

Demonstrating artificial photocatalytic CO, conversion systems
with high efficiency, comparable to or even better than natural
photosynthesis systems, has been a long-standing dream for
scientists. This aspiration has also propelled photocatalysis to
become one of the most dynamic fields in chemical research.
However, replicating the natural light-harvesting superstruc-
ture through synthetic pathways is difficult to achieve and far
from cost-effective. In this case, precise modulation of the
photocatalyst structure is a highly attractive solution to this
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Fig. 3 (A) The solar spectrum primarily comprises visible and NIR light,
constituting ~45% and ~50% of the total irradiance, respectively. (B)
Publication and citation statistics of photocatalytic CO, reduction reports
for the topics “light driven CO, reduction” and “infrared light driven CO,
reduction”. (Data adapted from the Web of Science, timespan from 2012
to 2023, collected on August 14, 2024.)
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challenge. Particularly, regulating the light-harvesting ability by
adjusting the electronic structures of catalysts is pivotal for
artificial photosynthesis. To efficiently activate the photocata-
lysts for CO,RR, UV and visible light-driven CO,RR systems
have been extensively studied in the past few decades. By
contrast, although the concept of NIR photocatalysis has
existed for a long time, there are few reports on using NIR
irradiation, which comprises about 50% of the solar energy, to
enable CO,RR as a result of the low energy of NIR photons
(Fig. 3A). The first discovery of heterogeneous photoelectro-
chemical CO,RR over a p-type GaP semiconductor was reported
by Halmann®' in 1978, and the first demonstration of pure
photocatalytic CO,RR was presented by Inoue et al.>* in 1979.
Since then, light-driven CO, reduction has attracted broad
scientific attention. As shown in Fig. 3B, a cursory search of
the term “light driven CO, reduction” in the Web of Science
database indicates significant growth in related research over
the last decade, driven by rapid advancements in nanotechnol-
ogy and characterization techniques.

Reactors and reaction modes are critical factors for PCO,R.
So far, four fundamental reaction modes have been developed:
solid-gas mode, solid-vapor mode, solid-gas-liquid mode, and
liquid-gas mode (Fig. 4).>® For both solid-gas and solid-vapor
modes, the solid photocatalyst is deposited on a substrate, such
as quartz tray>*® or foam-type metals,””*® to form a catalyst
film. Fig. 4A and B display that the solid-gas mode consists of
CO,, a catalyst film, and reducing gas (e.g., H,'*°), while the
solid-vapor mode consists of CO,, a catalyst film, and water
vapor,®*?! with the water vapor being generated from a trace of
H,0 at the bottom of the reactor. These modes are relatively
simple catalytic systems and their CO,RR activity is strongly

Homogeneous catalysis
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Fig. 4 Different reaction modes for CO, photoreduction: (A) solid—gas mode, (B) solid—vapor mode, (C) solid-liquid—gas mode, and (D) liquid—gas
mode, where PS represents the photosensitizer and SA represents the sacrificial agents.
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relevant to the intrinsic properties of the catalysts. Different
from the solid-gas and solid-vapor modes, the solid-liquid-
gas mode involves dispersing the photocatalyst powder in a
solvent, where CO,RR occurs at the solid-liquid-gas interface
(Fig. 4C).>> The solvent can be water or organic solvents
(e.g., acetonitrile).'"® In this mode, hole sacrificial agents or
co-catalysts are sometimes added to the solvent to boost the
CO,RR.** The liquid-gas mode, on the other hand, is designed
for homogeneous PCO,R, where molecular catalysts, organic
photosensitizers, reducing agents, and dissolved CO, are
involved (Fig. 4D).>***° Based on these four reaction modes,
various reactors have been developed as well, including offline
batch reactors, online batch reactors, and flow reactors, most of
which are kettle type or tubular reactors.>*>7-36738

Moreover, a circulating liquid is usually used to dissipate
photoinduced heat and keep the system at a steady and low
temperature (e.g., 10 °C), which is conducive to investigating
the roles of heat and light separately. For instance, Xu et al.>®
utilized this method to identify the effect of photoinduced heat
on UiO-66/CosSg photocatalysts. As shown in Fig. 5A, after 5 h
NIR irradiation, the central temperature of the photocatalyst
reaches ca. 106 °C, exhibiting a strong photothermal effect.
To investigate the role of light and heat, separately, two control
experiments are performed: (i) eliminating the photoinduced
heat by cycling cool water (Fig. 5B), and (ii) conducting the
PCO,R at 120 °C without light irradiation. When the reaction
temperature was held at 10 °C by cycling cool water, the UiO-66/
CoySg photocatalyst still exhibited the ability of converting CO,
into CH,, although the CH, production rate significantly
decreased (Fig. 5C). On the other hand, when the PCO,R was
performed at 120 °C without light irradiation, no gas product
was observed (Fig. 5D), which indicated that the light
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Fig. 5 Identifying the effect of light and heat on UiO-66/CosSg. (A) The

central temperature of the catalyst after NIR irradiation for 5 h. (B) Typical
photoreactor configuration for excluding the photoinduced heat. (C) The
influence of photoinduced heat on PCO,R performance. (D) The PCO,R
performance under standard photothermal catalytic conditions and 120 °C
in the dark. Reproduced with permission from ref. 25. Copyright 2024,
Wiley-VCH.
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illumination was the key factor in triggering the photoreduc-
tion of CO, to CHy, while the photoinduced heat played a vital
role in accelerating the reaction.

Also, to enhance photocatalytic efficiency, heating setups
can be equipped to provide additional heat, thereby facilitating
CO, photoreduction.’”?® In addition, novel supports, such as
monolith supports®® and optical fibers,*>*' have been recently
introduced for PCO,R to ensure sufficient contact between CO,
and photocatalysts as well as uniform light irradiation. Besides,
solar concentrators, like Fresnel lens,”” are usually employed to
enhance light absorption and utilization, thereby improving
the feasibility of utilizing natural sunlight for CO,RR.

The majority of the materials are only responsive to UV or
visible light that possesses high photon energy, and these
include metal chalcogenides,””** metal-organic frameworks
(MOFs),'®2%%¢ and non-metallic materials.*”*® With the
rapid development of reaction modes and reactors, diverse
photocatalysts have been explored for PCO,R, such as metal
complexes,****°° metal oxides,**>* and metal nitrides,>*>® for
the utilization of NIR light. Given that NIR light constitutes ca.
50% of the solar spectrum, enhancing its utilization is crucial
for making full use of solar energy during the PCO,R process.
To this end, many researchers have turned their focus on
harvesting NIR photons for PCO,R (Fig. 3B). However, the low
energy of NIR light poses significant challenges to its effective
use in photocatalysis for an extended period. In 2016, Ye et al.
introduced a defect level into the band gap of BiOI by con-
structing oxygen defects, successfully achieving NIR-light-
driven transformation of CO, to CO for the first time.>” Since
then, more and more materials, such as metallic materials,>*””
SPR materials,”®*® up-conversion nanoparticles (UCNPs)
and intermediate-band semiconductors,’*®® have been devel-
oped for driving CO, conversion by NIR light activation (Fig. 6).
These photocatalysts can efficiently harness NIR photons for
the transformation of CO, to high-value chemicals. Besides
light absorption ability, CO, affinity is also a critical property of
photocatalysts. With future practical applications in mind,
PCO,R is supposed to be operated under low CO, concentration
atmospheres, which is unfavored by many traditional photo-
catalysts due to their weak CO, affinity. Recent studies have
demonstrated that photocatalysts with strong NIR light absorp-
tion ability, for instance, metallic materials, have the potential
to achieve efficient CO, activation and conversion in the
air.”>** Moreover, owing to the biocompatibility of NIR llght
the NIR-light-driven CO, reduction can be realized in vivo,*’
gradually expanding the applications to biomedical research.
Therefore, NIR-light responsive photocatalysts exhibit huge
potential for future CO, photoreduction.

60,61

3. Motivation and fundamentals of NIR
photocatalytic CO, recycling
3.1. NIR light versus UV/visible light

As a clean and sustainable energy source, solar light can be
utilized to mitigate both energy and environmental challenges.
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Fig. 6 The timeline highlights key developments in NIR light harvesting and CO, photoreduction over the past few decades. Reproduced with
permission from ref. 21. Copyright 1978, Springer Nature. Reproduced with permission from ref. 22. Copyright 1979, Springer Nature. Reproduced with
permission from ref. 66. Copyright 2012, Springer Nature. Reproduced with permission from ref. 67. Copyright 2013, Wiley-VCH. Reproduced
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The solar light is composed of about 5% UV light (300-400 nm),
about 45% visible light (400-700 nm), and about 50% NIR light
(700-2500 nm) (Fig. 3A).”* In the catalytic system of artificial

photosynthesis, light absorption is the first step, directly affect-
ing the solar-to-chemical conversion efficiency (SCC). To date,
numerous catalysts have been widely explored for PCO,R, but
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the majority of them are triggered only by UV and visible light.
Owing to the high energy of UV or visible photons, most
photocatalysts can be efficiently activated to generate carriers.
Furthermore, photocatalysts with a wide band gap can thermo-
dynamically drive a broader range of reactions, making
UV/visible-light photocatalytic systems the most extensively
studied photocatalytic systems for CO,RR. Conversely, research
on efficient NIR-light-driven CO, reduction remains in its early
stage. Currently, the energy conversion efficiency and economic
viability of existing PCO,R systems fall short of industrializa-
tion requirements, primarily due to the insufficient utilization
of solar energy. This has led researchers to increasingly focus
on the exploration of novel NIR-photocatalysts to fully use solar
energy. Additionally, there are inherent challenges associated
with using UV/visible radiation as a light source. Therefore, it is
crucial to thoroughly compare NIR light with UV and visible
light, given their significant differences in energy distribution,
physicochemical properties, and effects on the earth and life.
This comparison is especially important for understanding
their roles and significance in PCO,R, forming the foundation
for maximizing the utilization of solar energy.

3.1.1. Penetration depth. UV or visible light penetrates to
shallower depths and is more easily absorbed by the surface of
the material, making it more prominent for surface or shallow
reactions. However, the limited penetration ability of photons
potentially restricts the large-scale operation of the reaction.
Besides, the limitation of light penetration also accounts for the
slow photocatalytic rate.”>”® By contrast, NIR light possesses a
remarkable penetration depth, leading to a full interaction
between reactants and photons.””””® As depicted in Fig. 7A, three
penetration conditions are considered: (i) catalyst penetration.

i. Catalyst penetration ii. Medium penetration iii. Tissue penetration

NIR UVivis  NIR

= o ¥
UV/vis s -]

s —— Liquid medium
NIR,m—

= Solid medium

Penetration depth

B c
CO, CH,

Carbon
N Contaminants
N
<& NIR
co, Photocatalystk CO, CH,, &
\ CoH, )" Heat

Light absorption competition

UVNvis NIR

Carbon contamination Photothermal effect

E i. CO,RR in vivo ii. Photobiohybrid CO,RR system
[y co
NIR I g 2
CO; o @&
TN Acetate
NIR
CcoO Bacterial photocatalyst

Biocompatibility

Fig. 7 Comparison of UV/visible light and NIR light. (A) Penetration depth:
(i) catalyst penetration, (i) medium penetration, and (iii) tissue penetration.
(B) Light absorption competition. (C) Carbon contamination. (D) Photo-
thermal effect. (E) Biocompatibility: (i) CO,RR in vivo and (ii) photobiohy-
brid CO,RR system.
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NIR photons, with their longer wavelengths, can penetrate
deeply into bulk catalysts, efficiently activating semiconductor
materials to generate charge carriers or thermal energy.
(ii) Medium penetration. In photocatalytic systems, infrared
light generally has a lower molar absorption coefficient than
UV and visible light in the same medium/solution. This results
in superior light transmittance and deeper penetration, making
NIR especially effective for photoredox reactions.””*° (iii) Tissue
penetration. Expanding CO, photoreduction into the biochemical
field necessitates the use of “mild” NIR light.*"*” Unlike UV/
visible light, NIR light offers deep tissue penetration depth while
minimizing biological tissue damage, offering the opportunity for
CO, conversion within organisms.®® This penetration feature
makes the use of NIR light in photocatalytic reactions potentially
advantageous, especially where thicker catalysts are involved or
where the reaction depth is large, as NIR light can penetrate the
reaction medium to a greater depth.*® In the actual catalytic
process, NIR light is more beneficial for the homogeneous activa-
tion of substrates and photocatalysts in the reaction system,
which further facilitates the realization of large-scale photocataly-
tic reactions.

3.1.2. Light absorption competition. Light absorption
competition refers to a phenomenon where multiple sub-
stances that exist in a system compete for absorption of light
from the same light source. UV and visible light are composed
of high-energy photons; consequently, the photocatalyst may
face competition from the substrate, cocatalyst, solvent, and
even the reactor in terms of light absorption, thereby impairing
the overall efficiency of photocatalysis.**"®” Taking the gra-
phene oxide/CdS@TaON photocatalyst as an example, when
the ratio of graphene oxide to CdS@TaON becomes sufficiently
high, the competitive light absorption between graphene oxide
and the active component CdS@TaON becomes more pro-
nounced, leading to a decrease in photocatalytic efficiency.®®
In contrast, NIR photons can reduce the absorption competi-
tion due to their low energy (Fig. 7B). We would like to point out
that UV/visible photocatalysis is competitive with NIR photo-
catalysis when considering a fixed number of catalysts. Under-
standing the light absorption competition in photocatalysis,
designing efficient light absorption photocatalysts, and reducing
unnecessary light absorption competition are the keys to improv-
ing the efficiency of photocatalysis. The development of photo-
catalysts that selectively absorb specific wavelengths can effec-
tively decrease the absorption competition of other substances
and enhance the efficiency of the system. For example, in photo-
catalysis, using photocatalysts with narrow band gaps for NIR
light absorption is a good choice. Recently, photocatalytic CO,
reforming systems operated under NIR light without solvents and
sacrificial agents have been highly sought after.”” Therefore, an
irradiation source with low photon energy does not always mean
poor photocatalytic activity. NIR light constitutes most of the
sunlight spectrum, so it is imperative to explore practical
approaches to optimize the activity of the photocatalysts that
absorb NIR light, thus minimizing light absorption competition.

3.1.3. Carbon contamination. Carbon contamination refers
to the products obtained during the PCO,R process that are not
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generated from the CO, feed gas, leading to false-positive results
in PCO,R (Fig. 7C). The sources of carbon contamination in
PCO,R experiments are (i) carbon residues in the experimental
setup, (ii) carbon residues on the surfaces of photocatalysts, and
(iii) the instability of carbon-based photocatalysts.®*°' For the
first source of carbon pollution, residual carbon typically origi-
nates from organic reagents in the gas or inadequately cleaned
equipment and reactors. This type of contamination can be
effectively eliminated by employing rigorous cleaning procedures
before conducting photocatalytic measurements. The second
source involves carbon residues left on the photocatalyst surfaces
from organic reagents such as solvents, reactants, and surfac-
tants used during the synthesis of photocatalysts. These residues
are often difficult to completely remove by washing and can
lead to contamination within the system. During catalysis, these
residues may convert into carbonaceous compounds, like
methane (CH,) and carbon monoxide (CO), which can severely
interfere with the analysis of CO, conversion performance. The
third source of contamination arises when carbon-containing
photocatalysts decompose under light. This self-decomposition
is often more thermodynamically favorable than the CO,RR.
For example, MOFs with poor photostability are prone to self-
oxidation, which interferes with the analysis of CO,RR activity.”>

According to previous reports, wide-bandgap photocatalysts,
which require high-energy photons from UV/visible light to
generate photocarriers, are more prone to form the products
from carbon impurities or even from the carbon-containing
photocatalyst itself through oxidation processes rather than
through CO, photoreduction, resulting in false-positive CO,RR
results.”>** Therefore, complex and expensive isotope labeling
experiments and control experiments are often indispensable
to confirm whether the detected products originate from CO,
feedstock or not. By contrast, NIR light exhibits excellent
photochemical compatibility and is less likely to generate those
pollutants during PCO,R.

Although photocatalysts with narrow bandgaps and NIR
light absorption properties have received considerable atten-
tion for CO, photoreduction, there have been no reports of
carbon contamination that severely affects the PCO,R results.
The advantages of using NIR light include the following:
(1) carbon impurities adsorbed on the surface are less likely
to oxidize under low-energy NIR photons, ensuring that the
PCO,R products originate from CO,RR; (2) VB holes excited by
NIR light have weaker oxidation capabilities, reducing the
likelihood of self-decomposition of carbon-containing photo-
catalysts and avoiding false-positive CO,RR signals; and (3) the
photothermal effect of NIR light heats the photocatalyst, acting
similarly to high-temperature annealing and removing surface-
adsorbed carbon impurities.”> These impurities are rapidly
consumed during stability tests at higher temperatures, thus
reducing their potential interference with the PCO,R system.

Therefore, NIR light sources offer a cost-effective and time-
efficient means to minimize and eliminate carbon contamina-
tion in CO, photoconversion systems, making NIR-light-driven
CO, reduction a promising approach to avoid or mitigate
carbon contamination in photocatalytic processes.
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3.1.4. Photothermal effects. Benefiting greatly from the
joint contributions of light and heat, NIR-light-induced photo-
thermal catalysis has shown immense potential in enhancing
chemical reactions that are typically driven solely by thermal
energy or light energy (Fig. 7D).* The photothermal effects,
associated with lattice vibrations and the non-radiative relaxa-
tion of carriers, have successfully regulated both electron-
related and temperature-related catalytic behaviors in solar-
driven CO,-to-chemical processes.’>*** In contrast to UV/visible
light, the flux of NIR photons can be effectively channelled into
heat to drive reactions, as it can induce non-radiative relaxation
processes of carriers, such as Shockley-Read-Hall and Auger
recombinations.’®®” Interestingly, it has been observed that the
photothermal CO,RR performance increases as the light intensity
increases, due to the superlinear dependence of photothermal
effects on light intensity.”® Therefore, exploiting catalysts with
strong NIR photoactivity and superior photothermal conversion
efficiency has emerged as a hot topic in CO,-conversion research.

3.1.5. Biocompatibility. High-energy photons, especially in
the UV region, will damage the tissues of organisms, and their
limited tissue penetration hinders the activation of reactions
within deep-seated tissues, thereby limiting their potential in
biochemical applications.’® By contrast, NIR photons featuring
low energy and deep penetration depth have shown superiority
in converting CO, within organisms (Fig. 7E).®> Since the
pioneering work on driving CO, reduction by illuminating
NIR light on deep-seated tissues or microorganisms, photoca-
talysis utilizing NIR energy for CO, reduction has been demon-
strated to display the advantageous features of mild photo-
catalysis.®>'%° For example, the use of CO as a therapeutic agent
has been tested in human clinical trials, with pre-clinical
studies showing that CO gas administration provides benefits
in animal models of various human diseases. However, devel-
oping an effective strategy for safer CO delivery remains a
challenge, particularly in ensuring accurate and controlled
delivery of CO to patients.'® Recently, Huang et al®® made
significant strides in this field by utilizing a photothermal CO,-
reducing nanocatalyst (abbreviated as NNBC) to convert CO,
into CO within biological organisms under NIR light (1064 nm
laser). This in situ CO generation proved to inhibit bacterial
growth and reduce inflammation in tissues, confirming that
NIR-triggered mild photocatalysis holds promise for in vivo CO,
conversion. Moreover, due to its high biocompatibility, NIR
light is particularly well-suited for biotic CO, catalysts, with
great potential to overcome the challenge posed by the high
overpotential required for CO,RR on inorganic CO,-reducing
catalysts.'°® This bio-photoreduction process could be realized
in biophotochemical synthesis using CO,-fixing microorgan-
isms, such as members of Chromatiaceae, Sporomusa ovata,
and Chlorobium.**™°* For instance, Yang et al.'®" designed a
microorganism (Sporomusa ovata)-integrated bias-free photo-
chemical diode device, successfully converting CO, into multi-
carbon (C,.) products (e.g., acetate) driven by NIR light
(740 nm). This process harnesses NIR light for CO,RR under
mild conditions, showcasing a great foreground in biochemical
applications. Its effectiveness and advantages stem from

This journal is © The Royal Society of Chemistry 2025
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efficient CO, activation and conversion, enhanced photother-
mal effects, and mild operating conditions—primarily enabled
by the long wavelength, low energy, and deep penetration
capabilities of NIR photons. Therefore, expanding light absorp-
tion into the NIR region should be a high priority in the design
of catalysts and photocatalytic systems.

In short, using NIR light to promote photocatalytic CO,
recovery is mainly based on the following considerations.

Solar energy utilization. NIR light makes up a substantial
part of solar light. Harnessing NIR light is conducive to maxi-
mizing the solar energy utilization for CO, conversion.

Technological advancements. Advancements in synthetic
chemistry and characterization techniques ensure the possibi-
lity of CO, photoreduction by low-energy photons, further
expanding the methods of CO, reduction.

Photocatalytic efficiency. Broadening the spectrum respon-
siveness of photocatalysts from the UV to the NIR region will
enhance their overall efficiency in converting CO, into value-
added products.

Environmental and energy concerns. Given the pressing
environmental and energy challenges associated with CO,
emissions, there is a growing imperative to explore novel
strategies for CO, conversion. Utilizing NIR light for catalytic
CO, recovery presents a promising avenue for addressing these
concerns while leveraging renewable energy sources.

Intrinsic advantages of NIR light. NIR light, with its ability to
deeply penetrate reaction media and material surfaces, can
uniformly activate the bulk of catalysts. The lower energy of NIR
photons helps minimize competitive light absorption and
unwanted side reactions. Moreover, NIR light exhibits a unique
photothermal effect, which aids in activating CO, molecules
and modulating the selectivity-determining steps in the PCO,R
process. This photothermal conversion enhances the reaction
kinetics of CO, transformation. Additionally, due to their
excellent tissue penetration and biocompatibility, NIR photons
have found successful applications in biological CO, conver-
sion systems.

In other words, developing NIR-light-driven photocatalytic
systems for CO, recovery displays advantages in energy utiliza-
tion, conversion efficiency and technical feasibility. It has great
potential to solve the environmental and energy challenges by
fully using solar energy from UV to NIR regions.

3.2. Fundamentals and challenges of NIR-light-driven CO,,
reduction

To accomplish NIR-light-driven CO,RR, photocatalysts must
have extremely narrow bandgaps in addition to well-matched
band edge positions. Nevertheless, it is hard to simultaneously
satisfy both the bandgap and band edge position requirements
for NIR-light-driven CO,RR when designing a photocatalyst
(Fig. 8). Because the energy of NIR photons is too low, it cannot
excite most of the photocatalysts, which seriously impedes the
progress of NIR-light-driven CO,RR. As a result, only a limited
number of narrow-bandgap photocatalysts are capable of directly
achieving this objective.”” However, although the narrow-
bandgap photocatalysts exhibit excellent NIR light absorption,
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Fig. 8 Paradoxes in NIR-light-driven CO, reduction systems. (A) Unsuit-
able band edge position. (B) Unsuitable band gap for light absorption.

they often possess inappropriate band edge positions, making
them unable to drive the overall CO,RR."® Yet, only a few
photocatalysts have been reported to realize NIR-light-driven
CO,RR, including oxygen-deficient WO; and metallic CuS
nanosheets, but the efficiencies of these systems are still quite
low.’®?7%% Therefore, precisely tuning the band structures is
key to achieving an efficient NIR-light-driven CO,RR.

It is noted that H,O oxidation is the most recommended
half-reaction for CO, photoreduction systems in overall photo-
catalysis due to its green and abundant features. For photo-
catalysts with narrow bandgaps, charge recombination occurs
easily, which significantly impairs their overall efficiency. More-
over, such photocatalysts with small bandgaps usually fail to
trigger sufficient potential for H,O oxidation due to their
unsuitable VBM position, which further lowers the efficiency
of NIR-light-driven CO,RR or even inhibits the reaction.
To resolve these limitations, sacrificial reagents, like triethano-
lamine (TEOA), Na,S, Na,S,03, etc., are often introduced into
the NIR-light-driven CO, reduction system.>>®® The oxidation
of these sacrificial agents is able to be triggered by a potential
lower than that of H,O oxidation, which can not only overcome
the limitation of VBM position but also narrow the required
band gap for CO,RR. These sacrificial agents facilitate charge
separation by scavenging the holes, greatly promoting the
reaction. However, the use of sacrificial agents is costly and
environmentally unfriendly. Moreover, the use of sacrificial
agents sometimes makes the system more complex, hindering
the investigation of the mechanism of NIR-light-driven CO,
reduction. Therefore, careful selection of sacrificial agents is
essential for PCO,R investigation.

Furthermore, the typical CO, photoreduction assisted by
H,O is an uphill process, and the efficiency of NIR-light-
driven CO, reduction is still undesirable. Two critical hin-
drances in NIR-light-driven CO,RR are poor utilization of
low-energy photons and low energy conversion efficiency.
To advance the progress of NIR-light-driven CO, reduction,
reasonable guidance should be developed, especially for the
design of photocatalysts. Moreover, there are diverse possible
products in CO, photoreduction, such as CO,*"*®* HCOOH,'®
CH,4,>"*° C,H,," CH;0H,”” etc. To trigger NIR-light-driven CO,
reduction, the catalysts are required to efficiently absorb NIR
light and generate free electrons for CO,RR. However, the main
product in reported NIR-light-driven CO, reduction systems is
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CO, a kinetically favored product, because of the low photon
energy of NIR light (Tables 2 and 3). It is challenging to convert
CO, to hydrocarbon compounds or C,. products. To obtain
multi-electron transfer products, the photocatalysts should
generate a high concentration of electrons. Additionally, to
selectively produce C; or C,, products, the catalytic sites ought
to be precisely designed to ensure appropriate adsorption
intensity towards intermediates (Fig. 9). Thus, developing cat-
alysts with excellent NIR light absorption is the key to achieving
highly efficient NIR-light-driven CO,RR. Therefore, it is pivotal
to explore innovative strategies and catalysts for NIR-light-
driven CO, reduction. Several strategies have been explored to
accomplish NIR-light-driven CO, reduction, including the
energy band structure regulation strategy, the energy transfer
strategy, and the photothermal strategy (Fig. 10). The energy
band structure regulation strategy mainly focuses on band
structure engineering to meet the requirements of efficient
NIR light absorption and band edge position matching simulta-
neously. Typical examples include narrow-bandgap photocata-
lysts, intermediate-band photocatalysts, metallic photocatalysts,
and heterojunction photocatalysts (Fig. 10A-D), which are able to
directly utilize NIR light for CO, conversion due to their narrow
or relay band structure features. The energy transfer strategy is an
indirect method for NIR light utilization. For traditional semi-
conductors that can only harvest UV or visible light, it is a very
attractive way to combine them with up-conversion nanoparticles
(UCNPs) or plasmonic components (Fig. 10E and F). UCNPs are
capable of transforming NIR light into UV or visible light, which
can be harvested by most semiconductors. Plasmonic compo-
nents can absorb NIR light through the SPR effect and subse-
quently transfer hot electrons and resonance energy to traditional
semiconductors via direct electron transfer (DET) and plasmon-
induced resonant energy transfer (PIRET). As a result, the UCNP
and SPR material-based photocatalytic systems can utilize NIR
light effectively. In addition, NIR light possesses a unique photo-
thermal effect, which is conducive to accelerating the photocata-
lytic reaction. Therefore, creating a photothermal synergetic
catalysis system is also a good strategy to utilize NIR light
(Fig. 10G). In the following sections, we will discuss the funda-
mental principles and applications of these strategies for NIR-
light-driven CO, reduction in detail.

4. Strategies for harvesting NIR
photons for photocatalytic CO,
reduction

4.1. Energy band structure regulation strategy

4.1.1. Narrow-bandgap photocatalysts. Narrow-bandgap
semiconductors can achieve PCO,R by directly absorbing NIR
light. However, designing narrow-bandgap photocatalysts with
apposite electronic structures that meet the requirements for
NIR-light-driven CO, reduction remains challenging. Narrow-
ing the semiconductor’s band gap allows it to absorb lower-
energy photons, facilitating the transition of electrons from the
VB to the CB and thereby extending the spectral absorption

This journal is © The Royal Society of Chemistry 2025
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CO: 0.119, CH,: 0.021
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CO: 31.2
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CO,RR performance
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CH,OH: 0.4

CH,: 271.9
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solid-vapor mode
solid-vapor mode
solid-vapor mode

0,(g), solid-liquid-gas mode
solid-vapor mode

H,O(l) + TEOA + CO,(g), solid-liquid-gas mode

CO,(g) + H,0(1), solid-liquid-gas mode
CO,(g) + H,(g), solid-gas mode

Photocatalytic system

ACN + TEOA +

CO,(g) + H,0(g)
COs(g) + H>0(g)
CO,(g) + H,0(g)
CO,(g) + H20(g)
CO,(g) + H,0(g)

> 700 nm
: 715-900 nm
: 715-900 nm

A > 700 nm

A

> 720 nm
A > 700 nm

1230 mW cm 2

A > 700 nm

300 W Xe lamp
375 W IR lamp

Light source
300 W Xe lamp
500 W Xe lam
400 W Xe lam
400 W Xe lam
300 W Xe lam
500 W Xe lam
300 W Xe lamp

Intermediate-band photocatalyst
Intermediate-band photocatalyst

Metallic photocatalyst

Up-conversion photocatalyst
SPR system

Up-conversion photocatalyst
Up-conversion photocatalyst
Up-conversion photocatalyst

Photothermal utilization

Catalyst type

Table 3 Reported NIR-light-driven CO, reduction systems and the corresponding products (the origin of products is verified by control experiments)

Few-layered BiOI
Bi,WO4-OV
V-Bi; oBI;S,,

CQDs/Bi,WOy
CuNi/C

Photocatalyst
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OD-ZnO/C
8Ni/TiO,
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range of the semiconductor. Concerning MOFs, narrowing
their band gaps can often be achieved by adjusting their
structural composition (such as extending the n-conjugated
system), which enhances NIR light absorption efficiency and
promotes CO,RR. For example, Zeng and co-workers'® synthe-
sized a series of NIR-light-driven MOF photocatalysts by incor-
porating large m-conjugated porphyrin linkers and metal
clusters (ZrgOg), namely, TBCP-MOF, TBML-MOF, TML-MOF,
TM-MOF, and TNP-MOF, respectively (Fig. 11A-C). These five
organic porphyrin linkers (TBCP, TBML, TML, TM, and TNP),
with a key feature of macrocyclic n-conjugated electrons, have
suitable lowest unoccupied molecular orbital (LUMO) energy
levels that are thermodynamically feasible for catalyzing CO,RR
(Fig. 11D). The optical bandgaps of the MOFs gradually
decrease with the enlargement of the n-conjugated systems.
Specifically, among the MOF series, TNP-MOF, which has the
most n-conjugated electrons (TNP, 58 n electrons), displayed
the highest CO,RR activity, converting CO, to formate with an
unprecedentedly high activity of 6630 umol g~ * h™* under NIR
illumination. The enlarged m-conjugated system in TNP-MOF,
with its electron-rich feature from m-conjugated units, favors
the charge transfer to the Zr clusters, thereby facilitating the
electron-hole separation and migration, greatly improving the
catalytic performance. As shown in Fig. 11E, activated by NIR
light, TNP-MOF firstly generates excited electrons within the
organic ligands, which are then transferred to the ZrsOg clus-
ters. Next, the NIR-induced electrons are transferred from the
metal clusters to CO, molecules in contact with the substrates.
Since the VBM of TNP-MOF is 0.55 V vs. NHE, which is below
the water oxidation potential (0.82 V vs. NHE), adding a
sacrificial agent is quite important for the overall NIR-light-
driven CO,RR system. Control experiments and '*CO,-labelling
experiments further confirm that the products originated from
the NIR-light-driven CO, reduction. Moreover, AQE tests also
demonstrate that TNP-MOF possesses excellent NIR-light-
response performance for photochemical CO, reduction (Fig. 11F).

Recently, Zhao et al.''' synthesized an organic-inorganic
hybrid catalyst (NiAl-Ru-LDH) by introducing an anionic Ru
coordination compound into the NiAl-NO; -LDH interlayer,
which successfully improved the spectral response of the LDH
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towards NIR light (Fig. 11G). The calculated total density of
states (TDOS) and projected density of states (PDOS) indicate
that introducing the Ru complex into the LDH interlayer
significantly reduces its theoretical band gap from 2.41 to
0.74 eV (Fig. 11H). Consequently, this desirable band gap
endows the NiAl-Ru-LDH catalyst with wide spectral response
and impressive PCO,R performance. As shown in Fig. 111, even
at an irradiation wavelength of 1200 nm, the NiAl-Ru-LDH
catalyst can still exhibit an activity of 1.108 pmol h™" (ca.
110.8 umol g~ ' h™", given a specific photocatalyst amount of
10 mg).

Hence, constructing narrow-bandgap photocatalysts repre-
sents a promising strategy for NIR-light-driven CO,RR.

4.1.2. Intermediate-band photocatalysts. To achieve both
suitable CBM and VBM positions for CO,RR and water oxida-
tion, traditional semiconductors typically require relatively
large band gaps. As a result, these materials are limited to
absorbing visible or UV light, which restricts their ability to
utilize the broader solar spectrum—particularly when attempt-
ing to extend absorption into the NIR region, which is crucial
for maximizing solar energy conversion. To cope with this
situation, an intermediate band (IB) was introduced within
the forbidden band of semiconductors, which can function as
a “springboard” for cascading electron transitions under NIR
light excitation.”®''” This strategy enables the material to
effectively absorb NIR light and promote electron excitation
through sequential transitions. In other words, with the exis-
tence of the IB, electron-hole pairs can be separated by a two-
step electron transfer process: (1) VB to IB and (2) IB to CB,
meeting the energy requirements for NIR-driven CO,RR
(Fig. 10B).

Defect engineering is a powerful method for introducing an
IB into the forbidden band of semiconductors, as the structural
defects will lead to defect states within the forbidden band,
enabling the semiconductor to absorb lower-energy photons. A
common example is the creation of oxygen vacancies (V,),
which can be introduced during material synthesis in a redu-
cing atmosphere. For instance, Liang et al.®® prepared defective
WO; atomic layers by calcining the WO; precursor under a 20%
H,/Ar atmosphere (Fig. 12A). The density of states (DOS) and

This journal is © The Royal Society of Chemistry 2025
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electronic structures reveal that a new energy level forms in the
band gap of WO; when sufficient oxygen vacancies are intro-
duced (Fig. 12B). The photoluminescence (PL) spectra of defec-
tive WO, atomic layers indicate that the IB is ca. 1.4 eV above
the VB. As the defect concentration in the WO, atomic layers
increases, the emission wavelength shifts to longer values,

This journal is © The Royal Society of Chemistry 2025

suggesting a narrower band gap between the IB and the VB.
Consequently, V,-rich WO; atomic layers exhibit the best NIR-
light-driven catalytic activity in the conversion of CO, to CO,
outperforming both the V,-poor WO; and the original WO,
atomic layers (Fig. 12C). Besides introducing oxygen vacancies,
constructing metal-site defects is another feasible way to
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Wiley-VCH.

establish an IB.*>'® For example, Zhang and co-workers fabri-
cated a Cu,_,S/g-C3N, catalyst (CSCN) via the ethylene glycol-
assisted solvothermal method.'”® The Cu vacancies generated
by reducing ethylene glycol lead to the formation of an IB in
Cu,_,S, enhancing its absorption of NIR light (Fig. 12D). In the
Cu,_,S/g-C3N, composite, the band gap of g-C;N, is too large to
utilize NIR light (Fig. 12E), which is why Cu,_,S acts as the NIR
light absorber. The NIR-light-driven CO, reduction activity of
the composite (CSCN) surpasses that of Cu,_,S alone (Fig. 12F).
This increased activity stems from the enhanced CO, adsorp-
tion ability of g-C3N,.

Polymerized carbon nitrides (PCN) have drawn widespread
interest in the area of photocatalysis because of their lamellar
structures, chemical inertness, and affordable cost.'*®''° How-
ever, in terms of PCO,R efficiency, the original PCN is far from
satisfactory. An attractive strategy is to modify their structures

7188 | Chem. Soc. Rev., 2025, 54, 7174-7215

with specific organic groups to tune their band structures for
photocatalysis. For example, the amino groups on the edge of
pristine PCN have a propensity to adsorb the polar water
molecules over nonpolar CO, molecules. This might potentially
trigger the photocatalytic water-splitting process, thereby lowering
the CO, photoreduction efficiency. Thus, Liu et al introduced
hydroxyethyl groups into porous PCN using N-acetylethanolamine
(NA) as a modifier to activate its edge sites.*® Compared to bulk
PCN (BCN), the NA-modified PCN microtube (HCNT-NA) exhibits
a slightly narrowed band gap while simultaneously forming an
intermediate band (IB) (Fig. 12G). As a result, the spectral
response range of HCNT-NA is expanded to the NIR region
(Fig. 12H and I), thereby reinforcing its NIR photocatalytic
activity.

Similarly, the empty d orbitals in certain transition-metal
complexes, along with the intense interaction between the

This journal is © The Royal Society of Chemistry 2025
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for CO, photoreduction over HCNT-NA. Reproduced with permission from ref. 48. Copyright 2020, Royal Society of Chemistry.

transition-metal ions and their associated ligands, have been
reported to act as a natural intermediate band (Fig. 13A). These
complexes absorb NIR light via d-d orbital transitions
mediated by the vacant d orbitals. For instance, Li et al®°
synthesized ultrathin Cu,(SO,4)(OH)s nanosheets (CSON), which
exhibited excellent NIR-photocatalytic performance, achieving
the CO,RR with evolution rates of 4.11 and 21.95 pmol g * h™*
for CH, and CO, respectively. The electronic structure and DOS
of CSON reveal the presence of vacant d orbitals within the
forbidden band (Fig. 13B and C). The Tauc curves and UV-vis-
NIR diffuse reflectance spectra (DRS) demonstrate that both
pristine CSON (p-CSON) and calcined CSON (c-CSON) samples
display two narrow absorption bandgaps of 1.09 and 1.17 eV,
which are attributed to electron transitions from the VB to
vacant d orbitals and subsequent transfer to the CB (Fig. 13D-F).
Moreover, the d-d electron transition mechanism has also been

This journal is © The Royal Society of Chemistry 2025

observed in other complexes similar to CSON, such as
Cu,(NO3)(OH);, Cus(PO,)(OH)3, and Cu,(CO3)(OH), nanosheets.
Therefore, utilizing d-d orbital transitions in transition-metal
complexes is a feasible strategy for achieving NIR-light-driven
CO,RR.

Hence, constructing an IB in photocatalysts—whether
through defect engineering, structural modification, or d-d
orbital transitions—presents a viable approach for fine-tuning
their electronic structures to enable efficient NIR-light-driven
CO, reduction.

4.1.3. Metallic photocatalysts. Although semiconductors
with intermediate bands (IBs) have proven to be good choices
for realizing NIR-light-driven CO, reduction, their development
is hampered by the limited availability of suitable materials and
the stringent processes required to introduce IBs. Besides,
these photocatalysts often exhibit slow charge dynamics and

Chem. Soc. Rev., 2025, 54, 7174-7215 | 7189
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low inherent carrier concentrations, which adversely affect the
overall efficiency of CO, conversion. In contrast to traditional
semiconductors, metallic catalysts, such as metal chalco-
genides,>**” metal nitrides,”® metal phosphides,'* and some
metal oxides,*" stand out as viable alternatives for NIR-light-
driven CO,RR owing to their narrower or even zero bandgaps.
With ideal band gap properties, metallic photocatalysts possess
a broad spectrum response, ultra-high carrier density, and
excellent electrical conductivity, which are the essential pre-
requisites for NIR light photocatalysis.®>'*° The energy band
structures of metallic photocatalysts typically consist of the
partially filled CB, the lowest unoccupied band (B;), and the
highest fully occupied band (B_;) (Fig. 10C).%° The carriers are
produced through the intraband (e.g., transitions from the
lower position to the top in B_;) and interband transitions
(e.g., transitions from Egp to By, Ep = Fermi energy level) in
metallic photocatalysts (Fig. 14A). As a result of the existence of
the partially occupied CB, metallic photocatalysts can simulta-
neously drive CO, reduction and H,O oxidation through either
individual electron transition process or cascaded electron
transition process. Based on this, the ultra-thin CuS conductor
was first applied for NIR catalytic CO, reduction by Li et al.”’
The atomic layers of hexagonal lamellar metallic CuS were
synthesized by a solvothermal method assisted by long-chain
organic amines (Fig. 14B). As displayed in Fig. 14C, the resis-
tivity of CuS nanosheets increases along with the increase of
temperature, directly confirming their intrinsic metallic char-
acter. Valence-band X-ray photoelectron spectroscopy (VB-XPS),
along with electronic structures and DOS obtained by DFT
methods, further demonstrated that the Er crossed through
the conduction band, corroborating the metallic characteristics
of CuS nanosheets (Fig. 14D-F). This strong metallic property

7190 | Chem. Soc. Rev., 2025, 54, 7174-7215

enhanced their catalytic performance, achieving an impressive
CO production rate of 14.5 pumol g~' h™', while bulk
CuS showed no NIR-photocatalytic activity because of its larger
band gap.

Among the metallic photocatalysts, cobalt-based catalysts
demonstrate remarkable NIR-light-driven CO, reduction per-
formance. As depicted in Fig. 14G, Xie’s group prepared metal-
lic CoN atomic layers via nitriding CoO nanosheets, achieving
conversion of CO, into CO with around 100% product selectiv-
ity under NIR light irradiation.”® The femtosecond time-
resolved transient absorption (fs-TA) spectra disclose interband
recombination and intraband relaxation processes of charge
carriers during NIR photocatalysis (Fig. 14H). Adding Na,S
solution into the system significantly prolongs the lifetime of
photo-generated electrons, increasing their intraband relaxa-
tion time by 9 times and interband recombination time by
1.6 times. Consequently, the CO release rate was dramatically
enhanced to 14.5 pmol g' h™' in the presence of Na,S,
a 16-fold increase compared to that without Na,S (Fig. 14I).

In light of their low carrier concentration, traditional cata-
lysts find it challenging to deeply transform CO, into hydro-
carbons via multiple proton-electron transfer processes under
UV and visible light conditions, let alone under NIR light
radiation. To achieve deep CO, reduction, the photocatalysts
are required to generate a sufficient concentration of electrons
and possess adequate adsorption capacity to form reaction
intermediates. Here, metallic catalysts, with their near-zero
bandgap, can generate a high density of charge carriers even
under NIR light, making them advantageous for facilitating
deep CO, reduction. Therefore, metallic photocatalysts show
great potential for NIR-driven CO, conversion into hydro-
carbons. In this context, Xu et al. designed metallic Ni-doped

This journal is © The Royal Society of Chemistry 2025
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CoS, (Ni-CoS,) nanosheets via a NaCl-mediated strategy and
realized a remarkable CH, productivity of 101.8 pmol g~ * h™"
by NIR light excitation (Fig. 15A).>* Both Arrhenius plots and PL
spectra indicate that doping Ni atoms in CoS, nanosheets
promotes carrier separation as well as reduces the activation
energy required for CO, photocatalysis. Furthermore, DFT
calculations reveal that Ni doping effectively reduces the gen-
eration energy of intermediates (e.g., *CHO and *COOH), as
well as the desorption energy of CH,, thus leading to the high
selectivity of CH, (90.6%) (Fig. 15B). To reinforce the CO,
affinity of catalysts, Xu et al>® developed a UiO-66/C04Sg
composite photocatalyst, leveraging the CO, adsorption ability
of UiO-66 and the metallic feature of CooSg. The extended X-ray
absorption fine structure (EXAFS) spectra reveal that two
inequivalent Co sites (Col and Co2 site) present in CooSg and
the adjacent Col sites have strong metal-metal interaction,
which also induces the metallic property of CooSg (Fig. 15C and D).
The electron-rich Col sites help stabilize the intermediates and
reduce the reaction barriers for CH, production, leading to a high
CH, selectivity of ca. 100%. Besides, finite element (FEM) simula-
tions reveal that the local CO, concentration on CooSg is signifi-
cantly increased (Fig. 15E), promoting the reaction kinetics of
CO,RR. The control experiments verified that the generation of

This journal is © The Royal Society of Chemistry 2025

CH, is attributed to the reduction of CO,, rather than the carbon
contamination in the reaction system. To achieve alcohol produc-
tion through CO, photoreduction, Li et al.”? reported the metallic
Bi;oBr3S,; nanowires (V-BijoBr;S,;) with abundant Br and S
defects, as well as Bi-O bonds at the surface (Fig. 15F and G).
The cooperative effect of both O doping and vacancies dimini-
shes the energy barriers of the entire reaction and helps trans-
form the conversion process of *CO to *CHO from being
endothermic to exothermic. As a result, the V-Bi;oBr;S,, nano-
wires exhibit extraordinary activity for converting CO, into metha-
nol (CH3;OH) without any sacrificial agent under NIR light
excitation (Fig. 15H).

Moreover, metallic photocatalysts are more likely to achieve
a reduction process under low CO, concentration atmospheres
due to their ability to generate high carrier concentrations.
Recently, Wu et al.®* reported a metallic MoO, enriched with
oxygen defects (V,-rich MoO,_,), which is not only suitable for
PCO,R in the UV to NIR wavelength range but also achieves
NIR-light-driven CO,RR in ambient air. The existence of oxygen
defects promotes the adsorption and activation of CO,, and
induces the generation of the Mo-C-O-Mo intermediate. This
intermediate further enables the deep reduction of CO, to
CH, by NIR irradiation in a pure CO, atmosphere (Fig. 15I).

Chem. Soc. Rev., 2025, 54, 7174-7215 | 7191
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Additionally, the enhanced CO, affinity contributes to highly
selective photoconversion of CO, into CO under NIR light in air
(Fig. 15] and K). In light of the foregoing analysis, metallic
materials are regarded as promising candidates for NIR-light-
driven CO, reduction.

4.1.4. Heterojunction photocatalysts. To date, few single-
component photocatalysts have been reported to realize NIR-
light-driven CO, reduction. This limitation arises from the
severe carrier recombination and the intrinsic conflict between

7192 | Chem. Soc. Rev,, 2025, 54, 7174-7215

NIR light absorption and appropriate electronic structures of
the photocatalysts. Constructing heterojunctions is a typical
method to improve carrier separation efficiency, among
which the Z-scheme heterojunction is a common composite
structure.>”**! For instance, Bai et al.?” in situ grew a Co30,/
CuO,. composite on copper foam (Fig. 16A), which could trans-
form into a Z-scheme heterojunction catalyst (Co3;0,/Cu,0O)
under light irradiation. Photo-assisted Kelvin probe force
microscopy (KPFM) results suggest that electrons transfer from

This journal is © The Royal Society of Chemistry 2025
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Cu,0 to Co30, under dark conditions, while after applying light
irradiation, electrons transfer from Coz;0,4 to Cu,O (Fig. 16B).
This electron transfer mechanism confirms that a Z-scheme
heterojunction between Co;0, and Cu,O is formed (Fig. 16C).
Intriguingly, introducing NIR light significantly enhances the
surface potential difference between the two components,
indicating improved charge transfer efficiency.

To deal with the problem of carrier recombination in
metallic photocatalysts, Hao et al.’°® prepared a carbon-coated
Z-scheme heterojunction catalyst (C@Fe,C/TiO) using two metal-
lic components, TiO and Fe,C (Fig. 16D). The Z-scheme hetero-
junction system significantly enhances the PCO,R activity of
C@Fe,C/TiO under NIR light illumination (Fig. 16E). As shown
in Fig. 16F, the holes in the VB of Fe,C will recombine with the
excited electrons in the CB of TiO, further enhancing carrier
separation. Dai et al.’®” constructed a WS,@Bi,S; heterojunction
catalyst by doping WS, quantum dots (QDs) into Bi,S; nanotubes
(Fig. 16G and H). The interface between WS, and Bi,S; matches
very perfectly, minimizing resistance and facilitating rapid
electron transfer while ensuring efficient charge separation.

This journal is © The Royal Society of Chemistry 2025

Although WS, QDs (E, = 3.85 eV) cannot be activated upon NIR
illumination, the NIR-light induced electrons in the CB of Bi,S;
will efficiently migrate to the CB of WS, QDs through the
heterostructure. As a result, the WS,@Bi,S; heterojunction
catalyst effectively converts CO, into CH3;OH and C,HsOH
under NIR illumination (Fig. 16I). In a word, constructing
heterostructures to accelerate electron-hole separation in
NIR-light-driven CO, reduction is an effective method for
improving catalytic performance.

4.2. Energy transfer strategy

4.2.1. SPR system. Surface plasmon resonance (SPR)
occurs when incident light interacts with free electrons from
a plasmonic material surface (usually metals). This resonance
will result in the enhancement of the localized electromagnetic
field."*>"** Moreover, this resonance enables plasmonic nanos-
tructures to strongly interact with electromagnetic radiation,
and also leads to the localization of the subdiffraction-limit
field and the enhancement of the high field. In photocatalysis,
the SPR effect boosts light absorption and excitation efficiency

Chem. Soc. Rev,, 2025, 54, 7174-7215 | 7193
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in photocatalysts, thereby accelerating the reaction rate.'**

Therefore, precisely engineered plasmonic materials, designed
with specific sizes, shapes, or structures, can resonate with inci-
dent light at targeted frequencies, making them highly effective
for harvesting NIR light in PCO,R."”"*° Notably, many metals
have proven to be effective CO,RR catalysts or cocatalysts at
significantly low overpotentials, which may reduce the reaction
energy barrier associated with CO,RR. Furthermore, these
nanostructures can steer the CO, photoreduction process via
surface plasmon excitations. In this section, the SPR-mediated
photocatalytic systems are divided into two categories: pure
SPR system and SPR-semiconductor synergetic system (Fig. 17).

4.2.1.1. Pure SPR system. Unlike semiconductors, plasmonic
materials, including precious metals (e.g., Au, Pt, and Ag), non-
precious metals (e.g., Al and Cu), and specific carbon allotropes
(e.g., carbon nanotube), can induce SPR effects when irradiated
by light.>>'?371?8 These pure SPR systems can effectively utilize
light energy to drive chemical reactions. By precisely modifying
the size, morphology, and structure of nanomaterials, the SPR
frequency of the plasmonic materials can be adjusted to match
the frequency of low-energy photons, making these materials
highly applicable for NIR-light-driven CO,RR. For instance, Xiong’s
group™ fabricated Au rod@CuPd composites through an alloying
strategy, attaining the CH, release rate of 0.55 mmol g ' h™" and
the hydrocarbon selectivity of 100% by full-spectrum light irradia-
tion. Moreover, this SPR system can achieve CO,RR with an AQE of
0.38% at 800 nm, exhibiting impressive NIR photocatalytic activity
(Fig. 18A-C). The in situ near ambient pressure X-ray photoelectron
spectra (NAP-XPS) reveal that illumination increases the electron
densities of Cu and Pd atoms in the Au rod@CuPd composite
(Fig. 18D), indicating that the hot electrons induced by the SPR
effect transfer from Au to the CuPd alloy and subsequently to the
adsorbed CO,. Meanwhile, the guasi-isolated trap states caused by
the SPR effect prolong the lifespan of hot electrons, allowing their
reactivation by additional low-energy photons (Fig. 18E). Moreover,
the interaction between metal sites and CO, molecules is

7194 | Chem. Soc. Rev,, 2025, 54, 7174-7215
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enhanced by the strong local electric fields created by the localized
SPR effect, thereby boosting the migration of the electrons from
the metal sites to CO, (Fig. 18F). To avoid the use of precious
metals, Min et al. developed a CuNi/C bimetallic composite
photocatalyst via pyrolysis of CuNi bimetallic MOF precursors
(Fig. 18G and H).""® As a consequence of the SPR effect generated
by Cu and Ni, the CuNi/C catalyst responds to a broad spectral
range from 200 to 2000 nm. Compared to monometallic Ni/C and
Cu/C, the CuNi/C catalysts obtained by an alloying strategy also
exhibit a higher CO production rate during the NIR-light-driven
CO, reduction process (Fig. 18I).

4.2.1.2. SPR-semiconductor synergetic system. Integrating SPR
components with traditional semiconductor photocatalysts is
an innovative tactic for constructing efficient NIR-light-driven
CO, reduction systems. In these SPR-semiconductor synergetic
systems, the plasmonic component can efficiently harvest
NIR photons and transfer hot electrons and resonance energy
to the semiconductor via the SPR effect. Simultaneously, the
semiconductor offers various active sites for CO,RR that can
potentially be used to tune its photocatalytic activity and
product selectivity. In addition, the metal/semiconductor con-
tact could form a Schottky barrier, which improves photo-
catalytic efficiency by trapping and prolonging the lifespan of
electrons and holes. Meanwhile, by adjusting the size and
shape of SPR components, the SPR effect can be reinforced
and the resonance frequency can be changed, leading to a wider
light response suitable for the NIR photocatalytic system.'**'*?
Therefore, integrating SPR materials into a semiconductor is a
promising way to synthesize NIR-light responsive catalysts.

Constructing a SPR-semiconductor composite system
enables the spectral response range to be expanded to the long-
wavelength region; nevertheless, the supply of active hydrogen (*H)
species and the efficiency of hot electron transfer in this system are
still insufficient for effective CO, photoreduction. To address this,
Xiao et al.'® fabricated hydrogenated MoO;_, nanosheets with
Ru single atom substitution (Ru;@H-MoO;_,), achieving an
efficient transformation of CO, into CH, with a production rate
of 9.75 umol g~* h™" and a high selectivity of ca. 96% by NIR
light irradiation (Fig. 19A). The Ru substitution and oxygen
vacancy engineering induce the generation of the doped/defect
energy band, which narrows the bandgap of the catalyst for
enhancing NIR photon harvest. The fitting results of fs-TA
kinetics curves indicate that the states of excited electrons with-
in Ru;@H-MoO;_, may undergo three relaxation processes
(Fig. 19B): (i) from the excited state to the exciton state (t,),
(ii) from the exciton state to the defect trap state (t,), and (iii)
from the defect trap state to the ground state (t3), where
7 represents the consumed time for each transition process.
As shown in Fig. 19B, Ru;@H-MoO;_, possesses a shorter 7,
(0.50 ps) than that of H-MoO;_, (2.95 ps), suggesting a faster
transition from excited states to exciton states. Besides, the 7,
(7.74 ps) and 15 (167.46 ps) of Ru;@H-MoO;_, are significantly
higher than those of H-Mo0O; , (t: 3.06 ps, 73: 135.69 ps),
verifying the longer carrier lifetime and higher charge separation
efficiency. The surface photovoltage (SPV) analysis reveals that

This journal is © The Royal Society of Chemistry 2025
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Ru;@H-MoO;_, exhibits a larger SPV signal change (8 mV) than
that of H-MoO;_, (6.5 mV), demonstrating a higher photo-
generated electron concentration on the Ru;@H-MoO;_, surface
(Fig. 19C). Furthermore, theoretical calculations indicate that
the doped Ru single atom can lower the energy barrier for *H
generation and facilitate *H migration. With the synergy of Ru
single atoms and oxygen vacancies, Ru;@H-MoOj;_, achieves the
outstanding activation of CO, and H,O, which ultimately con-
tributes to its high selectivity towards CH,.

The NIR-light-driven transformation of CO, into C,; pro-
ducts remains a challenge, primarily due to the low activation
efficiency of CO,, the low C-C coupling probability of CO,RR
intermediates, and insufficient carrier utilization.**°*1%%133 Tq
accomplish this goal, Wu et al. developed a cross-scale hetero-
junction catalyst (denoted as Au,/Au;-CMS) by implanting Au
nanoparticles (Au,) and single atoms (Au,) into unsaturated Mo
atoms of edge-rich MoS, (CMS) (Fig. 19D).>® Under NIR light
irradiation, Au,/Au;-CMS presents high selectivity (95.1%) and
activity (8.2 pmol g~ h™") for the photoreduction of CO, into

This journal is © The Royal Society of Chemistry 2025

115. Copyright 2020, Royal Society of Chemistry.

acetate (Fig. 19E). The impressive NIR photocatalytic perfor-
mance results from the SPR effect of Au nanoparticles. Addi-
tionally, the measured energy band structure of the Au,/Au;-
CMS catalyst displays that the plasmonic Au metal, CMS
semiconductor, and Au single atom form a SPR-semi-
conductor system, where hot electrons can transfer from Au
nanoparticles to Au, through the CB of CMS, which remarkably
inhibits the recombination of carriers (Fig. 19F). Hence, the
SPR-semiconductor synergetic system exhibits huge potential
in harvesting NIR photons for CO,RR.

In brief, plasmonic materials are capable of efficiently
harvesting NIR photons via the SPR effect, enabling the con-
structed photocatalysts to realize NIR-light-driven CO, reduction.
Unfortunately, current plasmonic components are mainly based
on noble metal nanoparticles, which are costly and obstructive to
the development of SPR-photocatalytic systems. Besides, the
carrier recombination is severe in the SPR-based CO, photoreduc-
tion system, which has an adverse impact on improving the
efficiency of NIR-light-driven CO,RR. Thus, novel and affordable
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plasmonic components and advanced SPR-semiconductor com-
posite systems should be explored to reinforce SPR-promoted
NIR-light-driven CO,RR.

4.2.2. Up-conversion system. Up-conversion nanoparticles
(UCNPs) can transform low-energy photons into high-energy
photons, which can be further utilized by a wide range of
semiconductors and SPR materials. This indirect approach
enables NIR-light-driven CO,RR by integrating traditional
photocatalysts with UCNPs. The process of up-conversion
luminescence is attributed to the anti-Stokes effect, wherein
UCNPs can continuously harness multiple low-energy photons,
undergo non-radiative relaxation to reach an excited state, and
then emit high-energy photons upon transitioning back to the
ground state.'**”*3® The up-conversion process can be achieved
through five typical mechanisms, which include excited state
absorption (ESA), energy transfer up-conversion (ETU), coop-
erative sensitization up-conversion (CSU), cross relaxation (CR),
and photon avalanche (PA)."*”'*® Currently, lanthanide-doped
materials (Ln-doped materials) and carbon quantum dots
(CQDs) are the most popular UCNPs utilized in NIR-light-
driven CO,RR.

Among Ln-doped materials, Ln**-doped materials exhibit
efficient up-conversion performance due to their extremely
long-lived intermediate energy states. For instance, UCNPs
are typically formed by doping Ln*" ions into an appropriate
host matrix, such as fluorides or oxides. Fluorides, particularly

7196 | Chem. Soc. Rev,, 2025, 54, 7174-7215

NaYF,, are the common matrices due to their low phonon
energy, high structural stability, and low non-irradiative energy
losses. Moreover, by varying the type and concentration of the
doped Ln®" ions, the wavelengths and intensities of the lumi-
nescence peaks of UCNPs can be fine-tuned to align with
photocatalysts possessing different bandgaps. For instance,
Yu et al. integrated UCNPs (NaYF,: Yb, Tm) with ZnIn,S,
nanorods (ZIS), achieving CO, photoreduction into CO and
CH, through NIR light activation (Fig. 20A and B).®® As shown
in Fig. 20C, ZIS displayed a spectral response in the region from
325 to 600 nm, while UCNPs emitted several peaks in the same
range. Therefore, the up-conversion emission spectrum of
UCNPs aligns well with the DRS spectrum of ZnIn,S,, indicat-
ing that the photons emitted by UCNPs are well-suited for
exciting ZIS. However, since the VBM of ZIS was not sufficiently
positive to drive water oxidation, a sacrificial agent (TEOA) was
introduced to consume the holes and promote charge carrier
separation, enhancing the overall photocatalytic performance.

While Ln-doped up-conversion materials show promise in
utilizing NIR light, their low quantum efficiency (ca. 1-10%)
and strong dependence on specific excitation wavelengths limit
their practical applications."*®'*® Recently, carbon quantum
dots (CQDs) have garnered wide attention in photocatalysis
because of their impressive up-conversion capabilities and
conductivity."*® The conjugated n-electron transitions in CQDs
enable increased spectral responsiveness to NIR light, effectively

This journal is © The Royal Society of Chemistry 2025
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(A) Schematic diagram of the up-conversion mechanism and the CO,

reduction process on UCNPs/ZIS. (B) The activity of UCNPs/ZIS. (C) PL spectrum of UCNPs overlaps with the DRS spectra of ZIS. Reproduced with

permission from ref. 60. Copyright 2022, Elsevier. (D) XRD spectra. (E) Up-

conversion PL spectra for CQDs. (F) PCO,R mechanism on CQDs/UBW

catalysts. (G) The yield of CH,4 during CO, reduction by NIR light irradiation over the sample catalysts. Reproduced with permission from ref. 68.
Copyright 2016, Springer Nature. (H) The diagram of the synthetic procedure of the ZnO;_,/C composite catalyst. () UV-vis-NIR DRS spectra. (J) The CO
evolution rate (5 h) on ZnO;_,/C samples. Reproduced with permission from ref. 61. Copyright 2018, Elsevier.

overcoming the limitations associated with Ln-doped materials
that require specific excitation wavelengths. For instance, Kong
et al. decorated ultrathin Bi,WOg, nanosheets with CQDs, which
enhanced the CO, reduction activity by broadening the spectral
response range and enhancing the charge separation (Fig. 20D
and E).°® Under NIR light irradiation, the Bi,WO, nanosheets,
with the assistance of CQDs, achieved a CH, yield from 1 wt%-
CQDs/Bi,WOg that was 10.5-fold higher than that of original
Bi,WO¢ (Fig. 20F and G). Besides, CQDs/Bi,WQs composites
exhibited a larger transient photocurrent density and lower charge
transfer resistance compared to pure Bi,WOg, possibly attributed
to the exceptional electron conductivity of CQDs. In another case,
Lin and co-workers synthesized a composite hollow sphere of
ZnO;_,/carbon dots (ZnO,_,/C) for CO, photoreduction in the
entire UV-vis-NIR spectral range (Fig. 20H-J).** Under NIR illumi-
nation alone, ZnO,_,/C could also demonstrate a high CO,RR
activity, achieving a CO formation rate of 15.98 umol g~ h™ . This
performance can be attributed to the strong up-conversion photo-
luminescence emission capability of CQDs. Notably, no sacrificial
agents were used in the CQDs/Bi,WOs and ZnO, ,/C systems
mentioned above. The only reactants were CO, and water vapor
(or humid CO, gas), rendering the photocatalytic system straight-
forward and environmentally friendly.

This journal is © The Royal Society of Chemistry 2025

Consequently, up-conversion materials can be considered as
a good medium for transforming long-wavelength light into
short-wavelength light. By modifying the structures of these up-
conversion materials, the energy of emission photons can be
tailored to activate the catalysts with various bandgaps, thereby
increasing the NIR-light responsiveness of the catalysts.

4.3. Photothermal utilization strategy

Compared with UV and visible light, NIR light exhibits a unique
photothermal effect, and utilizing this effect is beneficial for
promoting CO, reduction. Both the photochemical process and
the thermochemical process caused by the NIR light are conducive
to accelerating CO,RR. The photochemical process can lower the
activation barriers of CO, and the intermediates by increasing the
acidity or alkalinity of the catalyst surface (carrier accumulation or
depletion). In contrast, the thermochemical process promotes the
overall reaction by elevating the temperature at active sites, leading
to an increase of kgT (ks represents the Boltzmann constant,
T represents the reaction temperature), which is related to the
kinetic energy of reaction molecules (Fig. 21).'*7*

Hence, maximizing the photothermal effect of NIR light
is crucial for improving CO, photoreduction. Below are the
key advantages of photothermal utilization for CO, reduction.
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Accelerating carrier migration. In the solar-induced photo-
thermal process, the extra heat induced by the photothermal
effect could elevate the energy levels of charge carriers and
accelerate their transport behavior.'** For example, Yu et al.**®
synthesized TiO, with abundant oxygen vacancies via a sol-
vothermal method, introducing defects that generated deep
energy levels within the bandgap. Subsequently, post-solution
plasma processing was used to dope hydrogen into the oxygen-
vacancy-rich TiO,, creating new shallow energy levels. These
shallow energy levels were significantly closer to the CB of TiO,
than those associated with oxygen vacancies (Fig. 22A and B).
As a result, the modified TiO,, enriched with mid-gap states,
exhibited broad NIR absorption. During photothermal catalysis,
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photogenerated electrons can be extracted from deep energy levels
through shallow-level bridges and then thermally released to the
catalyst surface (Fig. 22B). This photothermal effect not only
promotes the electron extraction but also favors charge utilization
and surface reactions. Compared to conventional photocatalysis,
the catalyst demonstrated significantly higher formation rates for
CH, (11.93 umol g~ " h™") and CO (38.99 umol g~ * h™") during
photothermal reactions, representing 108-fold and 300-fold
enhancements, respectively (Fig. 22C).

Promoting the electron/proton mitigation. The introduction
of heat enhances proton/electron transfer, thereby boosting the
CO, conversion rate."*” For instance, Li et al developed a
hydrogen-stored bismuth (Bi-H,) catalyst that significantly
boosts CO,-to-CO conversion during the thermal-assisted
photocatalytic process (Fig. 22D and E)."*® Within the optimal
temperature range of 150-180 °C, the additional thermal energy
generated by the increasing temperature benefits the transfer
of protons and electrons from Bi-H, species to the adsorbed
CO,, thereby contributing to the production of CO. However,
above 180 °C, stored hydrogen in Bi-H, tends to form H,,
limiting proton/electron migration and reducing CO evolution.

Regulating the desorption/adsorption of CO, and products.
The local temperature of catalysts can be effectively increased
under light illumination via lattice vibrations or relaxation of
carriers.®>®* Within a specific temperature range, the elevated
temperature promotes the desorption of products and by-
products during CO, conversion, ensuring the timely renewal
of catalytic sites and maintaining activity and stability."***>°
For instance, photo-promoted H,-assisted CO, reduction to
produce CH, can be realized at 250 °C using Cu,O/graphene
as the photocatalyst. Studies have shown that in the gas-phase
methanation process, the product H,O requires relatively high
temperatures to desorb from the material surface."*® As shown
in Fig. 22F, control experiments in which the temperature and
the amount of added H,O were varied have revealed the impact
of H,O adsorption/desorption behavior on CH, production
efficiency. These experiments indicate that the adsorbed H,O
molecule on the catalyst surface inhibited CH, formation.
Conversely, the increased temperature favors H,O desorption,
therefore, enhancing CH, evolution. Generally, a moderate
increase in the reaction temperature facilitates CO, diffusion
in the photocatalytic process, thereby enhancing mass transfer
efficiency and improving reaction kinetics.*'>* However, exces-
sively high temperatures can hinder CO, adsorption on the
catalyst surface, reducing overall catalytic efficiency. This occurs
because elevated temperatures weaken the interplay between CO,
and active sites, resulting in desorption before the reaction can
proceed effectively.'>® Therefore, precisely controlling the local
temperature of the photocatalysts to regulate the desorption and
adsorption of CO, and products is essential for enhancing
photothermal catalytic efficiency.

Modulating the catalyst structure. The complex CO,RR
pathways and the imperfect structure of catalysts often result
in low selectivity for specific products in light-driven CO, con-
version. Recent studies indicate that during high-temperature
photocatalysis, catalysts can undergo in situ restructuring

This journal is © The Royal Society of Chemistry 2025
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under light and/or heat, refining their structure or surface
properties to enhance activity and control product distri-
bution. 41144154 For example, Bai et al.>’ used quasi in situ
XPS to reveal that during thermal-assisted CO, photoreduction,
the Co;0,/CuO, precursor underwent an in situ transformation
(Fig. 22G and H). With the temperature increasing from 25 to
240 °C, the Cu(1) content in CuO, increased while the Co(u)
content in Co;0, decreased. This suggests that strong photo-
thermal effects facilitated the conversion of the Co;0,/CuO,
composite into the Co0;0,/Cu,O heterojunction. As shown
in Fig. 221, at 240 °C, the CO,-to-CH, conversion rate reached
6.5 umol h™', with CH, selectivity exceeding 99%, which was
promoted by the in situ formation of the Co;0,/Cu,O catalyst.
Thus, understanding the impact of photo-thermal effects on
catalyst reconstruction is crucial for improving NIR-light-driven
CO, conversion efficiency.

Tuning the redox potentials of half-reactions. According to
the Nernst equation, the standard redox potential can be
significantly tuned by temperature.’®>'*> The photothermal
effect induces local temperature variations on the catalyst sur-
face, resulting in either a positive or a negative shift in the
redox potential. These potential shifts enable a broader range
of catalysts to satisfy the thermodynamic requirements of
reactions. For instance, as the temperature rises, the potential
of CO,RR shifts positively, indicating that this process is more
thermodynamically favorable under elevated temperature con-
ditions. Fig. 22] displays that when the reaction temperature is
increased from 25 to 600 °C, the redox potential for CO,
reduction to CO shifts positively from —0.526 V (vs. SHE,
pH = 7) to —0.162 V (vs. SHE, pH = 7), significantly improving
the thermodynamic feasibility of CO,-to-CO conversion.'*®
Therefore, the photothermal effect may allow more catalysts
to reach the thermodynamic requirements for CO,RR by tuning
the standard redox potentials.

4.3.1. Photothermal promoted CO,RR. The photothermal
effect provides additional thermal energy that can accelerate
reaction Kkinetics. It is generally accepted that light-induced
heat enhances photoreaction kinetics by facilitating the for-
mation of intermediates, increasing the desorption rate of
products, accelerating charge carrier separation, and modifying
redox potentials (Fig. 23A and B). The photothermal effect can
be caused by the reinforced lattice vibration in the photocata-
lysts and the relaxation process of photogenerated carriers.”>**
Typically, semiconductor photocatalysts under ultraviolet-
visible (UV-vis) illumination can excite electrons to produce
free charge carriers. These carriers may then interact with
lattice vibrations or recombine, releasing energy as heat. In
contrast, the lower-energy infrared light primarily induces heat
accumulation through direct interaction with lattice vibrations.
Meanwhile, many of the previously discussed catalysts, such as
SPR-based catalysts and metallic catalysts, are capable of indu-
cing a strong photothermal effect under NIR light irradia-
tion, 729 116:156.157 Therefore, it is crucial to identify the primary
origin of the thermal effect (such as SPR contribution, semi-
conductor contribution, etc.). A clear understanding of these
factors is critical for designing rigorous control experiments

Chem. Soc. Rev,, 2025, 54, 7174-7215 | 7199


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cs00721b

Open Access Article. Published on 30 June 2025. Downloaded on 1/11/2026 12:03:57 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chem Soc Rev

A NIR
Supply
N, .. thermal
Generate y \\energy
electron-hole ¢ cB =\
pairs,
VB &
B é o
N B b o

(H"+e)

Photothermal effect

Fig. 23 (A) Photothermal effect for supplying thermal energy and gen-
erating electron—hole pairs. (B) Photothermal strategy for promoting NIR-
light driven PCO2R.

and uncovering the underlying mechanisms of CO, conversion
driven by NIR light.

For instance, Guo et al. reported a CO,RR process operating
in a solid-vapor mode, in which a CulnS, catalyst was fabri-
cated as a thin film, allowing a CO,-H,O gas mixture to react on
its surface.®® The material exhibited an intrinsic absorption
edge at 860 nm, corresponding to a bandgap of 1.44 eV (Fig. 24A).
In their study, while maintaining the same light intensity but
varying the wavelength range, temperatures of this system were
monitored via an infrared camera (Fig. 24B). CulnS, rapidly
heated within seconds, and its surface temperatures stabilized
above 80 °C after five minutes of illumination, showing excel-
lent photothermal performance. Notably, the photothermal
response of CulnS, under UV-visible light was slower than
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Fig. 24 Photothermal effect promotes CO, conversion performance. (A)
Optical properties of CulnS, manifested by UV-vis-NIR DRS spectra. (B)
Photothermal images of CulnS, under UV-vis, NIR, and full spectrum light
irradiation. (C) Photocatalytic CO, reduction performance under different
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performance under light irradiation and additional heating. Reproduced
with permission from ref. 63. Copyright 2024, American Chemical Society.
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under NIR and full-spectrum light, suggesting the inferior
photothermal effect of UV-visible light. Under UV-visible light,
CO production was only 2.8 pmol g~ * h™', whereas it rose
to 19.9 umol g~* h™! when NIR light was also incorporated
(UV-visible-NIR), highlighting the significant role of NIR in
boosting the CO, conversion performance. Meanwhile, CO,RR
was tested under IR wavelengths above 800 and 980 nm
(Fig. 24C), which showed that NIR photons alone (above
800 nm) could also efficiently drive CO,RR. To differen-
tiate between the thermal effect and the role of NIR photons,
control experiments involving external heating were conducted
(Fig. 24D). As shown, the activity increased from 80 to 200 °C,
confirming the promoted effect of photothermal contribution.
However, the activity under UV-vis light with external heating at
200 °C remained lower than that under full-spectrum illumina-
tion. Considering the photothermal temperature of ca. 90 °C,
this emphasizes the crucial role of photon synergy over simple
heating. It was found that UV-vis-NIR light led to a more nega-
tive surface potential than UV-vis alone, indicating that NIR
light enhances electron accumulation. Moreover, in situ XPS
and DRIFTS analyses further revealed that NIR improves CO,
adsorption and activation. Thus, the superior photothermal
effect of IR light, combined with enhanced physical adsorption
and activation of CO, and H,O, collectively promotes CO,RR.
Also, it has become increasingly important to explore innova-
tive and highly effective strategies for achieving efficient NIR
photothermal energy conversion to overcome the limitations of
current catalyst designs.'*>'*® Recent studies have highlighted
that incorporating components with strong NIR photothermal
properties into catalytic systems significantly enhances the
photothermal conversion efficiency of composite catalysts.
For instance, Chen et al. successfully developed a sequence of
POMs@GO-PEI samples through a combination of covalent
grafting and electrostatic adsorption methods (Fig. 25A).”%
In this system, the sheetlike graphene oxide (GO) matrix func-
tions as a highly localized photothermal heater. Under mild
and convenient reaction conditions, the synthesized POMs@
GO-PEI catalysts efficiently promote the cycloaddition of CO,
using NIR irradiation, utilizing CO, as a feedstock in organic
synthesis. Notably, the heterogeneous catalysts display out-
standing photothermal stability along with excellent recyclabil-
ity. Among a sequence of POMs@GO-PEI samples, the designed
SiWCo@GO-PEI materials leverage a low-energy photoredox-
driven photothermal catalytic process to significantly boost the
cycloaddition reaction (Fig. 25B and C). This approach achieves
an outstanding 98.9% epoxide conversion and 99% selectivity,
with an impressive TOF of up to 2718 h™' under ambient
pressure.

4.3.2. H,-assisted photothermal CO, conversion. In the
photothermal enhanced CO, conversion process, in addition
to H,0, H, is another promising green reagent for facilitating
CO, reduction. Owing to the strong reducing capability of H,
and its different dissociation pathways, the mechanism and
thermodynamic characteristics of CO,RR using H, may differ
substantially from those in the CO,RR system using H,O.
In addition, the pronounced photothermal effect of NIR light

This journal is © The Royal Society of Chemistry 2025
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Fig. 25 Photothermal effect facilitates NIR-light-driven CO, reduction.
(A) The preparation of POMs@GO-PEl catalysts and the diagram of
photothermal catalytic cycloaddition of CO, with epoxides. (B) Kinetic
curves of CO, cycloaddition with epichlorohydrin on SiWCo@GO-PEI
under the three conditions of room temperature (R.T.), external heating
(ex. heating), and photothermal condition, with NIR radiation. (C) Reusa-
bility of the SIWCo@GO-PEI catalyst. Reproduced with permission from
ref. 73. Copyright 2022, American Chemical Society.

might render thermal catalysis a major contributor to CO,
conversion. In H,-assisted photothermal CO,RR, particularly
under conditions where thermochemical processes predomi-
nate, the process usually follows the mechanism where H,
dissociates into active hydrogen atoms (*H) or hydride (H"),
which then participate in the subsequent reduction of adsorbed
CO, molecules.'">™'%! 1t is worth noting that the elevated
temperatures resulting from the photothermal effect not only
promote the activation of adsorbed H, and CO, molecules but
also accelerate surface mass transfer processes, including
adsorption-desorption and diffusion processes. Although con-
ventional thermal catalysis is effective, it generally demands
high temperatures and pressures. In comparison, catalysts that
harness the photothermal effect under NIR light irradiation can
achieve high catalytic activity under milder conditions. In the
following section, we will briefly discuss the applications of the
photothermal effect and supra-photothermal effect in promot-
ing Hy-assisted CO, conversion (Fig. 26).

4.3.2.1. Photothermal effect. For instance, Jia et al. designed
a series of TiO, catalysts loaded with Ni NPs, named xNi/TiO,,
which exhibited excellent activity for the conversion of CO, and
hydrogen under IR irradiation (Fig. 27A)."'® Notably, the sur-
face temperature of xNi/TiO, is closely related to the nickel
content, confirming that the Ni NPs are primarily responsible
for photothermal conversion. In xNi/TiO,, the highly dispersed,
small-sized Ni NPs are rich in oxygen vacancies, which enhance
their exothermic plasmonic resonance behaviour. In this study,
while pure TiO, exhibited no photocatalytic or photothermal

This journal is © The Royal Society of Chemistry 2025
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Fig. 26 (A) Photothermal effect and (B) supra-photothermal effect for
promoting NIR-light driven H,-assisted CO, conversion.

catalytic activity for H,-assisted CO, conversion, the xNi/TiO,
catalyst was effectively activated under infrared light. As shown in
Fig. 27B, the temperature of the 8Ni/TiO, catalyst increases almost
linearly with the intensity of the IR light, and the corresponding
CH, production rates also show a linear increase with the rise in
the surface temperatures of 8Ni/TiO,. Under optimized condi-
tions, the catalyst achieves nearly 100% selectivity toward
methane and a high production rate of 463.9 mmol gy " h™
In situ DRIFTS studies suggest that methane formation on the
8Ni/TiO, catalyst may proceed through a formate-mediated path-
way (Fig. 27C). Hydrogen atoms generated from H, dissociation
on the highly dispersed, small-sized Ni nanoparticles rapidly
diffuse through overflow processes. These hydrogen species facil-
itate the conversion of CO, into formate intermediates, which
subsequently lead to methane production. Further analysis
revealed that the excellent photothermal catalytic performance
of the 8Ni/TiO, catalyst can be attributed to the uniform distribu-
tion and small size of the nickel NPs. These features enable strong
infrared light absorption, high photothermal conversion effi-
ciency, and excellent capabilities for CO, and H, adsorption and
activation.

Ozin et al.'®® developed a Ru/silicon nanowire (Ru/SiNW,
Fig. 27D) catalyst through the sputter deposition of ca. 10 nm
Ru nanoparticles onto black silicon nanowires (SINWs). In this
system, the Ru nanoparticles function as the catalytically active
sites for the Sabatier reaction (CO, + 4H, — CH, + 2H,0), while
the SiNWs act as a support and an efficient light-harvesting
medium. Owing to its unique three-dimensional morphology,
narrow electronic bandgap (1.1 eV), and inherently low optical
reflectance, the Ru/SiNW catalyst achieves outstanding photon
absorption across the ultraviolet, visible, and near-infrared
spectral regions (Fig. 27E). Consequently, under an illumina-
tion intensity of 14.5 suns, the Ru/SiNW catalyst achieved a self-
induced increase in temperature to approximately 125 °C at
15 psi solely through photothermal effects, without the need for
external heating. To further elucidate the activation mecha-
nism, the authors employed a series of high-pass optical filters
during the Sabatier reaction (Fig. 27F). These controlled
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Fig. 27 H,-assisted photothermal CO, conversion. (A) IR-light-driven photothermal conversion of CO, to methane over Ni/TiO,. (B) Temperature and
corresponding catalytic activity of Ni/TiO, under different IR irradiation intensities. (C) Schematic description of the CO, methanation pathways.
Reproduced with permission from ref. 116. Copyright 2022, Elsevier. (D) SEM image of 10 nm Ru sputtered Si nanowires (SiNW). (E) The light absorption
spectra of Ru/glass, Ru/Si, and Ru/SiNW catalysts. (F) The photon flux of different incident photons. (G) The relationship between the photon flux and CO,
methanation rate. (H) The relative absorption spectrum of the In,Oz nanoparticle catalyst is shown by the green curve. The shaded areas in different
colors represent distinct wavelength ranges within the solar spectrum. (I) Temperature profile over the SINW materials carried out in the dark and under

the Xe lamp. Reproduced with permission from ref. 162. Copyright 2023, Wiley-VCH.

experiments demonstrated that the Ru/SiNW catalyst can facil-
itate the Sabatier reaction through a synergistic combination of
photochemical and thermochemical pathways. More specifi-
cally, photons with energies below the SiNW bandgap (1 >
1100 nm) are incapable of directly driving the Sabatier reaction
through photochemical pathways; instead, their absorption
generates thermal energy that promotes the reaction via ther-
mochemical activation. In contrast, as illustrated in Fig. 27G,
a linear correlation was observed between the flux of photons
with energies exceeding the SiNW bandgap (1.1 eV) and the rate
of CO, methanation, thereby providing clear evidence of a
photochemical contribution. Notably, the slope of this linear
relationship (~4 x 10~° CH, molecules per photon) indicates
that only a minor fraction of high-energy photons induces
photochemical activity, while the majority of photogenerated
charge carriers undergo thermalization and recombination,
indirectly enhancing the reaction through heat generation.
Despite the low quantum efficiency for photochemical

7202 | Chem. Soc. Rev., 2025, 54, 7174-7215

activation, the contribution of these photons to the overall
catalytic performance is nonetheless significant. In the syner-
gistic process involving both photochemical and photothermal
contributions, the Sabatier reaction rate over the Ru/SiNW
catalyst was enhanced by a factor of five under photon irradia-
tion within the spectral range of 615 nm < /4 < 1100 nm,
compared to the rate observed under dark conditions at 95 °C.
Remarkably, the reaction rate also exhibited an approximate
twofold increase when solely irradiated with NIR photons
(850 nm < A < 1100 nm). Furthermore, isotope labeling
experiments utilizing '*CO, unequivocally verified that the
methane product originated from the reduction of CO, rather
than from adventitious carbon sources.

In addition, SiINWs hold significant potential as support
materials capable of harvesting solar energy to provide heat to
enhance the catalytic performance of various other catalysts
immobilized on their surface. To prove this concept, Ozin et al.
reported that indium oxide (In,0;) nanoparticles deposited on

This journal is © The Royal Society of Chemistry 2025
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SiNWs (In,03/SiNW) effectively catalyzed the reverse water-gas
shift reaction (CO, + H, —» CO + H,0). As shown in Fig. 27H,
the yellow-shaded region of the solar spectrum delineates the
fraction of solar irradiance capable of photochemically activat-
ing the In,O; nanoparticle catalysts, whereas the red-shaded
region corresponds to the portion of solar energy that contri-
butes to heating the catalyst via photothermal effects. Notably,
the catalytic reaction can be driven entirely by radiant energy
without reliance on an external heating source. Specifically, by
increasing the irradiation intensity of the xenon lamp to levels
exceeding 15 suns, photons within the ultraviolet and visible
spectral ranges initiated photochemical activation of the reaction,
while sub-bandgap photons—predominantly in the near-infrared
(NIR) region—supplied sufficient energy to elevate the tempera-
ture of the SINW support to approximately 145 °C (Fig. 271). These
studies present an effective strategy for the utilization of low-
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energy NIR light through the photothermal effect to boost H,-
assisted CO, conversion without the need for external heating.

4.3.2.2. Supra-photothermal effect. Through modulating the
composition, structures, and morphology of catalysts, the
photothermal effect can be further reinforced, leading to a
supra-photothermal effect. For instance, inspired by the green-
house effect, Ozin et al.">® fabricated porous-SiO,-encapsulated
Ni nanocrystals (named Ni@p-SiO,), which mimic the green-
house gases, to trap IR photons and heat (Fig. 28A and B).
Theoretical calculations demonstrate that the presence of the
SiO, shell reduces thermal radiation by 43%, thereby achieving
a supra-photothermal effect and resulting in a temperature
increase of 60 K for the Ni particles. The local temperature
(Tiocal) Oof Ni@p-SiO, is estimated to reach nearly 852 K under
2.8 W cm ™2 illumination due to the supra-photothermal effect
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Fig. 28 Supra-photothermal effect facilitates NIR-light-driven CO, reduction. (A) The synthetic route for Ni@p-SiO,. (B) Diagrams of the natural
greenhouse effect and supra-photothermal effect. (C) The estimated local temperatures of different catalysts under various irradiation intensities.
Reproduced with permission from ref. 156. Copyright 2021, Springer Nature. (D) Schematic illustration of the polar bear hair-like effect for trapping
thermal radiation. Reproduced with permission from ref. 163. Copyright 2022, American Chemical Society. (E) Illustration of the synthetic procedure of
Co-ss, Co-ss@SiO,, Co-L, and Co-L@SiO, samples. (F) The morphological analysis and the elemental distribution images of Co-ss@SiO,. (G) DRS spectra
of SiO, NRAs, Co-ss, Co-ss@SiO,, Co-L, and Co-L@SiO;, samples. (H) Simulated electric field distribution around tightly packed small Co particles.
Reproduced with permission from ref. 157. Copyright 2023, Wiley-VCH.
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(Fig. 28C), which also contributes to its outstanding CO,RR
performance and product selectivity in the photothermal cata-
Iytic transformation of CO, to CO. In nature, animals such as
polar bears usually use their fur to resist the cold environment.
The fur can prevent heat exchange with the outside world,
contributing to reducing the loss of heat. Inspired by this, Zou
et al.*® fabricated biomimetic villous carbon frameworks (VCF)
which consist of carbon nanotube (CNT) arrays embedded with
FeNi; alloys and carbon frameworks (CF) (Fig. 28D). The hair-
like CNT arrays promote the efficient conversion of the energy
of the broadband spectrum into heat by restricting heat con-
vection and radiation, thereby achieving a supra-photothermal
effect. Recently, leveraging the radiation trapping effect of array
structures and the nano-greenhouse effect, He et al."®’ prepared
SiO,-coated ultrasmall Co nanoparticles (Co-ss@8SiO,) on SiO,
nanorod arrays (SiO, NRAs) (Fig. 28E and F), which exhibit
supra-photothermal CO, methanation activity with an impress-
ive CH, productivity of 2.3 mol gc, ' h™" and a selectivity of
nearly 100%. The ultrasmall size of the Co nanoparticles and
the silica shell endow Co-ss@SiO, with greenhouse-like plas-
monic superstructures, which remarkably improve the light-
trapping capacity and photothermal conversion ability of this
composite photocatalyst (Fig. 28G). In addition, the finite-
difference time-domain (FDTD) approach demonstrates that
the light-induced electric field around Co-ss@SiO, is firmly
confined within the gaps between adjacent Co atoms of Co-
ss@sSi0, catalysts, and the peak intensity of the electric field
(AE/AE,) over Co-ss@SiO, is much higher than that of Co-
L@Si0, (SiO,-coated large Co particles) (Fig. 28H), which is
owing to the strong SPR effect of the ultrasmall Co particles.
Additionally, the simulated electric field indicates that SiO,
NRAs will promote the light absorption and heat retention
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abilities of this plasmonic superstructure. Consequently, the
supra-photothermal effect contributes to the excellent catalytic
performance and selectivity of the Co-ss@SiO, catalyst. In brief,
making full use of the (supra-)photothermal effect induced by
low-energy photons holds significant potential in facilitating
CO, photoreduction.

5. Summary and outlook

NIR-light-driven CO, reduction has garnered substantial atten-
tion for mitigating climate warming and the energy crisis due
to the superiority of NIR light, including deep penetration
depth, weak competitive absorption, and photothermal effects.
However, developing a photocatalyst with robust NIR light
response and desirable conversion efficiency for NIR-light-
driven CO,RR is still a formidable task. To tackle this chal-
lenge, the key is to design high-efficiency catalysts.

In this review, several design strategies for NIR-responsive
photocatalysts have been discussed, including energy band
structure regulation strategy, energy transfer strategy, and
photothermal utilization strategy. Although these strategies exhi-
bit significant advantages in promoting NIR-light-driven CO,RR,
they still have certain limitations (Table 4). To overcome these
limitations, the photocatalysts for NIR-light-driven CO,RR should
be improved according to the following aspects (Fig. 29).

5.1. Prospects for the next NIR-photocatalytic CO, reduction
systems

At present, converting CO, into multi-carbon (C,.) products
using NIR light is hindered by poor efficiency and productivity.
Therefore, it is crucial to address strategic factors in designing

Table 4 The characteristics and limitations of typical NIR-photocatalysts mentioned in the context

Design strategy Photocatalyst type

Characteristics

Limitations

Energy band structure
regulation

Narrow-bandgap catalysts

Intermediate-band catalysts

Metallic catalysts

Direct NIR light absorption

(1) Direct utilization of broad
bandgap semiconductors

(2) Cascaded electron transitions
(1) Zero band gap

(1) Difficult to possess suitable band
edge positions

(2) Often requiring sacrificial agents
(1) Difficult to introduce the
intermediate band

(2) Often low efficiency

Severe carrier recombination

(2) Superb IR light absorption
(3) High carrier concentration

Heterojunction catalysts

Energy transfer strategy =~ Pure SPR catalysts

SPR-semiconductor
composites

)
(1) Multiple narrow bandgap components
(2) Effective charge separation
(1) Local electric field manipulation
(2) Hot-electron transfer

(1) Local electric field manipulation
(2) Hot-electron transfer

Complex to construct

(1) Reliance on noble metals

(2) Difficult to possess suitable

band edge positions

(1) Reliance on noble metals

(2) Matching between SPR components
and semiconductors

(3) Energy transfer between SPR
components with semiconductors

Up-conversion catalysts

Photothermal utilization
strategy

(Supra-)photothermal
catalysts

7204 | Chem. Soc. Rev,, 2025, 54, 7174-7215

(4) Effective charge separation

(1) Transforming low-energy photons
into high-energy photons

(2) Tunable emission wavelength

(1) (Supra-)photothermal effect

(2) Photothermal synergy

(1) Low up-conversion quantum yield

(2) Reliance on specific wavelength lasers
Commonly limited by photothermal
conversion efficiency

This journal is © The Royal Society of Chemistry 2025
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Fig. 29 Future directions to advance the NIR-light-driven CO,RR system.

Quantify light and thermal contributions

the next generation of NIR-responsive catalysts to enhance the
production of drop-in fuels through the CO,RR process:
(1) developing a “more-in-one” NIR system: the efficiencies of
single-component catalysts are often limited by factors such as
unsuitable electronic structures, low carrier concentrations,
weak CO, adsorption, poor NIR-light absorption, etc. To over-
come these challenges, it is urgent to design novel multi-
component NIR photocatalysts. Integrating cocatalysts, NIR
light absorbers, and other functional components into a single
system may effectively enhance the NIR light absorption and
boost the PCO,R efficiency. For example, incorporating UCNPs
or plasmonic nanoparticles into photocatalysts can increase
their ability to harvest low-energy NIR photons. Additionally,
well-ordered redox-active architectures can improve charge
transfer kinetics and the efficiency of surface redox reactions.
Therefore, developing ‘“more-in-one” NIR photocatalysts
with spatially arranged and composition-tunable bandgaps is
a compelling strategy to enhance SCC. (2) Constructing
electron-rich sites: designing structures that provide electron-
rich reactive sites is beneficial for the deep reduction of CO,
into high-value chemicals. In this regard, materials with metal-
lic properties are particularly effective, as they not only enhance
NIR light absorption but also demonstrate excellent activity in
converting CO, into C,, compounds. These metallic materials,
usually with zero energy gaps, are highly effective in NIR light
utilization and facilitating multiple electron/proton transfer for
selective C-C coupling, even under low CO, concentration
conditions. (3) Increasing local CO, concentration: increasing
the local concentration of CO, near active sites has been shown
to improve multi-carbon product selectivity.'®* Enhancing CO,
adsorption, in turn, accelerates CO, reduction kinetics. Various
catalyst modification techniques, such as defect engineering,
integration with porous framework materials, and the construc-
tion of Lewis acid/base sites, can be employed to elevate local
CO, concentrations around the active sites. (4) Quantify light
and thermal contributions: to further optimize NIR-light-driven
CO,RR, it is essential to disclose the photothermal mechanism

This journal is © The Royal Society of Chemistry 2025
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by quantifying the contributions of both light and heat. Coop-
eratively, the photoinduced carriers and the local thermal effect
play pivotal roles in driving the CO,RR process. The photo-
thermal synergy may help steer the reactions by lowering the
energy barriers for CO,RR and lead to a greater apparent
catalytic efficiency in the photothermal system than the sum
of photochemistry and thermochemistry. NIR light, rather than
UV or visible light, offers strong photothermal conversion
efficiency, especially when using photocatalysts with inherent
photothermal conversion capabilities.

However, accurately measuring the actual surface/local tem-
perature of photocatalysts remains challenging, often leading
to unreasonable evaluation of the contributions from photo-
catalytic and thermal catalytic processes.’®®> To make reasonable
evaluations of the photothermal effect, advanced techniques for
accurate reaction temperature measurements should be devel-
oped. Additionally, control experiments related to temperatures
and light are required simultaneously.

5.2. Developing advanced techniques

Nowadays, the progress of NIR-light-driven CO, reduction is
very slow, due to a lack of understanding of its mechanism.
To push the development of this field, advanced techniques are
supposed to be explored to gain a deep insight into the
structure-activity relationships of photocatalysts. Advanced
characterization techniques can monitor the variations of CO,
and the photocatalysts, revealing the real CO, reduction pro-
cess on the catalyst surface. To make a better comprehension of
NIR-light-driven CO, reduction, it is recommended to develop
advanced techniques in the following aspects (Fig. 30).

5.2.1. In situ/operando techniques. To make mechanistic
investigations more convincing, in situ/operando techniques are

Wavelength

N\R-Light-Drive,7

alculations

€O, Reductio®

(iv)

"

Fig. 30 Prospects of advanced characterization techniques for NIR-light-
driven CO, reduction.
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required, which can capture the dynamic changes of catalysts
and reaction intermediates. For example, in situ RAIRS spectra
can monitor the transformations of adsorbed intermediates,
while operando XPS spectra can reveal surface chemical state
changes and structural transformations of the photocatalysts.*"
Hence, the development of high time-resolved in situ/operando
techniques is key to achieving more sensitive detection.

5.2.2. Excited state spectroscopy. Understanding the excited
state properties is also crucial for improving the overall photo-
catalytic processes. For instance, the separation efficiency of
carriers seriously impacts PCO,R efficiency. To understand carrier
behaviors, excited state spectroscopy methods, such as TAS and
PL spectroscopy, should be extensively studied.'®'®® The lower
intensity of PL spectra indicates a longer lifetime of carriers, while
the emission wavelength can reflect the energy band gaps for
some semiconductors. TAS is an important technique for studying
carrier dynamics, as it can measure charge separation efficiency,
carriers’ lifetime, and the carrier transfer process by monitoring
the properties of excited states or unstable intermediates.
Advanced excited state spectroscopy is essential for revealing the
real carrier behaviors during the PCO,R process.

5.2.3. Operando CO, distribution simulations. Lewis-
acid/base site construction™®® and defect engineering®” are
commonly employed to significantly enhance the CO, affinity
of catalysts. However, it remains challenging for current tech-
niques to effectively monitor the operando changes of CO,
distribution on the photocatalyst surface. Therefore, to better
depict local CO, concentration variations, finite element (FEM)
simulations are conducted based on physical and chemical
principles.'®” This approach visualizes the local CO, distribu-
tion around specific structures in photocatalysts, guiding the
development of modification methods.

5.2.4. Surface structure analysis. Surface structure analysis
is necessary for heterogeneous catalysis. For instance, XPS and
surface-enhanced Raman spectroscopy (SERS) are usually con-
ducted to analyze the chemical state and bond structures on the
surface of photocatalysts.'®®'® Although these two techniques
are well-established, analyzing the corresponding spectra
remains challenging. How to make a reasonable curve fitting
of XPS spectra and identify the bond information from Raman
spectra are pivotal for recognizing the active sites of photo-
catalysts, which require further development. To obtain abso-
lute energy band structures of photocatalysts, ultraviolet
photoelectron spectroscopy (UPS) needs to be further studied
and improved.’”® In addition, reflection-absorption infrared
spectroscopy (RAIRS) is an essential method for capturing key
intermediates adsorbed on the surface of photocatalysts,'”
which discloses the transformation process of CO, during the
reduction reaction. In short, to determine the surface chemical
states and bond information of catalysts, techniques such as
XPS, UPS, SERS and RAIRS are recommended.

5.2.5. Atomic structure measurement. Precisely measuring
the atomic structures of active sites is a necessary step for
exploring the structure-activity relationship of photocatalysts.
Generally, the changes in the coordination structure around the
active site can significantly influence the catalytic activity.
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Thus, further progress in atomic structure measurement tech-
niques, such as EXAFS and X-ray absorption near edge structure
spectroscopy (XANES),"””? is conducive to investigating how
the structures of catalytic sites affect the photocatalytic perfor-
mance, which in return can guide the design of active sites.

5.2.6. Theoretical calculations. Based on the measured
catalyst structures and the adsorbed intermediates, possible
reaction pathways can be proposed. Unfortunately, current
experimental conditions cannot definitively determine the real
pathway; therefore theoretical approaches, such as DFT calcu-
lations, are used to figure out the most favored reaction route.
By calculating the electronic properties of photocatalysts and
analyzing the Gibbs energy variations of potential mechanisms,
the structure-activity relationships of photocatalysts can also
be well elucidated.'”® However, the calculated models of the
catalysts are still approximate and simplified, failing to fully
present the real reaction conditions. In addition, to improve the
efficiency of the optimization for catalysts and experimental
conditions, machine learning (ML) methods have been
developed.'”® With reasonable models and efficient algorithms,
the most likely catalyst and reaction condition can be figured
out quickly, saving significant time in designing suitable cata-
lysts and screening optimal reaction conditions. However, ML
methods exhibit a strong reliance on the size of the database
and the authenticity of the training set data, which further
restricts both the applicability and reliability of the computa-
tional results. Therefore, in order to enhance the alignhment of
computational models with real-world reaction scenarios, it is
urgent to develop novel computational methodologies and
cutting-edge computer techniques in greater depth.

Overall, the progress of NIR-light-driven CO, reduction
requires the advancement of various characterization techni-
ques, and these advanced techniques can offer a guidance for
designing reasonable photocatalysts and photocatalytic systems.

5.3. Making a reasonable evaluation of NIR-light-driven
CO,RR performance

Recent studies have revealed that some published research
claims on NIR-light-driven CO,RR and its catalytic mechanisms
may be thermodynamically unfeasible.”*>'"* These errors
might arise from a limited understanding of NIR-light-driven
CO,RR, improper experimental methods, overlooking key fac-
tors in the analysis, or carbon contamination interference.
Any mistakes can lead to a range of issues, such as prolonged
experimental durations, excessive resource wastes, incorrect
interpretations of structure-activity relationships, and erro-
neous conclusions. Thus, to obtain reliable experimental
results, researchers must critically assess the reported literature
and perform experiments with meticulous care. In this section,
two main components for promoting best practices toward
reliable NIR-driven CO,RR are presented, namely general steps
and key considerations (Fig. 31).

As shown in Fig. 31, step-by-step guides regarding catalyst
preparation, experimental system building, performance eva-
luation, and mechanism investigation are summarized. When
preparing catalysts, the key is to design catalysts that can
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effectively respond to NIR light, promote carrier separation,
and facilitate CO,RR. The process typically involves several
steps, including synthesis, basic structural and morphological
characterization, and optical property analysis. Depending on
their efficiency in capturing NIR light, the synthesized catalysts
can be narrow-bandgap materials, or they can be functionally
assembled components. Then, it is feasible to conduct some
basic characterization, such as morphology, structure, and
optical properties, which lays the foundation for understanding
the characteristics of the catalyst and further elucidating its
chemical state and electronic structure.

To build an experimental system, a suitable reactor, NIR
light sources with different intensities, solvents with or without
additives, gaseous CO,, and the designed photocatalyst must be
properly assembled for the next step of performance testing.
In this system setup, key operational details such as irradiation
intensities and wavelengths, reaction temperature, CO, feed
pressure and concentration, cocatalyst presence, catalyst
dosage, reaction time, and solvent pH are crucial for optimizing
CO, conversion processes. Precise control over these factors
ensures experimental consistency, which is critical for reliable
and robust fundamental research. Once these parameters are
established, the photocatalytic CO, reduction performance can
then be evaluated.

For performance evaluation, important metrics include SCC,
CO, conversion efficiency, product selectivity, production rate,
quantum efficiency, and stability of the photosynthetic system
under NIR light. These metrics offer deep insights into effi-
ciency benchmarking, enabling the comparison of state-of-the-
art results across different photocatalysts.
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The mechanistic investigation primarily focuses on inter-
facial charge behaviors and reaction pathways. In this step,
detailed studies using excited-state spectroscopic techniques,
such as TAS and time-resolved photoluminescence (TRPL), are
essential for understanding the charge-carrier dynamics in
semiconductors and identifying key efficiency-limiting factors
in the possible mechanism under NIR light excitation. More-
over, advanced experimental methods like in situ/operando XPS,
XAS, and RAIRS are essential for detecting and differentiating
the information at the reaction interfaces. Additionally, model-
ing studies using DFT calculations are instrumental in explor-
ing and understanding the structure-property—performance
relationship to achieve high photocatalytic performance.

To enhance the reliability of NIR-light-driven CO,RR results,
three key aspects should be considered. Firstly, before conduct-
ing experiments, it is crucial to fully understand the complex-
ities associated with NIR-light-driven CO,RR processes and
recognize the factors that can interfere with the results. Proper
planning is essential to ensure that the experiment is carried
out with care and consideration. The complexity arises from
four main factors: (1) thermodynamic and kinetic complexity:
long-wavelength light-activatable CO,RR has inherent chal-
lenges. The C=O0 bond in CO, is chemically inert, necessitating
a huge input of energy to break it.*** The CO,RR process
involves multiple steps with numerous electron/proton trans-
fers, leading to various intermediates that may recombine at
different stages. (2) Interaction of photo-reduction and
-oxidation reactions: the interaction between the paired reac-
tions adds additional complexity to the research. (3) Influence
of various parameters: the reactivity is highly sensitive to
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parameters such as the type of photocatalyst, the choice of
reaction device, pH, and the addition of cocatalysts and sacri-
ficial agents (if used).”® (4) Challenges of excluding carbon
contamination: because of the low yield of products in NIR-
light-driven CO,RR, carbon contamination can lead to indis-
tinguishable false and true positive results.’”

It is widely acknowledged that understanding the thermo-
dynamic and kinetic factors, along with their mechanisms, has
always been a key challenge in PCO,R research. Thus, the first
key consideration in performing NIR-light-driven CO,RR is
to evaluate the thermodynamic and kinetic feasibility of the
system. This can be estimated by identifying catalysts’ compo-
nents, determining the energy band structure, evaluating
charge transfer efficiency, and measuring carrier lifetimes.
We have learned much from conventional H,-assisted CO,
reduction in terms of catalyst design. However, different catalysts
used in photocatalytic systems may follow distinct mechanisms,
which require specific thermodynamic forces to drive the reac-
tions accordingly. Thus, to successfully achieve NIR-light-driven
CO,RR, the catalysts’ components—including substrates, semi-
conductors, cocatalysts, and other light-absorbing components—
must first be carefully checked. For example, photocatalysis in
conventional semiconductor-based systems typically involves
photon absorption, which requires the energy of incident light
to be higher than the band gaps.'®®* The band edge positions of
conventional semiconductors should be adjusted to provide
sufficient thermodynamic driving force, allowing the paired reac-
tions to occur concurrently. For another example, SPR-mediated
catalysis (see Section 4.2.1) differs from conventional semi-
conductor-based systems, which cannot drive reactions without
sufficient photon energy.”®'”® Quite differently, the SPR-induced
highly energetic hot electrons in plasmonic materials can directly
drive redox reactions. The generated hot carriers are engaged in
these processes including photo/thermo-conversion, and then
may boost the reaction with CO, under the lower thermodynamic
driving force. For example, Hu et al. demonstrated that Au
rod@CuPd core-shell composites have achieved CO, reduction
under near-infrared light illumination (800 nm, ca. 1.55 eV). A key
issue in this study is that, without a sacrificial agent, the low-
energy photons are insufficient to overcome the reaction barrier of
CO,RR. To address this issue and better understand how low-
energy photons interact with catalysts and CO,, the research team
employed in situ XPS to study SPR-mediated light-matter interac-
tions within the reaction system.>

Another important consideration is the exclusion of carbon
contamination.’™*>'7%'”” The process of eliminating carbon
contamination throughout the experiment involves lots of
details. Carbon contamination from organic reagents present
in reactors, lab coats, low-purity gases, etc., can be eliminated
through rigorous cleaning procedures. Carbon contamination
on the surface of photocatalysts, originating from solvents,
reactants, and surfactants used during synthesis, can be miti-
gated by employing suitable treatment methods: washing
the catalysts with ethanol/water, annealing the catalysts under
high-temperature conditions, and using Ar or O, plasma
to clean the surfaces of catalysts. Carbon contamination
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originating from the light-induced self-degradation of carbon-
containing catalysts can be eliminated or recognized by selecting
stable carbon-based photocatalysts, using low-energy photon-
driven systems, and conducting structural stability characteriza-
tion before and after reactions. Further, carbon contamination
can also be eliminated via blank/control experiments, long-term
performance tests, and isotope labeling experiments. These solu-
tions help enhance data reliability and avoid the false-positive
results.

The third consideration is the identification of the catalytic
sites as well as reaction mechanisms. The distribution, num-
bers, and nature of these active sites directly influence the
overall performance of the catalyst. Identifying these active
sites is crucial for understanding the parameters that deter-
mine activity and for uncovering potential catalytic mechan-
isms. This review does not delve further into this aspect.

Inspired by the above general steps and key considerations
for conducting NIR-light-driven CO,RR studies, we hope this
section also serves as a valuable reference for conducting
PCO,R experiments that utilize the full spectrum of sunlight.
A dependable breakthrough in the field of PCO,R can establish
a robust basis for both fundamental studies and industrial
applications.

5.4. Increasing the feasibilities in practical application for
CO, capture

In this section, the considerations for scaling up laboratory
PCO,R to the industrial level are discussed, along with the
relevant application examples. Current systems of artificial
photosynthesis are far from meeting the requirements for
practical application, because of their low efficiency (<1%) and
productivity.>® To break through the low-efficiency bottleneck
of the PCO,R system and improve its potential for practical
application, it is crucial to consider the future strategic design
of the PCO,R system. This includes many specific considera-
tions for scaling up PCO,R-based applications or integrating
them as part of a chain partnership with existing applications
in the industry (Fig. 32): (i) regulating the paired half-reactions
in NIR-light-driven CO, reduction systems,”® (ii) using CO,
as a building block in direct organic synthesis,”” (iii) making
full use of the photothermal effect to enhance CO, conversion
via the integration of CO, conversion with existing high-
temperature catalytic reactions, including Sabatier reaction,'®
reverse water gas shift (RWGS) reaction,'”® reverse Boudouard
(RB) reaction,"” and (iv) engineering cascaded CO, conversion
systems.*%°

5.4.1. Regulation of the paired half-reactions in NIR-light-
driven CO, reduction systems. One of the feasible directions to
further reinforce the overall activity of NIR-light-driven CO,
reduction systems is to elaborately regulate the paired half-
reactions. Typically, CO,RR is coupled with water oxidation
half-reaction. Unfortunately, water oxidation reaction possesses
sluggish charge transfer kinetics and relatively high reaction
potential, lowering the efficiency of the overall CO, photoreduc-
tion system.”®'®%'®? This disadvantage is particularly pro-
nounced in NIR-light-driven CO, reduction processes, where

This journal is © The Royal Society of Chemistry 2025
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Fig. 32 Future design directions of CO, chemical utilization systems driven by NIR light.

the electronic structures of the photocatalysts must be rigor-
ously manipulated to ensure that both water oxidation and CO,
reduction can occur simultaneously and efficiently. To get rid of
this limitation and enhance efficiency, the water oxidation
reaction has been replaced by some sacrificial agent oxidation
reactions, such as the oxidation of TEOA, Na,S, Na,S,0;, etc.
While this approach can improve the performance of the NIR-
light-driven CO, reduction system,>® it comes with significant
drawbacks. Sacrificial agents are costly and environmentally
unfriendly, and the oxidation products generated from these
agents typically have low economic values, which limits
the practicality and sustainability of the system. Therefore, to
further elevate the efficiency and economic values of the overall
NIR-light-driven CO,RR process, the water oxidation reaction
could be substituted by high-value oxidation reactions, like the
oxidation reactions of biomass, biomass-derived molecules,
or plastics-derived molecules."®*™'®” For instance, Zhang et al.
fabricated a binuclear Re-Ru heterogeneous catalyst, co-
upgrading plastic waste and CO, into value-added chemicals by
photocatalysis.'®* Recently, the oxidation reaction of 5-hydroxy-
methylfurfural (5-HMF), a by-product generated during the
biodiesel production, is regarded as a good replacement for
water oxidation (Fig. 32)."®® Moreover, narrow-band gap photo-
catalysts, such as WS,, Bi,S;, and MoS,, are candidates for
NIR-light-driven 5-HMF oxidation. Chu et al.'®” developed a
NiOOH/MoS, catalyst, achieving a high 5-HMF conversion rate
(5.24 mmol g¢~' h™") and an outstanding 5-formyl-2-furan-
carboxylic acid (FFCA) product selectivity of 95.4% by NIR
irradiation. Hence, this coupling approach not only enhances
the efficiency of CO, photoreduction but also adds significant
economic value by enabling the upgrading of biomass and
waste plastics, contributing to a more sustainable and econom-
ically viable NIR-light-driven photocatalysis system. Noteworth-
ily, to achieve this goal, novel NIR-light-responsive catalysts

This journal is © The Royal Society of Chemistry 2025

need to be developed with the capability to effectively catalyze
multiple reactions simultaneously. In a word, rationally design-
ing paired half-reactions for the NIR-light-driven CO, reduction
system holds great promise but requires further in-depth
exploration.

5.4.2. Using CO, as a building block in organic synthesis.
It is noteworthy that great efforts are currently being made to
enable the fixation of CO,, with a focus on advancing carbon
capture and storage techniques.’®® However, the high bond
energy of C=0 bonds in CO, molecules (750 k] mol ") limits
the efficient conversion of CO,. Fortunately, many other
chemical bonds possess much lower bond energies than that
of C=0 in CO, (e.g., C-H: 430 kJ mol ", C-C: 336 k] mol ,
C-0: 327 kJ mol 1).**>*! Introducing CO, molecules into the
activation processes of these bonds helps lower the activation
barriers of CO, and promote its conversion into fine chemicals.
In other words, CO, can be a building block for photocatalytic
synthesis of organic compounds. In this approach, CO, can
be utilized from two main perspectives: (i) conducting an
organic chemical reaction that involves CO, as a reactant and
(ii) conducting the catalyst synthesis that consumes CO,. As
shown in Fig. 32, conducting an organic chemical reaction that
involves CO, as a reactant is a feasible approach for CO,
utilization."” For instance, using NIR as the driving energy,
the synthesis of cyclic carbonates from the cycloaddition of CO,
with epoxides has been successfully conducted on multicom-
ponent catalysts, demonstrating the effectiveness of using NIR
photons.”® From the perspective of sustainable chemistry, the
onsite NIR-driven organic photoredox catalysis involving CO,
conversion becomes an extendable routine that consumes this
greenhouse gas. The second direction is to synthesize the
catalysts that consume CO,. Recently, it has been reported that
CO, can be inserted into the terminal alkynes or N-H bonds to
form carboxylate ligands, which can then be used to prepare
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CO,-based MOFs.'?** 1t should be noted that these CO,-
based MOFs require a synthetic temperature of 25-70 °C.
Therefore, because of the photothermal effect, NIR light can
be utilized as an easily available heat source to elevate the
reaction temperature to facilitate the synthesis of CO,-based
MOFs, further promoting CO, capture. In short, with the
unique photothermal effect of NIR photons, CO, can be
involved in various organic reactions, consumed in the synth-
esis of functional catalysts, and applied in other applications.
These developments in CO, fixation are regarded as potential
pathways to realize solar energy utilization and environmental
sustainability.

5.4.3. Integration of CO, conversion with existing catalytic
reactions in the industry. Given the pioneering works that
initially demonstrated photothermal catalytic CO,RR,"®*19>19
research on catalysts exhibiting photothermal effects for
CO,RR has since begun to proliferate. It is noted that the
targeted activation of CO, and H, can be mutually promoted
by heat in the presence of light, making it attractive to use a
photochemical and thermochemical hybrid method for the
enhanced conversion of CO,. During the photo-promoted ther-
mal catalytic process, the excited carriers and the localized
photothermal effect co-contribute to promoting the CO,RR,
further boosting the reactivity, particularly in the CO, metha-
nation. For example, the Ru@SiNW catalyst, one of the earliest
attempts focusing on photothermal catalysis for the Sabatier
reaction (CO, + H, — CH, + H,0), can absorb a wide range of
wavelengths across the full spectral regions.'®> Consequently,
photocatalytic CO, methanation rates over these light harvest-
ers are impressively high. Such photothermal catalysts could
achieve excellent performance under mild conditions, offering
competitive advantages over conventional heterogeneous cata-
lysts used in thermal catalytic processes. Moreover, photother-
mal CO, conversion holds the promise to be incorporated into
the current chemical industrial infrastructures. As shown in the
schematic representation (Fig. 32), the integrability of PCO,R
with other industrial-scale technologies is highly feasible,
offering promising routes for producing valuable products from
gaseous CO, through established reactions. Recently, PCO,R has
been popularly integrated into the RWGS reaction (CO, + H, —
H,O + CO) in which the process has been achieved using H, as a
reductant.””® The RWGS reactions occur spontaneously at mild
temperatures as their Gibbs free energy remains negative until the
temperature reaches 820 °C, producing H,/CO syngas. Another
scenario is the RB reaction, where CO, and solid-phase carbon are
used as reactants. This reaction is also favored and has been
evidenced by many studies, with CO being generated as the
product (CO, + C — CO)."' In a word, these pioneering
discoveries are highly crucial for enabling the transition of
CO, conversion from the laboratory-level stage to the industrial-
level stage.

5.4.4. Engineering cascaded CO, conversion systems.
While PCO,R processes can produce many valuable chemical
raw materials, such as CO, CH,, and syngas, existing studies
rarely consider the continuous utilization and transformation
of these products. Thus, effectively converting the downstream
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products of CO, photoreduction into value-added chemicals
through cascaded reactions will open new research avenues
toward practical applications. Among the products of CO,
photoreduction, CO and syngas (H,/CO) have been commonly
used in industrial production, such as in Fischer-Tropsch
synthesis (FTS) and carbonylation processes. Based on the
above, two considerations are envisioned for the cascaded
CO, conversion: (i) direct cascading PCO,R with FTS technol-
ogies and (ii) tandem upgrading PCO,R products with the
carbonylation reactions. It should be noted that there may be
other strategies for directly utilizing CO, photoreduction pro-
ducts; here, we present only two examples to illustrate how CO,
fixation can be achieved in this aspect. In the PCO,R process,
many photocatalysts have been dedicated to producing syngas,
simultaneously generating CO and H,. For example, the SCM-
Ni/SiO, composites can produce H, and CO with 1:1 mole ratio
by photocatalysis.'®® Bi,S;/CdxZn, xS catalysts have demon-
strated their extremely high activity for the production of H,
and CO (33.10 and 32.11 pumol g ' h™")."*® Being a mature
route, syngas (a mixture of H, and CO in different ratios) has
been widely used as a reactant in the FTS procedures.” Thus,
more efforts should be devoted to the direct combination of the
PCO,R and FTS technologies to scale up the solar-driven CO,
reforming. In another cascaded CO, conversion system, CO can
be utilized as a reactant in carbonylation reactions. For
instance, during the carbonylation process to synthesize
diethyltoluamide, the CO conversion rate can reach more than
85%. At the same time, these cascaded conversion approaches
also provide easy and affordable strategies for labeling organic
molecules with **C isotopes. The successful achievement of
cascaded reactions offers an important and feasible way for
upgrading PCO,R products into fine products.'®® We believe
that, by ingeniously designing the cascaded catalytic systems,
more exciting discoveries leading to practical and scalable
CO, chemical utilization systems driven by NIR light are on
the horizon.

In summary, various significant advances and break-
throughs in NIR-light-driven CO, reduction have been realized
over the past decade, making a step towards the full utilization
of sunlight for CO,RR. Several strategies, including energy
band structure regulation strategy, energy transfer strategy,
and photothermal utilization strategy, have been explored for
synthesizing NIR-photocatalysts. Many NIR-photocatalysts fab-
ricated using these strategies have expanded the spectral
absorption range of the photocatalytic systems from the UV
to the NIR wavebands, while simultaneously possessing suita-
ble energy band structures for CO,RR and its paired half-
reaction. However, the efficiency of PCO,R under NIR irradia-
tion is still not satisfactory and falls short of requirements for
practical applications. One of the main problems is the severe
carrier recombination during the PCO,R process. To enhance
the charge separation efficiency, strategies such as heterojunc-
tion engineering and energy transfer strategies are recom-
mended for catalyst design. To enhance the PCO,R activity
and product selectivity, we have also outlined potential direc-
tions for the next generation of NIR-light-responsive CO,RR
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systems. Additionally, the lack of deep understanding of the
mechanisms underlying NIR-light-driven CO,RR limits the
development of this field. Meanwhile, carbon contamination
resulting from the photodegradation of organic additives can
further complicate the mechanism. Thus, it is essential to
explore advanced characterization methods and establish a
reasonable workflow to avoid false-positive results and deepen
the understanding of NIR-light-driven CO,RR. To increase the
feasibility of PCO,R in practical applications, a promising
approach is to combine the downstream products of PCO,R
with other valuable reactions to achieve cascaded conversion of
CO,. Besides, the economic value of the photocatalytic system
can be effectively increased by coupling the CO, reduction
process with value-added paired half-reactions. Overall, the
study of NIR-light-driven CO, reduction is still in its early stage
despite progress in recent years. As NIR-photocatalytic CO,
reduction is continuously developing, there is no doubt that
it will find applications in diverse fields, such as biological
therapy, photoelectrocatalysis, and organic synthesis. Hence,
selecting suitable application scenarios and continuously devel-
oping NIR-photocatalysts will be crucial in advancing CO,
photoconversion toward industrial applications.
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