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Broader context statement

Solar-driven photocatalysis has long been regarded as a sustainable strategy for addressing the
intertwined challenges of energy shortage and environmental pollution. However, despite
decades of progress, the inefficient utilization of the near-infrared (NIR) region, accounting
for nearly half of the solar spectrum, remains a fundamental bottleneck limiting overall solar-
to-chemical conversion efficiency. This review highlights recent advances in mechanisms,
material design, and device integration that enable effective NIR harvesting through direct
bandgap engineering, plasmonic excitation, photon upconversion, and photothermal coupling.
By systematically connecting light and matter interaction mechanisms with catalytic function
and reactor-level optimization, the work underscores a paradigm shift from narrow-spectrum
photocatalysis toward full-spectrum solar utilization. Importantly, it also addresses the need
for standardized evaluation protocols to decouple photonic and thermal contributions under
NIR irradiation. These advances collectively contribute to improving hydrogen evolution, CO,
reduction, and pollutant degradation efficiencies, offering new opportunities for scalable solar
fuel production and environmental remediation. The integration of NIR-responsive materials
with rational device engineering provides a promising pathway toward high-efficiency, real-

world solar energy conversion technologies.
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Near-infrared driven semiconductor-based photocatalysis for
energy and environmental applications: mechanism, material, and
device
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Solar-driven semiconductor-based photocatalysis for fuel production and environmental protection has emerged as a

promising approach to alleviate the global energy and environmental crises. Among the components of solar radiation, near-
infrared (NIR) light accounts for a large portion of the spectrum and possesses unique photothermal properties, making its
efficient utilization crucial for enhancing photocatalytic energy conversion. This review summarizes the mechanisms for NIR
light absorption, including direct NIR absorption, photon upconversion, and plasmon-induced processes, together with
representative NIR-responsive materials for CO, reduction, hydrogen evolution, and pollutant degradation. Recent
developments in devices are also reviewed, with emphasis on the special requirements of NIR light for reactor design.
Conventional performance evaluation metrics and their limitations in NIR photocatalysis have also been highlighted.
Furthermore, it also addresses current challenges and potential research directions to improve photocatalytic performance
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and facilitate the practical applications of NIR photocatalytic systems in energy and environmental fields.

1. Introduction

Energy shortage and environmental pollution resulting from
human activities pose significant threats to human survival and
societal sustainability.’3 To mitigate these challenges, it is
imperative to develop strategies for reducing fossil fuel
consumption and alleviating the environmental crisis.
Environmentally friendly, renewable, and clean energy sources,
particularly solar energy, are widely regarded as viable
alternatives to fossil fuels.*7 Photocatalysis, which utilizes solar
energy to drive oxidation and reduction reactions, has attracted
significant attention for applications in carbon dioxide
reduction (CO2RR), hydrogen evolution reaction (HER), organic
degradation, and water purification.812 The conversion of solar
energy into chemical energy in fuels (such as H,, CHa, C;HsOH)
and its role in environmental remediation make photocatalysis
an effective solution to the global energy crisis and
environmental challenges. 13 % However, its large-scale
application is restricted by low conversion efficiency, poor
selectivity, and unclear catalytic mechanisms.'>1° Given that
light absorption is the primary step in photocatalysis, and
determines the generation of electron-hole pairs, enhancing
the light absorption capacity of photocatalysts is a critical
strategy to improve the utilization and conversion efficiency of
solar energy.

The solar spectrum consists of ultraviolet (UV) (250-400
nm), visible (Vis) (400-700 nm), and near-infrared (NIR) (700-

@ International Research Center for Renewable Energy, State Key Laboratory of
Multiphase Flow, Xi’an Jiaotong University, Xi’an, Shaanxi 710049, China. E-mail:

f_wang@xjtu.edu.cn, yaliu0112 @xjtu.edu.cn
b Inner Mongolia Dagingshan Laboratory Co., Ltd., Hohhot 010020, China

2500 nm), accounting for about 5%, 45%, 50% of the total solar
radiation, respectively. The longer the wavelength, the lower
the energy of the photon. Most photocatalysts can only utilize
UV or visible light; the abundant low-energy NIR photons are
largely wasted. For example, TiO, with a large bandgap (3.2 eV)
can be excited only by ultraviolet light.2%-2* The pristine graphitic
carbon nitride (g-C3Na4) can only capture light whose wavelength
is less than 460 nm.2>27 Beyond its large proportion in the
spectrum, NIR light has a stronger penetration depth and a
unique photothermal effect.28-33 The photothermal effect can
accelerate the reaction, increase the catalytic activity, and
regulate the reaction pathways.3**1 Thus, the effective
utilization of NIR light, which accounts for approximately half of
the spectral energy, is of great research significance for
improving the efficiency of the overall photocatalytic system.
At present, the research on the utilization of NIR in
photocatalysis focuses on two aspects: optimizing
photocatalysts to extend their absorption into the NIR region;
developing device configuration and integrated system design
to improve mass transfer, coordinate light and thermal field
management, and incorporate multiple functional modules for
more efficient NIR light utilization. Wang’s group anchored Ru
single atoms (SAs) and nanoparticles (NPs) onto poly(heptazine
imide) (PHI), respectively, via the in-plane Ru-N4 coordination
and interfacial Ru-N bonds, constructing a catalyst—Ru NPs/Ru-
PHI for full-spectrum photocatalytic CO, reduction.*? The
anchored Ru SAs introduce impurity levels in PHI, achieving NIR
light absorption, while the Ru NPs facilitate the adsorption and
activation of reactants and the desorption of products.
Furthermore, a built-in electric field is formed between Ru NPs
and Ru-PHI, promoting the separation and migration of charge
carriers. Under light irradiation (A = 400 nm), this catalyst
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exhibited efficient CO production (32.8 umol h™!) and H,0;
production (23.27 pumol h71), with a high apparent quantum
yield of 0.26% at 808 nm. To make full use of low-energy
photons, Reisner et al. constructed a hybrid device integrating
a photocatalyst with a solar steam generator for spectral
splitting utilization 43. In this device, the upper photocatalyst
layer absorbed UV light to drive water splitting, whereas the
lower solar steam generator harvested Vis and NIR light to
generate steam, supplying it to water-splitting reaction. The
remaining water vapor was then condensed and collected as
purified water. As a bifunctional system for photocatalytic
hydrogen production and water purification, it achieved an STH
efficiency of 0.13 £ 0.03% and an evaporation rate of about 0.95
kg m=2 h7l. These representative advances highlight the dual
approach of material innovation and system integration in NIR
photocatalysis, underscoring the pivotal role of NIR light
utilization in enhancing photocatalytic efficiency and improving
solar energy conversion efficiency.

Despite the progress made, NIR photocatalysis still faces
critical challenges, including low photocatalytic efficiency, rapid
photocatalyst deactivation, unclear reaction mechanisms, and
complex material synthesis. To realize efficient NIR
photocatalysis and practical applications, it requires not only
the design of NIR-responsive materials but also the optimization
of devices and integrated systems. However, most recent
reviews on NIR light utilization have mainly focused on NIR
absorption mechanisms, material design, and photocatalytic
applications, with much less attention given to device and
integrated system design. In this review, we summarize not only
the mechanisms and representative materials for NIR light
utilization and their applications in CO2RR, HER, and pollutant
degradation but also discuss recent progress in device design
and development, covering different laboratory-scale reactor
configurations, large-scale devices, and integrated systems. The
specific requirements that NIR light places on device design are
highlighted. We also examine the applicability and limitations of
conventional photocatalytic performance metrics in NIR
systems, with a focus on the decoupling of photonic and
thermal effects and on the need for a standardized evaluation
framework. The main challenges and perspectives in NIR
photocatalysis are also outlined. Overall, this review provides a
systematic overview of recent developments in NIR
photocatalysis, from light absorption mechanisms, material
design, to device development and performance evaluation,
offering a reference for future studies in photocatalysts,
reactors, and system design.

2. Mechanism of near-infrared light absorption

In recent years, increasing attention has been paid to the design
of NIR-responsive photocatalysts to more efficiently utilize the
full spectrum of solar energy.*448 Accordingly, it is essential to
gain insight into the NIR light absorption mechanism for
advancing NIR photocatalysis. Based on previous research, the
mechanisms enabling photocatalysts to capture low-energy NIR
photons can be broadly categorized into three types: (1) Direct
absorption via the band structure characteristics of the
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photocatalyst itself; (2) Photon upconversion, in,which.longs
wavelength sunlight is converted into shertiWaveleagtACHighit
that is more readily captured. (3) Localized Surface Plasmon
Resonance (LSPR) effect, which enhances light harvesting and
facilitates the conversion of low-energy NIR photons into
thermal energy.*® >° The following sections provide a detailed
discussion of each mechanism.

2.1. Direct absorption

The fundamental principle behind semiconductor absorption of
solar energy lies in the compatibility between their energy band
structures and the photon energies present in sunlight. When
sunlight irradiates a semiconductor, photons with energies
equal to or greater than the bandgap energy (Eg) can excite
electrons from the valence band (VB) to the conduction band
(CB). Meanwhile, excited electrons accumulate in the CB while
holes are left in the VB, both of which trigger the photocatalytic
reactions. Therefore, the process in which the photocatalyst
directly converts NIR light into electron-hole pairs, due to its
band structure, can be regarded as the direct absorption
mechanism of NIR light (Fig. 1a).

For low-energy NIR photons, effective absorption and
excitation of photogenerated carriers can occur only when the
Eg of the semiconductor is small enough, i.e., the energy band is
sufficiently narrow. According to the wavelength range of NIR
light (700-2500 nm), direct excitation by a single NIR photon
requires the semiconductor to possess a bandgap smaller than
1.78 eV. However, this condition is difficult to satisfy for most
semiconductors, except for a few intrinsically narrow-bandgap
materials. To enable NIR light direct absorption in
semiconductors, two primary strategies are employed: band
engineering and integration with photosensitizers. The former
involves reducing the bandgap by adjusting the position of the
CB or VB, or constructing intermediate energy levels within the
band, dividing a wide bandgap into multiple narrower sub-gaps.
This allows for multi-step photon excitation, enabling the
harvesting of NIR photons for photocatalytic reactions. The
latter can be directly excited by NIR light and subsequently
transfer excited charges to semiconductors to drive the catalytic
process. In both approaches, whether by modifying the intrinsic
structure of the photocatalyst or by integrating it with
photosensitizers, NIR light can be directly harnessed to
generate charge carriers.

2.2. Llocalized Surface Plasmon Resonance effect

Unlike direct absorption governed by the band structure, the
LSPR effect exhibited by metal nanostructures achieves the
utilization of NIR light via electromagnetic fields and thermal
effects. LSPR is a nanoscale optical phenomenon that occurs
when the frequency of incident light aligns with the collective
oscillation frequency of free electrons on the surfaces of metal
nanostructures, as shown in Fig. 1b.51 52

The excited electrons within the metal nanostructures can
decay via two distinct pathways. In the radiative pathway, the
energy is released through the emission of photons. In contrast,
the non-radiative pathway involves inelastic collisions between
electrons and the recombination of electron-hole pairs.
Notably, when the plasmonic energy dissipates non-radiatively,

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1 (a) The principle of direct absorption of NIR light by photocatalytic materials, (e~ is
electron and h* means hole). (b) Schematic of plasma exciton oscillations on a plasma
metal sphere. (c) Schematic illustration of photon upconversion mechanisms.

it results in the generation of hot carriers with high energy,
similar to the Landau damping phenomenon.>3 Once sufficiently
energized, these carriers can overcome the potential barrier at
the nanoparticle boundaries and transfer to adjacent surface-
adsorbed materials or semiconductors,

thereby initiating

ultrafast surface chemical reactions on a femtosecond
timescale. Conversely, carriers that do not participate in surface
reactions convert into phonons through inelastic collisions with
This rapid

temperature increase in the lattice on a picosecond timescale.

the metal lattice. interaction precipitates a
Subsequently, the accumulated thermal energy dissipates into
the surrounding medium on a nanosecond timescale, driven by
the interconversion of photonic and phononic energy. This
energy transfer not only facilitates mass transfer but also
thermodynamically promotes the chemical reaction kinetics.>*
54-56 |n essence, the LSPR is associated with three concurrent
effects: enhancement of the local electric field, generation of
high-energy hot carriers, induction of local heating effects. The
intensified electromagnetic field promotes photon response of
nearby semiconductors, while the hot carriers produced
through non-radiative decay can be directly injected into the
semiconductors to participate in reactions. The photothermal
effects can further convert the unused energy into heat,
thereby increasing the local temperature and facilitating the
reaction kinetics. However, NIR catalysis induced by the LSPR
effect is not governed by a single process. In most cases, it arises
from the combined contributions of local field enhancement,
hot carriers, and photothermal effects, making the true
dominant mechanism difficult to distinguish clearly.

2.3. Photon upconversion

This journal is © The Royal Society of Chemistry 20xx
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It is well known that Stokes' law desefibés IABP Tnaterials
typically capture high-energy (short wavelength, high
frequency) light and emit low-energy (long wavelength, low
frequency) light. In contrast, upconversion luminescence (UPCL)
is characterized by anti-Stokes emission, which defies this
convention. It involves the material being excited by low-energy
light, which excites the material to emit high-energy light.>7> 58
UPCL materials typically contain transition metal (d-block) or
inner transition metal (f-block) elements, which enable this
distinctive photoluminescent behavior.>®

As illustrated in Fig. 1c, photon upconversion occurs via
several fundamental mechanisms. (1) Excited state absorption
(ESA): In the ESA process, a single ion sequentially absorbs
multiple photons, transitioning stepwise from the ground state
to higher excited states. An ion first absorbs a photon (¢1) to
reach an intermediate metastable state (E1) and subsequently
absorbs another photon resonant with the E1-E2 gap to reach a
higher excited state (E2). Upon sufficient population in these
upper states, radiative relaxation yields upconverted emission
at shorter wavelengths.3> €0 (2) Energy transfer upconversion
(ETU): ET is a process mediated by ion interactions, occurring
either within the same ion or between different species. It
includes several pathways: (a) Successive Energy Transfer (SET)
typically occurs between different ion species, wherein an
excited donor ion transfers energy to a ground state acceptor,
enabling it to an excited state. The donor relaxes to its ground
state, while the acceptor may absorb a second energy transfer,
reaching a higher excited level and enabling upconversion. (b)
Cooperative Sensitization Upconversion (CSU): where two
excited ions simultaneously transfer energy to a third ion,
populating a higher excited state without intermediate
emission. (c) Cross Relaxation (CR), where two excited ions
exchange energy non-radiatively, one ascending and one
descending in energy. (3) Photon avalanche (PA): PA is a
positive feedback excitation mechanism combining ESA and CR,
with high nonlinearity and strong threshold dependence. It was
initially observed in Pr3*-based quantum counters. Unlike same-
species ions, PA requires only a single pump beam to resonate
with one transition, making it a high-efficiency UPCL process.3>
60, 61 (4) Triplet-to-triplet annihilation upconversion (TTA-UC):
Unlike the previous three processes, which are induced by rare
earth ions, TTA-UC usually occurs in organic molecular systems.
The organic chromophores involved in upconversion consist of
sensitizers (donors) and annihilators (acceptors). Similar to
sensitizer ions in Ln3* doped upconversion materials, sensitizers
in TTA-UC exhibit improved light absorption in NIR region. After
absorbing a photon, the sensitizer generates a singlet excited
state [1S]*, which then undergoes intersystem crossing (I1SC) to
the long-lived triplet excited state [3S]". Subsequently, the
energy of [3S]" is transferred to the annihilator via triplet energy
transfer (TET), forming a triplet annihilator [3A]". The two [3A]”
annihilators undergo triplet fusion to form a higher energy
singlet annihilator [!A]", which emits short-wavelength light
upon relaxation. The successful realization of TTA-UC has strict
requirements for the relative position of the energy states of
the sensitizer and annihilator.

J. Name., 2013, 00, 1-3 | 3
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Fig. 2 The light absorption range of NIR-light responsive materials.

First, the energy of [!A]" is higher than that of [!S]", and the
energy of [3S]"is higher than that of [3A]". In addition, the energy

of [*A]" must be lower than twice
BAT(2[BA]">[*A]">[1S]">[3S]">[3A]7).6% 62 (5) Two-photon
absorption (TPA): In TPA process, a chromophore

simultaneously harvests two low energy photons within an
ultrashort time through a virtual state, populating a real excited
state that was originally excited by a high energy photon. By
undergoing internal conversion, electron or energy transfer, the
excited-state molecules are able to participate in NIR
photocatalysis.3-66

Despite the different pathways, these upconversion
mechanisms all aim to transform NIR light that is hard to utilize
into more readily harvested higher-energy excitation.
Upconversion is essentially a multistep energy conversion
process. The efficiency of the NIR photocatalysis mediated by it
is related to the upconversion efficiency, spectral matching, and
interfacial energy transfer efficiency.

These three main mechanisms for NIR light utilization in
current NIR photocatalysis differ clearly in both energy-
conversion pathway and modes of action. Direct absorption
relies on the band structure of the material itself to directly
capture NIR photons, making it the most straightforward route.
Photon upconversion enables the indirect use of NIR light by
converting low-energy photons into higher-energy photons. In
contrast, LSPR utilizes NIR light through the combined effects of
local electromagnetic fields, hot carriers, and photothermal
effects, and is therefore characterized by the coupling of
multiple processes. Overall, these three mechanisms provide
different routes for the photocatalytic conversion of NIR
photons.

3. Near-infrared responsive photocatalysts

Based on the NIR light absorption mechanisms discussed above,
the NIR-responsive photocatalysts can be roughly categorized
into two types: direct and indirect NIR-responsive
photocatalysts. The former refers to materials that can harvest

NIR light spontaneously and directly convert low-energy
photons into charge carriers, including intrinsic narrow-
bandgap semiconductors, band-structure-regulated

semiconductors, and photosensitizers. In contrast, the indirect
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NIR-responsive photocatalysts convert the lowsenergy oNIR
photons into high-energy photons, hoP@arfidrs?/GpERERTHA]
energy through UPCL and LSPR excitation to drive redox
reactions. Fig. 2 illustrates the light absorption range of some
representative materials with different NIR light absorption
mechanisms. Extensive efforts have been made to develop NIR-
responsive photocatalysts across diverse photocatalytic
domains. Table 1 summarizes the advanced NIR-responsive
photocatalysts in various applications, including HER, CO3RR,
and pollutant degradation.

3.1. Direct near-infrared responsive materials

The low-energy photon capture capacity of direct NIR-
responsive materials is attributed to the property of a narrow
bandgap. A material with a naturally narrow bandgap but free
of impurities and lattice defects can be regarded as an intrinsic
narrow-bandgap semiconductor. But the narrow bandgap is not
always inherent. Through band structure engineering and
photosensitizer modification, extrinsic semiconductors can also
achieve reduced bandgaps and NIR light absorption. Of these
two approaches, the former involves regulating the bandgap by
inducing impurities or defects, while the Ilatter entails
combining semiconductors with NIR harvest photosensitizers.

Intrinsic narrow-bandgap semiconductor. The bandgap energy
determines the light absorption capacity of a semiconductor. If
photon energy exceeds the bandgap, photons can be harvested
by the semiconductor. Therefore, the semiconductors with
narrow bandgaps are the primary choices for the NIR
photocatalysts. For semiconductors that can directly capture
NIR photons, the bandgap should be less than 1.78 eV, which is
quite low compared to the visible or UV light-responsive
materials.

The reported intrinsic narrow-bandgap semiconductors that
can absorb NIR light include Cux(OH)PO4,%” Black phosphorus
(BP),%870 Co304,7* some metal sulfides (AgzS,”2 W,S,73 BixS374),
etc. Among them, the absorption band edge of narrow-bandgap
sulfides is generally around 800 to 900 nm. The bandgap of BP
can be changed from 0.35 to 2 eV by varying the BP layers,
covering the light absorption range from Vis to NIR. Cuz(OH)PO4
also exhibits a strong absorption peak in the NIR region with an
absorption edge around 2000 nm. The smaller the bandgap, the
wider the solar spectrum utilization range of the
semiconductor. Beyond that, some transition metal catalysts
have been revealed to harvest long-wavelength light due to the
intraband and interband electron transition.”>7” Feng et al.
employed ultrathin basic copper (Cus(SO4)(OH)s)
nanosheet (Fig. 3a) as the photocatalyst, demonstrating the d-
d transition-induced photocatalytic reaction under infrared
light.”? Under NIR light irradiation, the cascaded electron
transfer processes based on d-d orbital transition were found.
The degeneracy of d orbitals in Cu atoms generates empty d
bands that lie within the bandgap, thereby contributing to the
NIR light absorption. In detail, the electrons absorb NIR photons
and are excited from the VB to the intermediate empty d bands.
Next, these excited metastable electrons further absorb NIR
photons and are excited to the CB, participating in the CO,RR
(Fig. 3b).

sulfate

This journal is © The Royal Society of Chemistry 20xx
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Table 1. Summary of NIR-responsive photocatalytic systems based on different photocatalytic applications.

Ab ti
Application Photocatalyst sorption Mechanism Reaction system Light source Performance Ref.
edge (nm)
. . AM1.5G 9.12 mmol/
CuCrP,S¢ ~1100 Direct absorption H,0, TEOA® NIR 0.66 ol /z//hh "
. . Vis-NIR (A>420 nm) 3.4 mmol/g/h
BP, ~12 Direct H,0, EDTAY 2
/Pt/RGO 00 irect absorption ,0, NIR (4>780 nm) 0.84 ol/g/h
MC-CN9 ~1400 Direct absorption H,0, TEOA Full spectrum 1.1 mmol/g/h £
NaYF4;:Yb/Tm
@Ag;PO/Ag N.AD Upconversion H,0, C;H(0; Vis-NIR (A>400 nm) 23.56 mmol/g/h il
@g-C3N,
HER UV LED (365 nm)
m-TiO,/Cu N.A. LSPR H,0, CH;0H +400 nm long-pass 17.8 mmol/g/h 2
filter
MoO,- AM1.5G 48.41 mmol/g/h
N.A. LSPR H,0, C;H:O &2
C@MoS,/CdS 2 e NIR (2>800 nm) 4.03 mmol/g/h
Z H.
WigOus/Cdos NA. LSPR 20, NaoS, AM1.5G 306.1 mmol/g/h s
nysS Na,SO;
Znli
W1s04/ZnlnS NA. LSPR H,0, C;H,Os AM1.5G 30.08 mmol/g/h 85
4
H,0, N
BP-Au-CdS NA. LSPR 20, NaoS, AM 1.5G 10.1 mmol/g/h 86
Nast3
CO TEOA
NiAl-Ru-LDH ~1200 Direct absorption ZC(Z?I, o ’ NIR (A=1200 nm) CO: 88.7 umol/g/h &
&
. . CO,(g), TEOA, Vis-NIR (A>420 nm) CO: 570.3 pmol/g/h
MOF IHEP-15 ~950 Direct t EX
0 ? irect absorption CH,CN NIR (A>720 nm) CO: 209.3 pmol/g/h
C,Hy: 66.59
2D Pbslg layers ~965 Direct absorption CO,(g), AAY AM 1.5G ;};401 o/ &
CORR Au SA/Au CH;COOH: 26.9
~1 LSPR H,O (1 is-NIR 2
NPs-MoS, 600 S C0:(2). 10 (O Vis pumol/g/h
Aurod
‘gfp d@ NA. LSPR €O, (g), 1,0 (1) AM1.5G CH,: 0.55 mmol/gh
CH4: 111.6
AM 1.5G
Ru@H-MoO; ~1400 LSPR €O, (g), H,0 (1) e ——— pmol/g/h 92
- CH4: 39.0 umol/g/h
CuSe ~1800 Direct absorption RhB? NIR (A>800 nm) 99.7% in 120 min £
nanosheets
MoSe,@Bi,S;/ . . Cro* 98.7% in 80 min o
Pollutant cds 1400 Direct absorption TCP® Full spectrum 99 2% in 80 min
degradation Yb3/Tm3*- 99.4% in 6 min
N.A. i **RhB Full t 2
IS, Upconversion Cr ull spectrum 94.8% in 7 min
Ag@PCNS/Bi Vis-NIR . .
N.A. LSPR CIPP 92.6Y% 120 £
VO, (>420 nm) 70 in 120 min

a TEOA: triethanolamine; ?) EDTA: ethylenediaminetetraacetic acid; @ MC-CN: crystalline Carbon Nitride; ¢ N.A.: not available; ® AA: ascorbic acid; ? RhB: rhodamine B; & TCP: 2,4,6-

trichlorophenol; M CIP: ciprofloxacin.

Similarly, Wang’s group constructed an HO-Ru/TiN hybrid,
which exhibited the properties of CO; reduction coupling with
water oxidation under NIR light irradiation (A > 800 nm) (Fig.
3c¢).”® The TiN shows a marked optical absorption over the full
spectrum. The absorption of NIR light comes from the small
bandgap energy of about 1.1 eV and the intraband and
interband transitions, which can be achieved with small solar
energy. Overall, the lower the energy between adjacent orbitals

This journal is © The Royal Society of Chemistry 20xx

or bands, the more conducive it is to the absorption of low-
energy photons and the transition of electrons.

Additionally, the positions of CB and VB will affect the redox
capacity of photocatalysts. The more negative the VB is, the
weaker the oxidation capacity is, and the more positive the CB
is, the weaker the reduction capacity is. A small bandgap will
decrease the redox capacity and accelerate
recombination.

carrier
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Fig. 3 (a) TEM image of Cus(SO4)(OH)s nanosheets. (b) The electronic band structures of Cus(SO4)(OH)s. Reproduced with permission from ref. 77. Copyright 2023, Springer Nature.
(c) CO; reduction performance of HO-Ru/TiN under different wavelengths of illumination. Reproduced with permission from ref. 76. Copyright 2023, American Chemical Society. (d)
UV-Vis-NIR DRS spectra of PCN and RPCN. (e) The preparation process of RPCN: (1) The comparison of reported carbon-doped PCN, (2) The reported KCl-induced carbon/potassium
co-doping process. Reproduced with permission from ref. 99. Copyright 2021, John Wiley and Sons. (f) Infrared images of D-HNb3Og under simulated 1 sunlight irradiation.
Reproduced with permission from ref. 101. Copyright 2018, John Wiley and Sons. (g) Illustration for the synthesis of Salt Treated-CNx (X=SL (Solid/Liquid) or L (Liquid)). Reproduced

with permission from ref. 103. Copyright 2024, Elsevier.

Therefore, an appropriate band structure is essential for narrow
bandgap semiconductors to strike a balance between light-
harvesting capability and redox potential in NIR photocatalysis.

Band structure regulated semiconductor. The number of
intrinsic narrow-bandgap semiconductors is always limited, and
most materials have a wide bandgap, which cannot absorb NIR
light. Energy band engineering is a typical strategy for designing
the band structure of traditional wide bandgap materials. By
introducing impurity atoms, defects, or disorders, the electronic
structure and the stoichiometry of the semiconductor can be
regulated, and the light absorption can also be broadened to
the NIR region.97: 98

Doping conventional semiconductors with metal (Cu, Fe, Ni,
In, Co) or non-metal (C, N, P, S) atoms is a prevalent way to
design the band structure. Impurity atom doping results in the
formation of impurity levels in semiconductors. The existence

6 | J. Name., 2012, 00, 1-3

of the impurity level divided the process of photon-excited
electron transition into two steps: electron excitation from VB
to the impurity level, and then excitation from the impurity level
to CB. Consequently, the energy required for the electron
transition is greatly reduced, and low-energy infrared photons
can excite the semiconductor to produce charge carriers. Su et
al. synthesized C and K co-incorporated red polymeric carbon
nitride (RPCN) through a salt-template-induced homogeneous
strategy (Fig. 3e).?® Compared with traditional PCN, the
synthesized RPCN exhibits a narrower bandgap (1.71 eV) and a
wider light absorption range (the light absorption edge near
1000 nm), as illustrated in Fig. 3d. Consequently, RPCN realizes
a high H; evolution from water (140 umol g™ h™1) under NIR
light. The existence of disordered structures in semiconductors
can also regulate the band structure.

This journal is © The Royal Society of Chemistry 20xx
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Mao et al. introduced disorder to the surface of nanophase TiO;
through hydrogenation, obtaining black TiO, nanocrystals.1©
The density of states (DOS) of disorder-engineered black TiO;
and unmodified TiO; reveals that the VB maximum energy of
black TiO, upshifts by about 2.18 eV, resulting in a much
narrower bandgap. The solar absorption-enhanced black TiO;
exhibited substantial photooxidation of organic molecules and
hydrogen production. Moreover, D-HNb3Og with disorder was
constructed, achieving full spectrum (250-2500 nm)
absorption.1°! The D-HNb3Og monolayer includes two phases:
crystalline domains and disordered nanoislands. The ordered
structure of D-HNb3Og captures the high-energy photons for
photoexcited charge carriers to drive photo-redox reactions,
while the disordered structure absorbs the full solar energy and
transforms it into heat to boost the reaction kinetics. Fig. 3f
presents the infrared images of D-HNbsOs under simulated one-
sun irradiation. Compared with pristine HNb3Os, D-HNbsOg
exhibits a more pronounced temperature increase, rising from
25 °C to 95 °C within several minutes. This result suggests that
the introduction of a disordered structure enhances light
absorption and promotes a strong photothermal effect.

The presence of vacancies will also modulate the band
structure of a material, thereby altering its optical properties.
Zhang et al. prepared a vacancy-rich BiO,x monolayer that
exhibits full-spectrum absorption capacity and enhanced
photocatalytic activity for RhB and phenol removal under UV,
visible, and NIR irradiation.’®2 The DOS and XPS spectra
demonstrate that the presence of abundant Vgi.o defects
decreases the bandgap to 1.46 eV with both up-shifted VB
maximum and CB minimum. Besides, the increased oxygen
vacancies (OVs) in monolayer BiO,.« typically induced stronger
light absorption. In some cases, the reduction of vacancies can
also lead to enhanced light absorption. A highly crystalline CsNa
has been prepared through the treatment of an oxygen-
containing precursor by the semi-molten-salt approach (Fig.
3g). 103 In this process, the incorporation of structural oxygen
modulates the electronic structure of C3N4 and narrows the
bandgap to 1.67 eV, extending the absorption edge toward the
NIR region. Meanwhile, the semi-molten-salt treatment
suppresses the formation of undesired nitrogen defects and
preserves high crystallinity, thereby facilitating charge
separation and migration and suppressing carrier
recombination. The broadened NIR harvesting and efficient
charge utilization achieve overall water splitting activity under
NIR light irradiation.

By changing the position of CB and VB, or introducing
intermediate levels, band structure engineering achieves wide-
spectrum absorption while retaining a certain redox capacity.
Compared with intrinsic narrow-bandgap materials, it offers
more flexible regulation and a wider choice of materials, making
NIR response easier to achieve. But band structure engineering
is often accompanied by more complex structural changes.
Appropriate defect introduction or doping can improve light
absorption and carrier separation, while excessive amounts
may act as recombination centers, leading to increased non-
radiative loss and reduced structural stability and
photocatalytic activity.

This journal is © The Royal Society of Chemistry 20xx

Photosensitizers. In addition to the aforementioned
materials, photosensitizers are another cl¥gs &f sU15SBAT¢E8 thAt
can directly respond to NIR light. Photosensitizers absorb
photons and transfer the absorbed light energy to the reactants
in various forms, without undergoing any changes in mass or
chemical properties before and after the chemical reaction. The
definition of a photosensitizer is quite similar to that of a
photocatalyst, with the key distinction being that
photocatalysts can directly engage in redox reactions with the
substrate, while photosensitizers transfer the excited state
energy to the reactant through various pathways such as free
radical initiation, redox reaction, and energy transfer.
Therefore, constructing NIR-absorbing photosensitizers is a
strategy for the direct utilization of low-energy NIR photons.
The photoexcited electrons generated by photosensitizers can
be injected into the CB of the connected semiconductor to drive
the surface redox reaction. Organic dyes and metal complexes
are among the most extensively investigated photosensitizers
for solar light harvesting.87, 104-110

Owing to the excellent light absorption properties and
tunable molecular structures, organic dyes are widely applied in
reactions such as water splitting, CO, reduction, and the
degradation of organic pollutants, thereby enhancing the solar
energy utilization efficiency of the system. A variety of organic
dye photosensitizers have been developed, including
porphyrins, phthalocyanines, Eosin Y, Rose Bengal, Rhodamine
B, etc. Each dye exhibits a characteristic absorption spectrum,
which is closely related to its molecular structure and functional
groups.’’! A self-assembled tetrakis (4-carboxyphenyl)
porphyrin (SA-TCPP) supramolecular photocatalyst has been
reported to be employed in high-efficiency H,O, generation.110
This porphyrin photocatalyst exhibited broadband absorption
extending to 1100 nm, with a quantum efficiency of 14.9% at
420 nm and 1.1% at 940 nm. Benefiting from the photothermal
effect of NIR light, the reaction temperature reached 328 K
under simulated sunlight irradiation, achieving a solar energy-
to-chemical efficiency of approximately 1.2%. Similarly,
phthalocyanines and their derivatives have been designed to
broaden the spectral response and enhance photocatalytic
performance.19> 107-105 peng’s group employed a highly
asymmetric zinc phthalocyanine derivative (Zn-tri-PcNc) as a
sensitizer to extend the spectral response region of g-C3N,.107
Zn-tri-PcNc/g-CsN4 exhibited a much broader absorption band
with an edge exceeding 850 nm, compared to approximately
450 nm for g-CsNs. The optimized Zn-tri-PcNc/g-CsNa
photocatalyst achieved an H; production rate of 125.2 umol h™?
under the illumination of light (A 2 500 nm) and a high apparent
quantum yield (AQY) of 1.85% at 700 nm with chenodeoxycholic
acid (CDCA) as co-adsorbent. In addition, Zn-tri-PcNc and
naphthalocyanine  (Zn-tetra-Nc) sensitized TiO, were
constructed for H, evolution.2%® The similar AQY curve and DRS
spectrum indicated that the light absorption property of the
sensitizer determines the photocatalytic activity. However, the
solar absorption range of a single photosensitizer is limited,
covering only a few hundred nanometers.
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Fig. 4 (a) Proposed co-sensitization mechanism of g-CsN,4 for photocatalytic H, production. Reproduced with permission from ref. 109. Copyright 2015, American Chemical Society.
(b) Selectivity to CO, CHa4, and H, on NiAl-Ru-LDH under different wavelengths. Reproduced with permission from ref. 87. Copyright 2024, John Wiley and Sons. (c) Chemical structures
of the PITIC-X and PBTIC-X polymers with various m-linker units (X=Ph, Th, and ThF). (d) Illustration of the charge transfer through the PITIC-ThF polymer chain during the
photocatalytic reaction under visible and NIR light. (e) Energy level diagrams of all the polymers were determined using a photoelectron spectrometer. The dashed lines in the
diagram represent the proton reduction potential (H*/H,), water oxidation potential (0,/H,0), and the calculated potential of the two-hole (A/H,A) and one-hole (HA-/H,A) oxidation
of ascorbic acid at pH 2.6 (the experimentally measured pH of a 0.1 M ascorbic acid solution). (f) The AQY for the PITIC-ThF Pdots and PBTIC-ThF Pdots under different wavelengths.

Reproduced with permission from ref. 116. Copyright 2024, Springer Nature.

Based on the previous work, Peng and co-workers carried out a
co-sensitized g-C3N4 system with an indole-based D-mt-A organic
dye (LI-4) and Zn-tri-PcNc (Fig. 4a). As a result, the H; production
activity of the co-sensitized catalyst LI-4/g-C3N4/Zn-tri-PcNc
reached 371.4 pmol h! under irradiation of light with a
wavelength greater than 500 nm, significantly outperforming
the system with only a single photosensitizer.19?

Metal complexes (Ru(bpy)s?*, Ir(ppy)s, Re(bpy)(CO)sCl, etc)
are a class of photosensitizers composed of transition metal
ions coordinated with organic ligands, featuring tunable
electronic structures, notable visible light absorption, and long-
lived excited states, and are widely applied in photocatalytic
systems.112-115 Recently, a novel photocatalyst, ruthenium-
intercalated NiAl-layered double hydroxide (NiAl-Ru-LDH), was
reported to achieve efficient and highly selective CO, reduction

8 | J. Name., 2012, 00, 1-3

under NIR light illumination at a wavelength of 1200 nm, with a
CO selectivity of 84.81% and a yield of 0.887 umol h=! (Fig. 4b)
87_In this study, the incorporation of the Ru metal complex into
the NiAI-LDH structure significantly reduced the bandgap and
broadened the light absorption into the NIR region. The Ru
complex is critical in enhancing light harvesting and facilitating
electron transfer, underscoring its potential for application in
NIR-driven photocatalysis. Additionally, purely organic
photosensitizers have also been explored to achieve efficient
light absorption and photocatalytic performance under NIR
light. Chou et al. developed a series of ITIC- and BTIC-based
polymer photocatalysts, which regulate light absorption range
and photogenerated charge separation efficiency by designing
the chemical structures of the PITIC-X and introducing various
ni-linkers (X)

This journal is © The Royal Society of Chemistry 20xx
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between the repeating units of the polymer backbone.'® The
schematic illustration of the PBTIC-X polymers is shown in Fig.
4c, d. The constructed polymers with different m-linkers
exhibited different HOMO and LUMO values, while the
corresponding m-linkers are ThF<Th<Ph, from lowest to
highest (Fig. 4e). Among various combinations, the PITIC-ThF
polymer achieved the highest hydrogen evolution rate of 20.5
umol/h under NIR (>780 nm) irradiation and exhibited an
apparent quantum yield (AQY) of 4.76% at 700 nm (Fig. 4f). This
strategy demonstrates that intramolecular m-bridge
engineering is an effective approach to modulating charge
behavior, broadening light absorption, and improving the
overall photocatalytic performance of polymer-based systems.

Besides metal complexes and organic dyes, new
photosensitizers, such as organic T-conjugated
photosensitizers, have also been developed recently.

Photosensitizers can effectively extend the light absorption
range of photocatalysts, and their structures are flexible,
making the absorption wavelength easier to adjust. However,
photosensitizers are often subject to photobleaching,
desorption, degradation, and poor cycling stability. Moreover,
the interfacial coupling efficiency between the photosensitizer
and the photocatalyst directly impacts the overall performance.
Once electron or energy transfer is insufficient, the
photocatalytic activity decreases markedly. As a result, the
practical application of photosensitizers is mainly restricted by
material stability and interfacial transfer efficiency.

Direct NIR-responsive materials can absorb NIR light without
additional energy conversion units, which simplifies the system
and clarifies the underlying mechanism. However, achieving NIR
absorption usually requires a narrower bandgap, which reduces
the redox driving force and increases carrier recombination and
non-radiative loss. Although band structure engineering and
photosensitizers can help extend the absorption edge, they may
also introduce more recombination centers and structural
instability. Therefore, the main challenge to the direct NIR-
responsive materials is not only to realize NIR absorption, but
also to maintain a balance among the absorption range, carrier
dynamics, redox capacity, and long-term stability.

3.2. Indirect near-infrared responsive materials

Unlike direct NIR-responsive materials that can be directly
excited by NIR light to produce electron-hole pairs, indirect NIR-
responsive materials involve multiple energy transfers and
conversions before participating in the photocatalytic reaction.
Materials with upconversion luminescence capabilities or the
LSPR effect are representative indirect NIR-responsive
materials, often used in photocatalysts to improve light
absorption. Specifically, upconversion materials can transform
NIR light into UV or visible light, which conventional
photocatalysts can absorb readily. In contrast, plasmonic
materials leverage the LSPR effect to generate localized heat or
hot carriers that contribute to photocatalytic activation. These
energy conversion processes effectively enable the system to
indirectly harvest NIR light, thereby expanding the usable
portion of the solar spectrum.

This journal is © The Royal Society of Chemistry 20xx

Upconversion materials. Upconversion materials,.feature
distinct electronic structures that enable Bke éBAVETSIGR'EP RSW<
energy NIR photons into higher-energy photon emissions,
offering significant potential for NIR photocatalysis.1?’. 118
Among them, lanthanide (Ln)-doped inorganic nanoparticles,
such as NaYF, doped with Yb3t/Er3* or Yb3*/Tm3*, are the most
commonly used upconversion materials. They possess well-
defined ladder-like 4f energy levels and long-lived intermediate
states, facilitating efficient photon upconversion through
mechanisms such as ETU, ESA, etc.11%122 Additionally, quantum
dots (QDs) and organic molecular systems can also achieve
infrared light absorption through multi-photon absorption or
TTA-UC mechanisms.123 124 The upconversion is made possible
in these materials by their precise energy-level alignment and
efficient non-radiative transfer. This capability allows NIR light
to trigger conventional photocatalysts, thereby significantly
improving solar energy utilization.

Most Ln series elements have an unfilled 4f electron shell,
showing a trivalent state in the crystal. The electron transition
between the 4f layers of this electronic structure provides
multistate energy levels, and the excited states possess long
lifetimes, up to tens of milliseconds, which makes them

excellent inorganic upconversion materials.>® 125> Doping
semiconductors with Ln ions can achieve upconversion
emission from NIR light to Vis or UV light. Ln3*-doped

upconversion material mainly consists of three parts: the matrix
material, the active ion, and the sensitized ion. The substrate
material can provide the reaction site, while sensitized ions
enhance light absorption and transfer the absorbed energy of
low-energy photons to the active ions. The active ions absorb
energy, transition to the highly excited state, and then return to
the ground state, releasing high-energy photons to achieve
UPCL. Among them, NaYFs, NaGdF4, and CaF, are the matrix
materials, Er3*, Tm3*, and Ho3* are commonly used as active
ions, while Yb3* is commonly used as a sensitized ion.

Different combinations of matrix, active ions, and sensitized
ions can result in variations in both upconversion efficiency and
emission wavelength. Ding et al. synthesized well-defined B-
NaYF4:Yb3*, Ln3* (Ln=Er, Tm, Ho) microrods through a rapid
microwave-assisted flux cooling method.1%6 The
photoluminescence spectra of B-NaYFs:Yb3*, Ln3* exhibited
multi-color upconversion emissions for different species of
dopant under 980 nm laser diode excitation. Furthermore, the
concentrations of active and sensitized ions play a critical role
in determining the upconversion efficiency and the emission
profile. Zhao and co-workers experimentally confirmed that the
UPCL of NaYFs:Yb/Tm nanocrystals is significantly enhanced
with the increasing Tm3* content under high-irradiance
excitation.'?” The upconversion emission of 8 mol% Tm3*
nanocrystals is 70 times stronger than that of 0.5 mol% Tm3*
nanocrystals at 802 nm. Similarly, increasing the Yb3* doping
concentration has also been shown to enhance the UPCL
intensity.?® However, excessively high doping concentrations
can lead to pronounced concentration quenching, significantly
reducing the quantum efficiency. Elevated dopant levels may
also induce cross-relaxation processes and alter the energy level
distribution,

J. Name., 2013, 00, 1-3 | 9
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(b) Schematic representation of the photocatalytic H, evolution mechanism of

NaYF4:Yb/Tm@AgsP04/Ag@g-CsN4 photocatalyst under the sunlight illumination. Reproduced with permission from ref. 81. Copyright 2021, Elsevier. (c) Schematic structure of a
NaNdF4-ZnPcSs nanocomposite. (d) Spherical aberration-corrected TEM image of NaNdF, nanocrystals with a histogram showing particle size distribution. (e) UV-Vis absorption
spectra of ZnPcSs, NaNdF4, and NaNdFs-ZnPcS,, along with the photoluminescence (PL) spectrum of NaNdF4 in DMSO solution. Reproduced with permission from ref. 130. Copyright

2025, John Wiley and Sons.

resulting in spectral shifts in the upconverted emission.
Therefore, optimizing the concentrations of both sensitized and
active ions is essential for balancing emission intensity,
wavelength control, and energy conversion efficiency in NIR-
excited upconversion systems. Due to their well-defined and
tunable NIR absorption and upconversion properties, the Ln-
doped materials have been broadly employed in NIR
photocatalysis.8% 95 129 For example, Sung et al. reported a full-
spectrum solar light responsive photocatalyst
NaYF4:Yb/Tm@Ags:PO,/Ag@g-C3N4 (Fig. 5a).8! As illustrated in
Fig. 5b, under sunlight illumination, the core NaYFs:Yb/Tm
harnesses the NIR photons and supplies additional UV-Vis
photons via the UPCL process to the shell AgsPOs/Ag@g-CsNa.
In the photocatalytic HER experiment, the NIR-responsive
NaYFs:Yb/Tm@Ag3:PO4/Ag@g-CsN4 achieved an H, evolution
rate of 23.56 mmol g™ h73, significantly outperforming the NIR-
inactive photocatalyst (NaYF,@Ags:PO4/Ag@g-CsN4), which only
yielded 16.32 mmol g~ h=1. Deng’s group reported a selectivity-
enhanced photocatalytic system based on NaNdF4 nanocrystals

10 | J. Name., 2012, 00, 1-3

combined with Zn(ll) phthalocyanine (ZnPc) (Fig. 5c, d).13° The
UV-Vis absorption spectra and PL spectra of photocatalysts are
shown in Fig. 5e. This approach utilizes the NIR absorption
bands of Nd3* ions (~808 nm) and enables direct energy transfer
from excited Nd3* to the triplet state of ZnPc via a lanthanide-
mediated triplet sensitization pathway, achieving NIR-driven
dehydrogenation and C-N coupling reactions. These results
highlight the advantages of Ln-doped upconversion systems,
such as their tunable emission profiles, long-lived excited states,
and high photostability. However, challenges, including
concentration-dependent quenching, narrow absorption
bands, and low quantum yields under low-power excitation,
remain critical issues that need to be addressed for practical
photocatalytic applications.

Meanwhile, QDs have emerged as promising upconversion
materials due to their unique size-dependent
photoluminescence properties.131-133 Typically, they are defined
as zero-dimensional nanomaterials with diameters smaller than
the exciton Bohr radius (generally less than 10 nm).

This journal is © The Royal Society of Chemistry 20xx
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QDs exhibit broad spectral responsiveness and large absorption
cross-sections, making them well-suited for NIR-driven
photocatalysis. Among them, carbon quantum dots (CQDs) are
particularly attractive owing to their low toxicity, cost-
effectiveness, and favorable UPCL characteristics. CQDs display
a broad and continuous excitation range and emit in the UV-Vis
region, which can be attributed to the photoexcitation of -
conjugated electrons within the sp2-hybridized carbon
framework.'3* Li and coworkers reported the size-dependent
UCPL properties of CQDs with different sizes synthesized via a
one-step alkali-assisted electrochemical method.!3> Specifically,
the small CQDs (1.2 nm) emitted UV light (about 350 nm),
medium-sized CQDs (1.5-3 nm) showed visible light (400-700
nm) luminescence, and large CQDs (3.8 nm) exhibited NIR
emission. Theoretical calculations revealed that the redshift in
emission concomitant with increasing size is due to the gradual
narrowing of the HOMO-LUMO energy gap. This tunable
emission facilitates the spectral matching of CQDs with
semiconductors possessing different bandgaps, extending light
absorption into the NIR region and enhancing solar energy
utilization.

Furthermore, UPCL has also been observed in emerging
materials beyond conventional Ln-doped systems and QDs. Ji
and co-workers reported an ESA-based upconversion
mechanism in nitrogen-deficient g-CsNs (g-CsNx), where
abundant Nyc vacancies serve as intermediate states.'3¢ Upon
800 nm excitation, g-CsNx exhibits visible upconverted emission
at 436 nm, attributed to defect-mediated electronic transitions.
In another study, Wu et al. developed a TTA-UC system
comprising zinc-doped and ZnS-coated CulnSe; nanocrystals
(ZCISe NCs) as sensitizers, 5-tetracene carboxylic acid (TCA) as
the transmitter, and rubrene as the annihilator.'3” This system
displays upconversion from NIR light to yellow light with an
external quantum efficiency of 16.7% and enables efficient NIR-
driven organic synthesis and polymerization. With the ability to
convert low-energy NIR photons into higher-energy emissions,
upconversion materials can extend the light-harvesting range of
photocatalysts, providing an available strategy for NIR light
utilization. However, their overall performance is often limited
by low conversion efficiency and multistep energy losses.
Conventional Ln3*-doped upconversion materials still suffer
from low quantum efficiency and high excitation thresholds,
while TTA-UC systems, despite lower power requirements,
remain susceptible to oxygen quenching, photobleaching, and
environmental instability. In addition, spectral mismatch and
light absorption competition between the upconversion
material and the photocatalyst further reduce the effective
utilization of NIR photons. Therefore, many current NIR
photocatalytic systems based on upconversion materials
remain at laboratory research, rather than practical application.

Materials with Localized Surface Plasmon Resonance
effect. The LSPR effect is a collective oscillation between the
free electrons of metal nanostructures and incident photons
when the frequency of incident light is in resonance with the
natural oscillation frequency of surface free electrons in the
metal nanostructures.38 13% The materials with the LSPR effect,
on the one hand, can generate a strong response in the NIR

This journal is © The Royal Society of Chemistry 20xx

band through plasmon resonance. On the other hand.othe
strong local electric field produced by ISPRI1E3ASIISEELEHVARE
adjacent materials and enhance their light absorption capacity.

The LSPR effect mainly occurs in noble metals like Ag, Au, Pt,
and Pd.'* The absorption peak position of noble metal
nanostructures can be affected by the type, shape, and size of
materials, and the environment.24-143 Typically, the LSPR
absorption peaks of spherical Ag nanoparticles are between 400
and 450 nm, while that of spherical Au nanoparticles is around
500 nm.1#4 With the increase in size, the LSPR absorption peak
undergoes a redshift.}*> Furthermore, the shape changes of
metal nanostructures can also cause changes in the peak
position of LSPR. When Au is made into nanorods (NRs), the
longitudinal LSPR peak can extend to the NIR region and is
proportional to the aspect ratio of Au NRs.'#® Similarly, when
the shape of Ag nanoparticles changes from spherical to
pentagonal and to triangular geometries, the resonant
wavelength red-shifts from 450 to 670 nm.'* The scattering
spectra of single Ag nanoparticles in different shapes are
displayed in Fig. 6a. However, the mismatch for pure noble
metals between ultrafast energy relaxation and slow chemical
reduction kinetics across disparate timescales seriously hinders
the conversion efficiency of solar energy. Combining noble
metals with electron acceptors and semiconductors is a feasible
strategy to decrease heat loss. Generally, noble metal
nanoparticles act as cocatalysts in the reaction, providing broad
spectral absorption. Xiong’s group employs Au NRs as light
harvesters and copper-palladium (CuPd) alloy shells as CO,
adsorption and reaction active sites, constructing a plasmonic
nanocatalyst for efficient CO2RR across the full spectrum (Fig.
6b).°? Under 400 mW/cm? full-spectrum light illumination, Au
rod@CuPd; achieved nearly 100% CHs selectivity and a CHa yield
of 0.55 mmol g h, without a sacrificial agent. The
wavelength-dependent apparent quantum efficiency (AQE) of
Au rod@CuPd; is up to 0.38% at 800 nm in the gas-solid system.
To study the reasons for the high utilization rate of low-energy
photons, the authors analyzed the projected density of states of
the photocatalytic system with and without an electric field, as
illustrated in Fig. 6¢. In the presence of the electric field, a series
of new quasi-isolated trap states emerge above the Ef, which
can effectively extend the lifetime of hot electrons and increase
the probability of electron re-excitation by subsequent low-
energy photon.

Remarkably, the LSPR effect is also observed in transition
metal oxides with OVs (WOs, MoOsx) and copper
chalcogenides (CuzxS, CuzxSe) due to their high carrier
density.148-155 Shi and co-workers utilized the LSPR effect of
WOs to broaden the light absorption of Znln,S, (ZIS).1>¢ The
pure WOs3.« showed a wide NIR light absorption range (800-1500
nm), and WOs3,/ZIS composites exhibited strong light
absorption within 730-850 nm with an increase in WOs
content. The increased local temperature caused by the LSPR
effect and the interface electric field between WOs. and ZIS
accelerated the reaction and promoted charge separation,
thereby enabling photocatalytic H, production when A > 800
nm. Similarly, after introducing OVs into MoO3 nanosheets, Xiao
et al. observed strong absorption across 200-1400 nm.%? This
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broad absorption was attributed to oxygen vacancy-induced
plasmonic absorption, where the mixed Mo®*/Mo>* valence
states supplied free carriers for LSPR excitation. Meanwhile, the
incorporation of substituted Ru single atoms induced clear
charge transfer and generated electron-rich Ru centers and
electron-deficient Mo centers, which enhance charge
polarization, suppress carrier recombination, and spatially
separate the activation sites for H,O and CO,. By the synergy
between oxygen vacancy and Ru atom substitution, the
modified Ru@H-MoOs. photocatalyst exhibits a superior CO2RR
activity with a CH4 evolution rate of 111.6 umol gt under the
full spectrum. Furthermore, under NIR light irradiation, a CHs
yield of 39.0 umol gc.t! was also observed, which is attributed
to the long-wavelength light absorption caused by the LSPR
effect. The LSPR effect of WO3.« and MoOs. is derived from the
accumulation of free electrons, originating from OVs, which can
resonate with the incident light. In contrast, the LSPR effect of

wtalysis 100k

Journal Name

copper chalcogenides is due to the existence of a large numher
of copper vacancies, thereby forming a Pighl @nEeReFIHIGESf
free holes. Yung et al. developed a dual-plasmonic
photocatalytic system based on Au@Cu;Ss yolk@shell
nanocrystals for efficient H, production across the visible to NIR
spectra region.’> The dual-plasmonic heterostructure
combines plasmonic metals (Au) and plasmonic semiconductors
(CuzSa4) to enable wide-spectrum photon capture. As illustrated
in Fig. 6d, compared to pure Cu;Ss, Au@CusS, exhibited long-
lived charge separation states under both visible and NIR
excitation, prolonging the lifetime of the delocalized electrons
to promote hydrogen production. Remarkably, with additional
co-catalysts, this system achieves a quantum vyield of 7.3% at
2200 nm, demonstrating its exceptional NIR responsiveness. In
another study, a dual-plasmon resonance photocatalyst
comprising Au particles and CusTes nanowires was employed
for photothermal CO2RR driven by infrared light (Fig. 6f).1>8
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Fig. 6 (a) LSPR of single Ag nanoparticles in different shapes. Reproduced with permission from ref. 147. Copyright 2002, AIP Publishing. (b) Schematic illustration of the role of CuPd
co-catalyst in capturing CO, molecules. (c) The projected density of states of CO, adsorbed on a CuPd (100) surface in the absence (left) and presence (right) of an electric field

pointing toward the surface. The main quasi-isolated trap states are marked with orange asterisks. Reproduced with permission from ref. 91. Copyright 2023, Springer Nature. (d)
Proposed mechanism of carrier relaxation pathways for pure CusS; and Au@Cu5Ss under visible and NIR excitation. Reproduced with permission from ref. 157. Copyright 2024,
Springer Nature. (e) Free energy diagrams of CO; photoreduction. (f) Schematic of the band configuration and charge transfer at Au-Cu;Tes nanowires for CO, photoreduction under

IR light illumination. (g) The product formation rate of Cu;Tes and Au-Cu;Tes nanowires for infrared photothermal catalytic CO, reduction. Reproduced with permission from ref.

158. Copyright 2025, John Wiley and Sons.
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The dual LSPR effect not only enhances the absorption in the
NIR region but also effectively reduces the thermodynamic
reaction energy barrier, thereby promoting the selective
generation of CO, as shown in Fig. 6e. Consequently, the Au-
CusTes nanowires displayed a CO production rate of 2.7 pumol
gt h™* with 100% selectivity for atmospheric CO, reduction
under infrared light irradiation (Fig. 6g). Materials exhibiting the
LSPR effect are attractive for their capacity to broaden solar
utilization, promote reaction kinetics and regulate reaction
path. However, the reaction mechanism of NIR photocatalysis
based on the LSPR effect remains a challenge. In particular, the
thermal and non-thermal effects are often difficult to decouple
and the research about the complex excitation and relaxation
processes of LSPR is still insufficient, leaving the underlying
mechanisms for the enhanced photocatalytic activity unclear.
Hot carriers generated by the LSPR effect typically exhibit short
lifetimes and are easily influenced by interfacial mass transfer
and contact structure, remaining only a limited fraction that
participates in photocatalytic reactions. Additionally, most
efficient LSPR-based NIR photocatalysis relies on noble metals,
which largely increases the cost and difficulty of large-scale
production. In contrast, non-noble metal materials generally
show low photocatalytic activity and poor stability. Therefore,
future research on NIR photocatalysis based on LSPR effect
should focus not only on developing materials with both low-
cost and high activity, but also on photothermal decoupling
methods and the underlying reaction mechanisms.

Direct absorption, photon upconversion, and LSPR are the
three main strategies for NIR light utilization in NIR
photocatalysis. The corresponding materials each have specific
advantages and also face different limitations. Direct NIR-
responsive materials have the advantage of simple structures
and potential for large-scale synthesis. However, their narrow
bandgaps often lead to more serious carrier recombination and
reduced redox capacity. Upconversion materials can convert
NIR light into higher-energy photons to activate wide bandgap
photocatalysts, offering good compatibility and flexible design.
Nevertheless, their practical application is constrained by low
upconversion efficiency, substantial energy loss, limited
material choices, and high cost. LSPR materials usually show
strong NIR absorption and photocatalytic performance, owing
to the local electric-field enhancement, hot-carrier generation,
and photothermal effects. However, the high cost of noble
metals, the poor stability of non-noble metal alternatives and
the difficulty in separating photonic and thermal contributions
still limit their further development. Overall, although clear
progress has been made in extending light response into the NIR
region, there is still no universal material strategy that can
balance absorption efficiency, photocatalytic activity, stability,
and cost. Therefore, future work should pay more attention to
combining different strategies in photocatalyst design to
achieve efficient, stable, and low-cost NIR photocatalysis.

This journal is © The Royal Society of Chemistry 20xx
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4. Device design and scale-up considerations for
near-infrared light photocatalysis

As research on solar energy utilization advances, NIR
photocatalysis has emerged as a promising pathway for
harvesting a wider portion of the solar spectrum. In this context,
increasing attention is being paid to both the design of efficient
photocatalytic systems capable of utilizing NIR light and the
standardization of appropriate performance evaluation
methods. A comprehensive understanding of
configurations and evaluation parameters is essential to
support the rational design, optimization, and application of
NIR-driven photocatalytic technologies. The photocatalysts
determine the absorption of NIR light, the generation of charge
carriers, and the energy conversion pathway, thereby affecting
the photocatalytic efficiency. Moreover, devices also have a
significant impact on the photocatalytic efficiency by managing
the light field, thermal field, and mass transfer processes. To
realize efficient NIR-driven photocatalysis, the design and
optimization of photocatalytic devices play a crucial role, as
they serve as the bridge between photocatalysts and practical
applications. Specifically, the uniqueness of NIR light makes it
have specific requirements for the optical and thermal
management of the device, as well as for its scalability. However,
most current research focuses on the development of
photocatalysts, while there is little research on the design of the
device. Therefore, it is imperative to summarize and discuss the
devices for NIR photocatalysis.

4.1. Laboratory-scale reactor configurations

device

There are diverse laboratory-scale reactor configurations that
vary from different classification methods.'>%161 For example,
based on the operation mode, they can be classified as
continuous, semi-batch, or batch reactors, among which
continuous reactors are more suitable for scale-up and
engineering applications.'®? In terms of phase contact, there are
gas-solid, liquid-solid, and gas-liquid-solid reactors (Fig. 7a-c).
The choice of these reactors is usually related to the phase state
of the reactants. Gas-solid and liquid-solid reactors are suitable
for reactions in which the reactants are only gas or liquid,
respectively, while the gas-liquid-solid reactor is used for
reactions involving both gaseous and liquid reactants.
Compared with liquid-solid reactors, gas-solid reactors offer
faster molecular diffusion and more convenient control of gas
composition.'®3 Although a gas-liquid-solid reactor can utilize
both gaseous and liquid reactants, it is constrained by mass
transfer at the three-phase interface, and therefore requires
more careful interfacial design.6* 165> However, the most typical
reactors are slurry and fixed-bed reactors classified by the form
of the photocatalyst (Fig. 7d, e). Table 2 presents a comparison

of them in terms of merits, limitations and applicable systems.
166-169
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Fig. 7 Three types of reactors with different phase-contact modes: (a) gas-solid reactor, (b) liquid-solid reactor, (c) gas-liquid-solid reactor. Reproduced with permission from ref.
165. Copyright 2017, Multidisciplinary Digital Publishing Institute. (d) Schematics of a slurry photoreactor. Reproduced with permission from ref. 168. Copyright 2012, Elsevier. (e)
Schematic diagram of a fixed-bed reactor for CO, photoreduction design with a double-layer film catalyst coated on glass plate. Reproduced with permission from ref. 169. Copyright
2015, Elsevier. (f) lllustration of the experimental setup of the PFBR. Reproduced with permission from ref. 170. Copyright 2025, The Royal Society of Chemistry. (g) 3D perspective
and cross-section side view of the annular flow reactor, along with the real appearance photos (including reservoir and pump parts). Reproduced with permission from ref. 172.

Copyright 2025, Elsevier

For the slurry reactor, the photocatalyst is dispersed in the
liquid phase in the form of powder and maintained in a
suspended state through stirring or flow. It is mainly applicable
to pollutant degradation, sacrificial agent-assisted HER, and
liquid-phase CO3RR. The slurry reactor is the most common
reactor configuration in experimental research. It has a simple
system, uniform temperature distribution, and is suitable for
various materials. However, for NIR photocatalysis, the
suspended particles and the liquid limit the penetration of NIR
light and the heat utilization. The fixed-bed reactor has the

14 | J. Name., 2012, 00, 1-3

photocatalyst loaded on the surface of a support or filled in the
bed, with a fixed light path and reaction interface. It is suitable
for gas-solid phase reactions or high-temperature
photothermal catalytic reactions, such as gas-solid CO2RR and
CO, hydrogenation reactions. The fixed-bed reactor is
conducive to continuous operation and modular design, and is
more suitable for practical applications and scale-up. As for NIR
photocatalysis, the fixed-bed reactor can better couple the
photothermal effect, but poor thermal management makes it
more likely to develop local hotspots

This journal is © The Royal Society of Chemistry 20xx
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Table 2. Comparison between three representative reactors across merits, limitations, and applicable systems.
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Reactor Merits Limitations Applicable systems
> A llutant degradati
« Highly exposed photocatalyst area « Difficult photocatalyst recovery > Hgl[l{eous poTiiant cegragation
Slurry * Good mixing * Poor light penetration under high .
« Large capacity for photocatalyst loadin, loadin > Overall water spilling
ge capacily forp Y & & » Liquid-phase CO,RR
» Good photocatalyst bilit . .
. ,0,0_C3 a ,ys reus.a - . * Require support material .
. « Compatibility with continuous operation . » Continuous water treatment
Fixed-bed « Large thermal gradient

« Highlight penetration
« Excellent mass transfer

* Enhanced light penetration
« Strong heat/mass transfer
» Well particle-light contact

Fluidized-bed

* Complex hydrodynamic
« Difficulties in reactor control

» Gas-solid CO,RR

« Photocatalyst detachment

» Gas-solid photocatalysis
» Scale-up studies

and spatial temperature gradients, which can lead to the
photocatalyst deactivation. Moreover, the photonic and
thermal contributions in NIR photocatalysis are difficult to
distinguish. Although slurry and fixed-bed reactors remain the
most widely employed configurations in laboratory-scale NIR
photocatalysis, their limitations have driven the development
of new reactor designs to better utilize the unique NIR light,

including its deep penetration and photothermal effect.
Fluidized-bed reactors have been introduced into
photocatalysis because of their uniform temperature

distribution, superior heat transfer performance, and enhanced
reactant mixing. Ozin investigated the light absorption
characteristics of the particles in the photofluidized bed reactor
(PFBR) through CFD-DEM simulations and found that PFBR
facilitates more uniform contact between reactants, particles,
and light, and enhances the utilization of photons.'’® The
structure of PFBR is shown in Fig. 7f. Compared to the fixed bed,
where light is easily reflected and lost on the bed surface,
fluidization increases the particle spacing, allowing light to
penetrate deeper into the bed and be absorbed more
effectively. In the solar-driven reverse Boudouard reaction
experiment, the CO generation rate of the PFBR was 1.6 times
that higher than that of the fixed bed, and the photon-to-yield
efficiency was doubled relative to the fixed bed. The efficient
heat and mass transfer, together with the high photon
utilization rate of the PFBR, fully meet the design requirements
of the NIR photocatalytic reactors. It helps to suppress NIR light-
induced local hotspots and efficiently utilize low-energy
photons and thermal energy. In addition, Yamamoto et al.
designed a gap reactor, in which the photocatalyst was confined
within a narrow gap between two quartz components.?’! The
reduced thickness of the catalytic layer mitigated the
temperature gradient induced by incident light, thereby
enhancing the conversion and stability of methane dry
reforming, while also suppressing side reactions and coke
formation.

The light illumination mode also deserves attention. The
external illumination systems often suffer from ineffective
irradiation, such as scattering and shading. However, the
internal illumination systems, which introduce light into the

This journal is © The Royal Society of Chemistry 20xx

reactors through optical fibers or light guides, can greatly
reduce optical losses. For example, Yan’s group has developed
an annular flow reactor combined with two side-by-side
photocatalytic substrates (Fig. 7g).1’? The inner glass fiber velvet
directly received the high-intensity irradiation from the central
light source, while the outer self-luminous textile delivered light
to the photocatalyst surface through the internal optical fibers.
Such a design achieved synergistic optimization of the light
transmission path and catalytic interfaces within a limited
reaction volume, thereby enhancing the degradation and
mineralization efficiency of pharmaceuticals in real wastewater.
However, internally illuminated reactors still face challenges
such as non-uniform light-field distribution, light attenuation
within the catalytic layer, and high structural complexity. As a
result, they remain at an early stage of development, and
current studies have been mainly focused on UV or visible light
driven pollutant degradation or hydrogen production. For NIR
photocatalysis, this type of design suggests that reactor
optimization should also consider light-path engineering and
spatial arrangement to enhance the effective utilization of low-
energy photons.

These different reactor configurations each exhibit distinct
advantages and limitations in NIR photocatalysis. Slurry
reactors are more suitable for rapid catalyst screening and
mechanistic validation, whereas fixed-bed reactors are better
suited for continuous operation, stability evaluation, and pre-
optimization before scale-up. Meanwhile, photofluidized beds,
gap reactors, and annular flow reactors offer new approaches
for improving light utilization and intensifying heat and mass
transfer, and provide guidance for the design of NIR
photocatalytic reactors. Nevertheless, laboratory-scale reactors
are still constrained by low photon fluxes and restricted
reaction areas, making it difficult to meet the demands of
practical application and production. Therefore, a detailed
discussion on large-scale NIR photocatalytic devices and system
integration strategies is also needed.

4.2. Large-scale devices and system integration

Scaling up laboratory-scale reactors is essential not only for
increasing photocatalytic productivity but also as a necessary
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Fig. 8 (a) The design and (b) Photograph of a panel reactor unit (625 cm?). (c) An overhead view of the 100-m? solar hydrogen production system with 1,600 panel reactor units and
a hut housing a gas separation facility (indicated by the yellow box). (d) Schematic of the gas separation apparatus. The routes for the incoming oxyhydrogen gas, hydrogen-enriched
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solar-concentrating catalytic system for methane dry reforming. Reproduced with permission from ref. 179. Copyright 2025, Springer Nature. (f) A CPC device used for water splitting.
(g) A photo of CPC device. Reproduced with permission from ref. 180. Copyright 2023, American Chemical Society.

step toward practical engineering applications. Although direct
studies on large-scale NIR photocatalytic devices are still limited,
the large-area full-spectrum photocatalytic devices have
already made substantial progress. In 2018, Domen’s group
designed a 1 m? flat panel reactor for water splitting, addressing
key obstacles to reactor scale-up.'’® By constructing a water
layer only 1 mm deep, the evolved H, and O; bubbles could be
rapidly released while maintaining efficient mass transfer. With
an illuminated area of 1 m?, it retained the intrinsic activity of
the photocatalyst and achieved an STH efficiency of 0.4% under

16 | J. Name., 2012, 00, 1-3

natural sunlight. In 2021, Domen’s group further expanded the
flat panel reactor into a 100 m?-scale photocatalytic panel
reactor array, enabling continuous solar water splitting under
outdoor conditions for several months, together with the safe
separation and collection of the reaction products, as illustrated
in Fig. 8a-d.'7* The maximum STH efficiency of the system
reached 0.76%. This advancement pushed photocatalytic water
splitting from laboratory-scale reactors to a field demonstration
at the 100 m?-scale, indicating that large-scale photocatalysis is
already feasible in engineering applications.

This journal is © The Royal Society of Chemistry 20xx
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Table 3. The characteristics of typical concentrators
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Concentrator Optical principles Concentration Ratio Merits and limitations

v Mature, scalable
Parabolic trough Line focus 10-100 . . . . .

X Large, high capital cost, requires sun tracking
v High t ture, high photon fl

Parabolic dish Point focus 100-2000 B L
X Hotspot management needed
v' L t, lightweight integrati

Fresnel lenses Point/Line focus 10-500 OW S8, ETREIST, SaSy Teeton

CPC Non-imaging focus

Focal non-uniformity

v Fixed installation, easy integration
X Low concentration ratio

Beyond enlarging the illuminated area, the incident photon flux
can also be enhanced by integrating solar concentrating devices,
thereby improving the utilization of NIR light and even the full
solar spectrum. Representative concentrators include parabolic
dish concentrators, parabolic trough concentrators, Fresnel
lenses, and compound parabolic concentrators (CPC), all of
which focus divergent solar radiation onto a smaller area,
resulting in a substantial increase in solar energy density.17>-178
Table 3 summarizes the optical principles, concentration ratio,
merits and limitations of typical concentrators. Huang et al.
employed concentrated sunlight to provide heat to drive
methane dry reforming.1’? Under simulated solar concentration
experiments, the conversion of both CH; and CO; increased
with increasing solar concentration intensity, and the light to
chemical conversion efficiency reached as high as 25.9%, while
stable operation was maintained for over 800 h. As shown in
Fig. 8e, they further developed a dish-engine solar
concentrating system with autonomous light tracking capability,
enabling efficient solar driven methane dry reforming without
any external energy input. Our team also designed a CPC-based
reactor (Fig. 8f and g) for solar reforming of lignocellulose into
H, under direct solar light.8 In this system, previously wasted
NIR light is used to increase the reaction temperature, thereby
accelerating the photocatalytic process.

In recent years, integrated photocatalytic devices combined
with additional functional components have been developed to
improve overall energy conversion efficiency, system
operability, and application potential under practical conditions.
Remo Schappi et al. reported a complete thermochemical solar
fuel production process, capturing H,O and CO; directly from
the ambient air and directly synthesizing hydrocarbon fuels.!8!
Fig. 9a shows the team's solar fuel system, which is divided into
three basic units, the direct air capture (DAC) unit, which
directly harvests CO; and H,0O from the ambient air; the solar
redox unit converts CO; and H,O into the desired syngas with
concentrated solar energy; and gas-to-liquid (GTL) units that
convert syngas into liquid hydrocarbons or methanol. Fig. 9b
shows a solar redox unit, consisting of a rotatable solar
parabolic concentrator that tracks the sun's path to maximize
solar energy utilization. Similarly, Reisner integrated a DAC bed
with a photocatalytic fixed-bed flow reactor to construct a dual-

This journal is © The Royal Society of Chemistry 20xx

bed flow reactor for direct air capture and in situ
photoconversion of CO, (Fig. 9¢).182 At night, CO, was captured
and enriched from air by the solid silica-amine adsorbent in the
DAC bed, while during the daytime it was released under the
high temperature generated by a parabolic trough solar
collector. The released CO, was subsequently converted into
syngas under illumination over the photocatalyst, thus
achieving direct fuel production from air. Photovoltaic and
thermoelectric components have also been coupled with
photocatalytic devices to promote the efficiency of NIR light
utilization and solar energy conversion. Xu et al. designed a full
spectrum utilization system based on a parabolic trough
collector for hydrogen and electricity cogeneration, the
schematic diagram of hybrid system is illustrated in Fig. 9d.183
High-energy photons in the solar spectrum are used for
photocatalytic water splitting to produce hydrogen, while low-
energy photons are collected by the heat collection layer and
converted into thermal energy to drive the Rankine cycle for
electricity generation. In addition, the dissipated heat and
radiant heat loss are recovered and utilized to accelerate the
catalytic reaction rate. This system has achieved solar energy
conversion efficiencies of 10.34% for chemical energy and
17.85% for electrical energy, respectively, realizing efficient full-
spectrum utilization of solar energy.

4.3. Scale-up and engineering considerations for NIR

photocatalysis

Compared with visible light, NIR light places more demanding
requirements on reactor design. Owing to the low energy of NIR
photons and limited utilization efficiency, reactors should be
designed to minimize reflection, scattering, and non-productive
absorption to maximize the effective use of incident light
energy. NIR irradiation is commonly accompanied by significant
photothermal effects. Therefore, reactors also require precise
temperature field control to prevent performance degradation
and poor stability arising from local overheating and uneven
temperature distribution. These issues are more prominent in
large-scale devices. Simply scaling up a reactor based on
geometric similarity cannot adequately account for the
nonlinear changes of heat and mass transfer phenomena, often
resulting in deteriorated reactor performance. To address this

issue, Wang and co-workers developed a photoreactor
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coupled with a hydrocyclone, where strong swirling flow
enhanced mass transfer in the large-scale photocatalytic
system.'® As a result, the system delivered a hydrogen
production rate of 270 mL h~! and an STH efficiency of 5.26%,
representing a 4.5-fold improvement over the static case. This
study demonstrated that photocatalytic reactor scale-up should
not rely solely on geometric enlargement, but must also

Journal Name

consider the coupled effects of flow and thermal figld, and their
impact on the photocatalyst microenviroRfieht!039/D6EYO0080K

Following reactor scale-up, system control and operational
management also become critical issues. During the scale-up of
a wastewater treatment system, Kubiak found that dissolved
oxygen depletion limited stable operation.18>
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Fig. 9 (a) The solar fuel system consisting of three units: the DAC unit, the solar redox unit, and the gas-to-liquid (GTL) unit. (b) A practical application of the solar-to-fuel technique.
Reproduced with permission from ref. 181. Copyright 2021, Springer Nature. (c) Schematics of the designed reactor for in-flow DAC and CO Utilization. Reproduced with permission

from ref. 182. Copyright 2025, Springer Nature. (d) Schematic diagram of the proposed photocatalysis-thermal power generation hybrid system. Reproduced with permission from

ref. 183. Copyright 2025, Elsevier.
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By integrating real-time monitoring, automated light regulation,
and remote sensing, a pilot-scale loT-controlled real
wastewater treatment system was developed, which could
actively implement aeration to restore oxidative conditions and
improve system operability. This highlights the importance of
dynamic control in the operation of large-scale systems. NIR
photocatalytic devices also require particular consideration of
fluctuations in solar irradiation, which can lead to variations in
both light intensity and temperature. Measurement and
dynamic regulation of the solar energy input and the
temperatures of different device components are therefore
essential for maintaining long-term stability and reproducibility.
Generally, NIR light appears as thermal energy in photocatalytic
systems.

When the generation of NIR photons is significant, local
heating and thermal gradients occur on the catalyst particles or
catalyst bed, making the accurate temperature mapping within
the system difficult. Temperature monitoring should be
combined with modeling of heat generation and transport
within the photocatalyst. A recent study by Mascaretti et al.
noted that there is a marked temperature difference between
thermocouple measurements and IR sensor measurements,
which can lead to differences in the respective roles of pivotal
parameters, such as apparent activation energy and heat in the
system.'8 Moreover, issues such as the safe collection of
products, the compatibility among different modules, cost, and
economic analysis also remain important considerations. The
efficiency of NIR photocatalysis is not solely determined by the
intrinsic properties of the photocatalyst, but is also highly
influenced by the reactor and device design.®” Most studies still
rely on conventional laboratory-scale configurations, whereas
reactor designs specifically for NIR photocatalysis remain
limited. Recent progress has mainly focused on large-area
reactor development, coupling with solar concentration
technologies, and multi-module system integration, and
important advances have already been achieved. A key
challenge in NIR reactor design is the simultaneous coordination
of effective low-energy photon input, local temperature
distribution, and mass transfer processes. These issues are
especially evident in concentrated and integrated systems,
where they can strongly affect photocatalytic performance.
Accordingly, future device design should place more focus on
the synergistic management of light, heat, and mass transfer,
together with the matching and control of individual modules,
to enable efficient, stable, and durable operation.

5. Performance evaluation in NIR photocatalysis

Although photocatalysis offers an attractive route for
converting solar energy into chemical fuels or other valuable
products, its practical application is still largely constrained by
efficiency. Since efficiency directly determines both the
feasibility and economic viability of photocatalytic technologies,
it remains a critical challenge. Notably, NIR light, which
constitutes nearly half of the solar spectrum, has the potential
to greatly enhance the overall performance of photocatalysis if

This journal is © The Royal Society of Chemistry 20xx
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it can be effectively harnessed. HowevérOtRe 16valaaticon sy
definition of NIR photocatalytic efficiency require more rigorous
and standardized research.

5.1. Conventional performance evaluation metrics

Photocatalytic performance is usually assessed from multiple
aspects, including reaction activity, product distribution,
photon utilization efficiency, energy conversion efficiency, and
stability. Although HER, CO;RR, and pollutant degradation are
different reaction systems, their core evaluation metrics can
generally be summarized as product rate/removal efficiency,
quantum efficiency, solar-to-fuel energy conversion efficiency,
and stability.

Production vyield is a fundamental metric to measure
photocatalytic activity, referring to the quantity of the target
product generated by a unit mass of photocatalyst within a unit
time (Equation 1). However, the production yield varies with
different light sources or photocatalytic systems and
configurations. According to the reported data, the product
yield of photocatalytic overall water splitting and CO;RR
without sacrificial agents is generally in the range of 10-102
pmol g7 h=2, while only a few advanced studies exceed 1 mmol
g1 h™1,188-191 \ijth sacrificial agents, the photocatalytic yield
usually increases by one to two orders of magnitude, and the
HER rate can even reach 103 mmol g1 h™1.1921% ynder
concentrated sunlight irradiation, the product yield can be
further improved, although it is often normalized by illuminated
area rather than photocatalyst mass, which is different from the
conventional metric.1%> For example, Ni;/CeO, achieved a CH,4
formation yield of 192.75 umol cm™2 h™! under CO; and H,0
vapor conditions.'®® For NIR photocatalysis, production yields
are typically lower than those in visible or UV light driven
systems.33:197.198 Recent studies have reported an overall water
splitting performance with H,/0, yield of 1.2/0.6 pumol using a
highly crystalline C3Ns photocatalyst, and a C, hydrocarbons
production yield reached 14.2 umol g* h=! driven by NIR
light.103, 199

In photocatalytic pollutant degradation, pollutant removal
efficiency is commonly used to quantify the degree of pollutant
removal. It is generally defined as the percentage decrease in
the amount of the target pollutant relative to its initial value
over a given period of time (Equation 2). Moreover, the
degradation rate is reflected by the apparent rate constant (k)
(Equation 3). The larger the k value, the faster the degradation
process. The k values reported for pollutant degradation cover
a wide range and are typically between 1073 and 10~! min~1.200.
201 Similarly, NIR-driven pollutant degradation typically exhibits

lower k values compared to UV/visible photocatalysis.202 203
Amount of product
€Y)

Y = — -
product™ Jrradiation time X photocatalyst mass

Co-Cy
n()=——)

In (E—i) =-kt(3)
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Where Co represents the initial concentration of the target
pollutant, C; represents the concentration when the reaction
timeis t.

For reactions involving multiple products, such as CO2RR,
product selectivity is also required to describe the product
distribution. Product selectivity is typically defined as the
proportion of the target product in the total products; a higher
selectivity indicates a larger fraction of the desired product
(Equation 4). It is generally related to the reaction mechanism
and reflects the photocatalyst’s preference for specific
intermediates or reaction pathways. Therefore, in multichannel
reactions, photocatalytic performance cannot be evaluated
solely based on product yield, and an excellent photocatalytic
system should exhibit both high activity and selectivity. Taking
photocatalytic CO,RR as an example, the products of CO,
reduction are diverse, including C; products (CO, CH4, and
HCOOH), C; products (C2Ha, C;Hg, CH3COOH, and C;HsOH), and
even Cz products. High selectivity toward C; products is easier
to achieve and has already commonly reached 90%, while some
studies have even approached 100%.204207 The selectivity
toward Cy. products is generally lower, usually in the range of
60%-80%. However, in recent years, the selectivity for C;Ha,
C;Hs, and CyHsOH has reached 99.1%, 85%, and 98.2%,
respectively.298-211 |n NIR photocatalytic CO2RR systems, the low
photon energy generally leads primarily to C; species, for which
the selectivity can still exceed 90%.7> 212,213 Studies reporting C;
species as the main products remain limited, and the
corresponding selectivity is also lower. In a recent study, the
selectivity toward C; products was only 63%.1%°

n
Si((’/o)z Z

—x100%(4)
it
Among them, n; is the amount of the target product i, )} n; is
the total amount of all products.

Quantum vyield is also an important evaluation metric in
photocatalysis, describing the photon utilization efficiency of a
photocatalyst. Specifically, the internal
efficiency/yield (IQE/IQY) and the apparent quantum
efficiency/yield (AQE/AQY) are expressed by Equation (5) and
Equation (6). IQE represents the efficiency of effectively
converting absorbed photons into excited states or electrons
within a material under specific conditions. It reflects the
intrinsic properties of the material and takes into account

quantum

factors such as energy loss and non-radiative recombination. It
is an efficiency indicator under ideal conditions and is typically
measured under laboratory conditions. AQE takes into account
the quantum yield under actual lighting conditions, which is
used for performance evaluation in practical research. It
depends not only on the intrinsic properties of the material but
also on external factors such as the incident angle, spectral
distribution, and the reflection and scattering of light. AQE is
generally less than IQE because not all incident photons are
absorbed by the catalysts. Moreover, AQE is wavelength-
dependent and usually

reaches its maximum when the

wavelength is close to the absorption edge of the material. In

20 | J. Name., 2012, 00, 1-3
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general, the AQE of NIR photocatalysis is lower than.tbhat,of
photocatalysis driven by UV or visible lightQ!: 10.1039/D6EY00080K

Number of reacted electrons
IQE/IQY (%)= x100%(5)

Number of absorbed photons

Number of reacted electrons

AQE/AQY (%)= x100%(6)

Number of incident photons

According to the reported research, the AQE of overall
water splitting is typically in the range of 1-10%, whereas
sacrificial agent assisted hydrogen evolution usually shows
much higher values.19% 214, 215 Representative studies with high
quantum efficiency in overall water splitting include the work
by Domen’s group, where SrTiO3:Al/Rh-Cr,03/CoOOH achieved
an AQE of 96% at 350-360 nm (about 100% IQE), and the work
by Li’s group, where a CdTe QDs/V-In,Ss photocatalyst reached
an AQE of 73% at 350 nm (with an IQE of 114%).216 217 |n
contrast, the quantum efficiency of photocatalytic CO2RR is
generally much lower, with most reported values remaining
below 5%, and only a few studies surpassing 10%.1°%, 215, 218, 219
Specifically, the AQE of NIR photocatalysis is usually less than
1%‘110, 220, 221

STF/STH is an energy-based metric that quantifies how
much solar energy is ultimately converted into chemical energy
in Hy or other fuel products, with stronger universality and
comparability. The STF efficiency can be defined as shown in
Equation (7). Under one-sun irradiation and without sacrificial
agents, the STF efficiency of water splitting is generally below
1% or around 1%, and only a few studies can reach 2-3%.222224
The STF of photocatalytic CO2RR is still much lower than that of
water splitting. For instance, a study on the photocatalytic
conversion of CO; to formic acid reported an STF of only
0.08%.22> Although STF values can increase to about 10% for
water splitting and about 1% for CO,RR under concentrated
solar light irradiation, direct comparison across studies remains

difficult because of the different concentration conditions.1%®
226

nfueleGO

Nstr(%)= Poo XSXT
Where ngye (Mmol) represents the amount of fuel produced, A
GO (kJ mol™) is the change in the reaction Gibbs free energy,
Psolar (MW cm~2) denotes the irradiation intensity, S (cm?) is the
area under light irradiation, and T (s) is the reaction time.

Stability is also a key criterion to evaluate the photocatalytic
performance, particularly for large-scale devices. It describes
the ability of a photocatalytic system to sustain long-term
operation under constant conditions while preserving both
photocatalytic activity and material structural stability.
However, the stability of photocatalytic systems remains
generally limited. In the field of pollutant degradation and
CO3RR, photocatalytic activity is sustained for only 3-5 cycles or
dozens of hours. In recent studies, the operating time has been
extended to 15 days by optimizing the continuous flow supply
of CO; and H,0.2?7 In contrast, photocatalytic water splitting
typically exhibits longer stability of around 100 h, while highly
stable systems can operate for more than 1000 h.173. 174,222 For
instance, an Al/Al,Os-capped Rh/Cr,03/CoO«-decorated p-
InGaN nanowire system for overall water splitting

x100%(7)

This journal is © The Royal Society of Chemistry 20xx
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achieved 1500 h of continuous stable operation under
concentrated sunlight.222  Meanwhile, an earlier study,
Rh,-,CryO3/GaN: ZnO system realized nearly stable overall
water splitting for 2160 h while retaining about 50% of its initial
activity after 4320 h, representing one of the longest stability
records reported in this field.??® The solar energy conversion
efficiency and stability are the two core metrics for the practical
application of photocatalysis.

The above metrics and reported performance ranges offer a
useful reference for evaluating photocatalytic reactions.
However, their applicability is subject to limitations, especially
in NIR photocatalysis.

5.2. Limitations of conventional metrics in NIR photocatalysis

The current limitations of NIR photocatalytic performance
evaluation mainly lie in two aspects. On the one hand, there are
inconsistent experimental and reporting standards. The testing
conditions in photocatalytic reactions are various, making it
difficult to compare photocatalytic performance across
different studies. Reactor configuration, excitation wavelength,
and light intensity will all affect the final product yield. As a
result, even the same photocatalyst exhibits different activity
under different conditions. Furthermore, sacrificial agents
usually lead to higher yield and quantum efficiency, because
they can consume electrons or holes more rapidly and replace
the slow half reactions, thereby increasing the reaction rate. It
has been demonstrated that TEOA can even drive the CO;RR to
produce CH4 and CO without any other catalyst, under UV light
irradiation.?3° In addition, the definitions of some performance
metrics are not consistent. For example, the definition of
selectivity is ambiguous in some studies, and fails to specify
whether it refers to product selectivity or electron selectivity,
which further reduces the comparability of reported results.23%
232 |n the concentrated photocatalytic system, the definition of
illuminated area and light intensity in STF efficiency (Equation
(7)) also remains unclear, whether it refers to the area of the
light spot or the concentrator, or whether it refers to the
intensity before or after concentration.

On the other hand, the unique nature of NIR photons
complicates performance evaluation and exposes the
limitations of the existing evaluation framework. Performance
evaluation of NIR photocatalysis generally relies on the
conventional methods employed in traditional photocatalysis,
employing parameters such as AQY and STF to assess photon
utilization and overall energy conversion. Nevertheless, these
metrics exhibit significant limitations in accurately reflecting the
mechanisms specific to NIR photocatalysis. Specifically, the
calculation of STF only represents the ratio of output chemical
energy to input solar energy. However, in NIR photocatalysis,
the absorbed photon energy is not solely utilized for electronic
excitation but is also partially dissipated as heat. Consequently,
STF fails to distinguish between purely photonic contributions
and thermally induced driving forces, which may result in an
overestimation of photocatalytic performance.

Similar shortcomings arise in AQY evaluation. Low-energy
NIR photons typically require the assistance of auxiliary
mechanisms such as thermal effects, LSPR, or nonlinear

This journal is © The Royal Society of Chemistry 20xx

upconversion to actively participate in photocatalytig, reactions.
However, the AQY formula is still based JA3iAgIELpHBESHOAHaEt
driving, which leads to an overestimation of the effective
photon number. As a result, both STF and AQY are unable to
capture the synergistic interplay between photonic and thermal
processes, nor can they effectively decouple these
contributions.

5.3. Recommended reporting standards and evaluation

framework

To improve the comparability of results across different studies,
it is recommended that each work should report two types of
information. The one is conventional performance metrics,
including product rate or removal efficiency, selectivity, AQY,
STF, and stability. These metrics should all be measured and
reported, and their calculation methods or equations should be
clearly provided. For parameters such as selectivity, which may
be defined in different ways, the authors should also explicitly
state the specific meaning used in their work, such as product
selectivity, electron selectivity, or other forms of selectivity.
Another is experimental conditions. At least, key information
such as the light source, wavelength range, light intensity,
reactor configuration, photocatalyst loading, and reactants
should be reported. For non-isothermal systems, temperature
monitoring data should also be included. This is especially
important in NIR photocatalysis, where irradiation leads to an
obvious temperature rise and local hot spots. Therefore, it is
necessary to report the photocatalyst surface temperature
distribution, the temperature evolution during the reaction, as
well as the temperature measurement method and location. In
addition, for the calculation of STF in concentrated systems, the
irradiation area and light intensity adopted in the calculation
should correspond to the same position. It is also recommended
to report the type and area of the concentrator, concentration
ratio, and the spot area after concentration, allowing for more
accurate evaluation and comparison of different concentrated
systems.

To address the difficulty of distinguishing photonic and
thermal effects in NIR photocatalysis, a series of control
experiments should be used to decouple photothermal
contributions from pure photocatalytic activity. For instance,
compare the reaction results under illuminated and dark
conditions at the same temperature, or the performance
difference between systems with and without temperature
control to provide an initial estimate of the contributions of
photonic and thermal effects under NIR irradiation.
Furthermore, transient absorption spectroscopy can be
employed to monitor the photogenerated carriers and the
thermal relaxation process, thereby distinguishing the
proportion of photogenerated carriers participating in reactions
and those undergoing non-radiative relaxation and forming
heat. In-situ temperature measurement, infrared
thermography or heat transfer simulation can be combined to
accurately characterize the temperature distribution and
evaluate their impact on photocatalytic performance. In
addition, there is still a need to establish quantitative metrics
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for evaluating photonic effects, thermal effects, and their
synergistic interactions.

A single metric is insufficient to describe the true
photocatalytic performance, so multiple parameters should be
considered together. Under similar reaction conditions,
different systems can be compared mainly by product rate,
selectivity, and quantum efficiency. For large-scale systems
intended for practical application, STF efficiency and stability
should also be taken into account, since they better reflect the
energy conversion performance and continuous operation
capability. In NIR photocatalytic or photothermal catalytic
systems, temperature is also an important factor and should be
considered together with the catalytic performance. Future
directions should therefore focus on establishing unified
evaluation protocols for NIR photocatalysis and developing new
evaluation metrics that can effectively distinguish between
photothermal and photonic effects. A multi-dimensional
evaluation framework integrating production yield, AQE, STF,
and photothermal conversion efficiency (PCE) would be highly
beneficial to provide a more holistic assessment.

6. Conclusion and perspective

As NIR light accounts for a large portion of the solar spectrum,
using NIR photons to drive photocatalytic reactions can improve
the utilization and conversion efficiency of solar energy. At
present, NIR photocatalysis has shown steady progress in HER,

Journal Name

CO:RR, and pollutant degradation, based on NIR.absorptiop
strategies including direct absorption, PRGN GGRESHVEPSIFHS
and the LSPR effect. At the same time, improving the utilization
efficiency of NIR photons through device and system design has
also become an important research focus. Nevertheless, the
activity and energy conversion efficiency of NIR photocatalysis
are still low, and a clear gap remains between current research
and practical application. Due to the low energy of NIR photons,
although many materials have succeeded in extending light
absorption into the NIR region, they still suffer from an
insufficient reaction driving force, serious carrier recombination,
and limited stability. On the other hand, some high-
performance studies still rely on noble metals, rare-earth
upconversion materials, or complex preparation methods. This
not only increases the cost, but also complicates further scale-
up more difficult. In addition, many reported results are still
based on monochromatic light, short test periods, or the use of
sacrificial agents. Truly efficient and stable NIR photocatalytic
systems under conditions closer to actual operation are still
limited. Addressing these challenges requires further research
efforts in the following areas.

6.1. Construct advanced photocatalytic systems

To realize efficient NIR photocatalytic systems, future research
should focus on the coordinated optimization of photocatalysts,
devices, and systems. The design of NIR-responsive materials
should not only extend light absorption but also consider the
redox capacity and charge separation efficiency.
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(2) Develop in-situ characterization techniques
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Furthermore, thermal stability is a critical factor, as NIR
irradiation and concentrated light inevitably raise system
temperatures. Photocatalysts must maintain high-temperature
stability to prevent reaction deactivation, and materials such as
metal oxides, nitrides, and carbon-based structures offer
excellent resistance to thermal degradation. Multiple
absorption strategies can also be combined, such as coupling
narrow-bandgap semiconductors with LSPR materials or
combining photosensitizers with band structure-regulated
semiconductors. In terms of device optimization, enhancing
thermal management and strengthening mass and energy
transfer are crucial to ensure efficient and stable operation
under NIR or concentrated light irradiation. Additionally,
coupling photocatalytic reactors with photovoltaic or
photothermal modules can further broaden solar energy
utilization. Meanwhile, the waste heat generated during
reactions can be effectively recovered through thermoelectric
materials or integrated heat-exchange components, thereby
improving overall energy efficiency.

6.2. Develop in-situ characterization techniques

In-situ characterization techniques are usually used for real-
time monitoring of the reaction process, which is conducive to
an in-depth understanding of the reaction mechanism.
However, the unique nature of NIR photocatalytic systems
makes in-situ characterization very difficult. First, the
photocatalytic reactions involve ultrafast physical and chemical
processes, such as charge carrier generation and
recombination, which occur on the picosecond to nanosecond
scale. The ultrafast progress exceeds the temporal resolution of
some characterization techniques, which makes it hard to
observe directly. Second, the coexistence of multiple
substances (such as atmosphere, adsorbents, and solvents) in
the system will hinder the detection of reaction intermediates
and transition species, and also complicate the subsequent data
analysis. Additionally, the thermal effects of NIR irradiation can
elevate system temperatures, further hindering accurate in-situ
measurements. Overall, complex reaction environments, weak
signals, and ultrafast reaction progress greatly hinder the in-situ
characterization of NIR photocatalysis. Therefore, continuous
optimization and innovation are needed in experimental design
and characterization techniques.

6.3. Improve theoretical calculation and simulation methods

Theoretical calculations can analyze the electronic structure,
Fermi levels, adsorption behavior, and reaction energy barriers
of photocatalysts at the atomic scale for material screening and
mechanistic interpretation. Reactor-scale simulations can
model light absorption, scattering, heat distribution, and mass
transfer, guiding device optimization and performance
prediction. However, current theoretical and simulation
methods still show clear limitations when applied to NIR
photocatalysis. Conventional density functional theory focuses
on the ground-state structure and fails to describe the
excitation, transport and relaxation of photogenerated
carriers.?33 Nonadiabatic molecular dynamics can simulate
carrier dynamics on the femtosecond to picosecond timescale,

This journal is © The Royal Society of Chemistry 20xx
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but its application is still limited by comp@atiohaP cofst) (ARBAK
condition sampling, and decoherence treatment.?3% 235> |In
addition, NIR photocatalysis is often accompanied by significant
nonradiative relaxation and photothermal effects, whereas
existing models still struggle to distinguish the respective roles
of photogenerated carriers and heat.?3® 237 Future theoretical
studies should pay more attention to excited-state behavior
after NIR absorption, the role of defect states, interfacial charge
transfer, and thermal relaxation processes. Introducing
electron-phonon interactions may also help to better describe
how nonradiative relaxation is converted into heat.3¢
Meanwhile, machine-learning potentials or surrogate models
could be combined with multiscale simulations to extend
atomistic calculations to larger time and length scales.?3®
Strengthening the coupled simulations of optical, thermal, and
fluid fields will enable predictions from catalyst design to
reactor optimization.

6.4. Establish a standardized experiment

In a photocatalytic system, numerous experimental parameters
are involved, such as reaction conditions (temperature,
pressure, reactants, atmosphere), light spectrum and intensity,
the reactor type (gas-solid or liquid-solid system, flow or fixed-
bed system), and the presence of co-catalyst, sacrificial agent,
among others. The performance of the catalyst varies
significantly under different experimental conditions. In current
research, these experimental parameters vary significantly,
which greatly reduces the repeatability of experimental results
and the comparability among different studies. Furthermore,
inconsistencies also exist in the calculation methods used for
performance evaluation metrics. For example, the inconsistent
reporting of electron selectivity and product selectivity, and the
ambiguities in the measurement position of illuminated area
and irradiation intensity in the STF calculation. Therefore, it is
recommended to establish a standardized reporting
framework, including basic performance metrics (production
yield, selectivity, AQY, STF, stability) and their corresponding
equations, as well as experimental conditions. All of these
should be reported in detail to facilitate the comparison of
performance across different reaction systems. Additionally,
new performance evaluation metrics still need to be established
in  NIR photocatalysis to decouple and evaluate the
contributions of NIR photons and heat to the photocatalytic
performance, facilitating the understanding of the underlying
NIR photocatalytic mechanisms.
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