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Abstract It is highly desirable to seek green and sus-
tainable technologies, such as employing photothermal
effects to drive energy catalysis processes to address the
high energy demand and associated environmental impacts
induced by the current methods. The photothermocatalysis
process is an emerging research area with great potential in
efficiently converting solar energy through various cat-
alytic reactions. However, achieving simultaneously high
conversion efficiency, cyclability, and durability is still a
daunting challenge. Thus, tremendous work is still needed
to enhance solar photothermal catalytic conversion and
promote its large-scale applications. This review developed
the principles of coupling solar photon and thermal fields
underlying the photothermal effect, exploration of efficient
nanocatalysts, development of optofluidic reactor model,
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and photothermal synergistic-driven CO, reduction mech-
anisms. The ultimate goal was to provide an effective
approach that can effectively convert solar energy into
photocarriers/hot-electrons and heat, and importantly, can
couple them to regulate catalysis reaction pathways toward
the production of value-added fuel and chemical energy.

Keywords Photochemistry; Photothermal; CO, catalytic
conversion; Nanomaterial; Solar fuels and chemicals

1 Introduction

Sunlight-powered catalytic conversion of CO, over earth-
abundant metal-oxide materials [1-4] offers promising
solutions to generate energy-rich fuels [5-8], which could
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Photo-thermochemical synergistic-driven reaction
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Fig. 1 Principles of coupling solar photon and thermal fields underlying photothermal effect, exploration of efficient nanocatalysts and
their design strategies, development of optofluidic reactor model, and photothermal synergistic-driven CO, reduction by H,, CH, and
H,0, with ultimate goals of providing an alternative approach for efficient sunlight conversion, solar fuel production, and high-density
chemical energy storage: a efficient utilization of solar energy (a1 reproduced with permission from Ref. [14]. Copyright 2021,
American Chemical Society. a3 Reproduced with permission from Ref. [15]. Copyright 2021, Elsevier). b Photothermochemical
synergistic-driven reaction (b1 reproduced with permission from Ref. [16]. Copyright 2016, American Chemical Society). ¢ Applications

of production gas

simultaneously alleviate energy shortage and environmen-
tal deterioration. A global investigation of possible CO,
utilization into fuels reported a potential 50% emission
reduction [9]. As shown in Fig. 1 [10-12], the synthetic
natural gas (SNG), CO, and/or H; released from the solar-
driven chemical catalytic decomposition of CO,, H,O and
CH,4 can be a building block for synthesizing industrial
combustible feedstock. Given its contribution to sustain-
able development, SNG serves as an attractive fuel due to
its high gravimetric energy density and good compatibility
with today’s infrastructure. CO is another interesting
chemical compound because it forms an important building
block for the production of methanol and long-chain
hydrocarbons. Reducing CO, into CO is also important
regarding today’s atmospheric concentrations of CO,
[13-15]. The major challenge is the provision of hydro-
carbon fuels with net-zero emissions [16], which aligns
with the carbon neutrality goals. Although effective paths
have been provided to improve the efficiency of solar
energy utilization, the success of this approach relies on the
efficient conversion and storage strategy of the incoming
solar multi-spectral band radiative flux. Various thermal,
photo-, and photothermal catalysis processes have been
developed to promote solar fuel and chemical energy
conversion, delivering different reactivity, selectivity, and
stability upon solar spectral absorption and transmission.
Sunlight plays a varied role in the material physical—
chemical properties evolution, dividing the reaction
mechanisms into photo-, electro-, and thermochemical.
Depending on a specific catalyst system, tightly coupling

&
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electric field, radiation, and temperature, those mechanisms
could work together, resulting in complex reaction condi-
tions. The thermal process using conventional thermocat-
alysts is typically characterized by high temperature, active
material sintering, big temperature swings, large heat loss,
high thermodynamic constraints, and less than 10% solar
fuel efficiency. In comparison, photocatalysis is charac-
terized by low reaction rates and seriously suffers from the
solar fuel efficiency that is still less than 5%. The main
issues are associated with the weak absorption of sunlight
in visible and infrared (IR) regions, very low apparent
quantum efficiency, and rapid recombination of carriers.
Plenty of studies have been developed on solar thermo- or
photocatalytic process, but in neither case was the coupling
of solar photon and thermal fields underlying the pho-
tothermal effect addressed in depth. Most current studies
still cannot completely exclude or extract the influence of
the photothermal synergistic effects. Regardless, develop-
ing a reliable and affordable renewable system for gener-
ating clean fuels and chemical energy through CO,
photothermocatalytic conversion is a critical research focus
for the low-carbon energy transition and rapid environment
remediation.

Exploiting the photothermal effect by combining the
advantages of solar photon and thermal fields has emerged
as a new and fast-growing research area providing a
straightforward and effective method for efficient solar
spectrum utilization. However, the photothermal effect and
synergistic mechanism between photons, hot carriers, and
heat force-driven catalysis reactions under photothermal
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multi-field coupling conditions have not been clear. This
induces the inefficiency of the operation of existing sys-
tems and technics. Research and innovative ideas are still
desired to enhance the optical and quantum efficiencies,
spectral transfer and heat transmission efficiency, and
kinetic of multiple electron transfer processes while pre-
venting electron—hole recombination and accelerating light
to thermal energy conversion. This cannot be separated
from material engineering since the adequate arrangement
of catalysts inside the reactor will be crucial for fully
exploiting its full energy potential. Thus, it is imperative to
work at different scales, from the architecture of
nanocrystal superstructures to the macroscopic shaping of
the catalyst and developing materials with an even better
overall performance, possibly by enhancing the photoac-
tivated contribution.

Regarding the current research trend, as shown in Fig. 1,
the performance of solar energy storage systems might be
boosted significantly by exploiting both light and heat
compared to using only one energy source input, bringing
down the high-energy penalty and low efficiency with
accompanying CO,/C footprint. Several fundamental
challenges still exist, and much more effort must be
devoted to achieving enhanced and efficient solar energy
harnessing. Yet, there is a lack of fundamental mechanisms
of solar-driven CO, catalytic reduction reactions and
rational design of energy storage material that can effi-
ciently exploit light to induce heating. The photoinduced
charge separation and transfer are crucial for determining
the activity under photothermal conditions, but most con-
ventional characterizations could not provide sufficient
information about these phenomena, which in turn seri-
ously hinders the efficiency of green fuel production
through a photodriven CO, conversion mechanism. Con-
siderable research efforts must be devoted to developing
novel materials with broad photoresponse to take full
advantage of the solar spectrum. Still, it is hard to deter-
mine whether the reaction mechanism is light-driven or
light-induced. However, it can be confirmed that the cat-
alytic activity has been enhanced by the effect of light.
Besides, there has been a lack of studies on reactors for
photothermal processes despite abundant efforts devoted to
advanced materials research. Thus, an in-depth under-
standing of the principles of coupling solar photo and
thermal energy underlying the photothermal effect is nee-
ded to overcome serious impediments to scientific and
technology progress in achieving high-efficiency, low-cost
solar energy conversion and usage.

This review clarifies the state of the current research and
the dynamics of photochemical technological development
while also demonstrating photothermal effect-driven cat-
alytic CO, conversion. Following thermodynamic princi-
ples, reaction mechanisms, and kinetics, the underlying
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methods and techniques, and photocatalysis resulting in a
significant CO, conversion rate are provided to obtain
insight into the design of advanced catalyst systems and
innovations in reactor engineering. The scientific issues
and key limiting factors associated with light-induced
photocatalytic CO, conversion are also highlighted to
indicate the means to upgrade a photochemical mechanism
to more reasonable and highly efficient photothermal
catalysis mainly characterized by photoactivated thermo-
catalysis, thermal-mediated photocatalysis, and photother-
mocatalysis driving forces. Next, this review describes a
photothermocatalysis system that exploits ultraviolet—visi-
ble (UV-Vis) light combined with solar intensity. This
system represents a significant breakthrough in achieving a
low-energy input system and ultrahigh conversion effi-
ciency. After addressing the key achievements in the field,
this review also shares some key perspectives and insights
concerning the path toward an effective solar-driven CO,
catalytic conversion system.

2 CO, photocatalytic reduction

2.1 CO, photoreduction and performance
evolution

A photochemical reaction is an artificial photosynthetic
technology inspired by natural photosynthesis that can be
applied to the light-induced chemical conversion of CO,
into alternative fuels and derived chemicals [17-20]. The
photodriven CO, reduction process can make full use of
solar energy across several CO, reduction reaction (RR)
pathways, such as reverse water—gas-shift reaction, Saba-
tier reaction, methanation reaction, MeOH synthesis reac-
tion, and even C2+ hydrocarbon synthesis reaction [21].
Considering the reverse water—gas-shift (RWGS) reaction
M/TiO,
hv >3.2eV
M 1is a noble metal, and the intrinsic chemical reaction
mechanism indicates that the reaction is initiated pho-
tothermally due to the thermal energy generated by the
active catalyst under incident photons. However, thermally
driven water—gas-shift reaction (WGSR) kinetics may
result in a more complex reaction mechanism due to
competitive CO and H,O absorption relative to photon-
driven kinetics, which fits well with the Langmuir—Hin-
shelwood kinetics [22]. As depicted in Fig. 1, other gas-
phase reaction mechanisms, including CO, + 2H,0 —
CHy + 20, and Sabatier reaction: CO, + 4H, —
CH4 + 2H,0 for CH, synthesis, dry reforming of methane
(DRM): CO, + CH4 — 2H; + 2CO for syngas production,
and MeOH formation reactions such as 2CO, + 4H,O —

mechanism: CO, + H, — CO + H,0O, where

a
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2MeOH + 30, and CO; + 3H; — MeOH + H,O adapt

well to the photodriven catalysis applications. However,

how to efficiently construct and simultaneously optimize
the optical and catalytic performances of the catalyst sys-
tems is the main challenge associated with CO, photo-

driven conversion processes [23, 24].

As depicted in Fig. 2a, tris(bipyridine)ruthenium (II)
chloride hexahydrate ([Ru(bpy);]Cl, 6H,0) photosensi-
tized ultrathin CoAl-layered double hydroxide (CoAl-

Production rate /
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Co, photoreduction
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LDH) has a photocatalyst activity, converting CO, into
43.73 mmol-g~"h™' of CO under visible light [17]. This
demonstrates the high potential applicability of such a
process in carbon-neutral energy conversion. The detailed
reaction mechanism can be seen in Fig. 2b. The photo-
sensitizer is a sacrificial material such as ruthenium-poly-
pyridyl, porphyrin, and organic dyes with high photon-
absorption potential in UV-Vis light and photocatalytic
activity in the reacting media [25]. The visible light
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Fig. 2 a, b Solar irradiance-induced CO, catalytic reduction and photocatalyst activity: Ru[(bpy)3]Cl. 6H,O photosensitized u-CoAl-
LDH photocatalytic CO, reduction at 400-800 and 600 nm. Reproduced with permission from Ref. [17]. Copyright 2020, American
Chemical Society. ¢ Aux@ZIF-67 enhanced photocatalyst activity for CO, photoreduction into MeOH and ethanol. Reproduced with
permission from Ref. [27]. Copyright 2020, American Chemical Society. d TiO,-Pd@Aux photocatalyst activity for H, and CO
production and charge density with increase in Au thickness. Reproduced with permission from Ref. [28]. Copyright 2020, the Royal
Society of Chemistry. e, f Synergetic activity of g-C3N4 and NH,-MIL-101(Fe) for CO, photocatalytic reduction under A > 420-nm
visible light. Reproduced with permission from Ref. [32]. Copyright 2020, American Chemical Society
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absorption is attributed to the depth of the absorber band-
gap, in which the smaller the catalyst bandgap is and the
stronger the interaction with CO, and H,O is, the higher
the photocatalyst CO,-splitting activity under visible light
is. The higher photocatalyst activity could be attributed to
charge separation, efficient charge transfer, or reactive flow
access to the active sites on the catalyst’s surface. Con-
sidering the CO, photocatalytic reduction mechanism, CO,
activation across surface-modified semiconductors can be
improved by controlling the electrons and protons transfer
[26]. However, compared to the heterojunction-type, the
Z-scheme structure is employed as a photocatalytic system
for enabling high charge-separation efficiency as well as
strong redox ability. As shown in Fig. 2c, the loading of
plasmonic Au nanoparticles into the zeolitic imidazolate
framework (ZIF-67) was found to improve the activity and
stability of the Co photocatalyst for CO, reduction with
MeOH and ethanol productivity by up to 2.5 and
0.5 mmol-g_l-h_l, respectively [27]. As with the mecha-
nism described in Fig. 2b, CO, reduction is activated by
the accumulated photoinduced energetic electrons, includ-
ing hot and excited electrons at the catalyst’s surface. The
activated CO, undergoes a photochemical transformation
concerning the active site’s behavior in terms of the Lewis
acid or base formed by the metal cation clusters. Au and Pd
co-catalyze the synergetic effects of increasing surface
catalyst activity and energetic charge transfer at the inter-
face of TiO,, thereby resulting in efficient CO, photore-
duction with 166.3 pmol-g~'.,-h™" CO productivity [28].

Nanocomposite material synthesis, such as TiO,-
Pd@ Au photocatalyst system, is used as a strategy to tune
the catalyst activity of TiO, [29] for H, and CO selectivity
from TiO,-Pd and TiO,-Au photocatalyst activity toward
H,0- and CO,-splitting, respectively, as shown in Fig. 2d.
The thickness of the Au catalyst is the determining factor
for increasing CO selectivity, with a maximum production
rate using TiO,-Pd@ Au with 4.5-mg TiO,-Pd used for the
synthesis (TiO,-Pd@Au-1). Generally, the thinner the Au
nanoparticles are, the better the CO,-splitting catalytic
activity is [28]. Recently, Li et al. [30] highlighted the
synthesis strategy and CO, photoreduction mechanisms of
1D copper-based heterostructures, demonstrating the pho-
toactivity and photostability enhancement of copper-based
oxide-supported co-catalyst systems. The visible light-in-
duced CO, photocatalytic reduction with TiO, is enhanced
by ionic liquid (IL = [P4444];[p-2,6-O-4-COO] and
[N4444];[p-2,6-0O-4-COQ]) with a high affinity of binding
CO, into a promoter IL-CO, complex solution that serves
as a photosensitizer for subsequent CO, conversion into
3.52 umol-.g~"h™' CH4 [31]. IL [P4444]5[p-2,6-O-4-
COO] has a higher CO, capture and absorption potential.
Its enhanced effects for CO, photo-reduction are attributed
to its capacity to activate and bind CO, with active
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photocatalysts by forming a photosensitizer. Considering
the photocatalyst activity of the amino-functionalized Fe-
based Materials Institute Lavoisier (MIL) NH,-MIL-
101(Fe) and the sole g-C3Ny, Dao et al. [32] synthesized a
novel catalyst NH,-MIL-101(Fe)/g-C3N, that produced
132.8 umol-g~' CO, 6.9 times and 3.6 times higher than
g2-C3N, and NH,-MIL-101(Fe), respectively. As depicted
in Fig. 2e, f, the higher catalyst activity of NH,-MIL-
101(Fe)/g-C3Ny4 can be attributed to CO, and visible light
absorptivity by the -NH,, the high porosity of the main
material, and the subsequent CO, reduction via a gas—solid
interface in a solvent-freereaction.

The catalyst activity in terms of efficient light absorp-
tivity, CO, fixation, effective charge separation, and active
site accessibility of g-C3N, can be improved, resulting in a
threefold CO yield by substituting o-Fe,O3 dendritic pat-
terns to g-C3N4 [33]. Further, Tahir [34] reported an
18-fold higher photocatalytic activity of H, and a sixfold
higher yield of CO, with H, and CO production rates of
91.9 and 4.97 mmol-g~',-h™", respectively, using a pro-
tonated graphitic carbon nitride (pg-C;N4)/Ti3AlC,/TiO,
complex catalyst system. By using a g-C3N,/CdS com-
posite photocatalyst, Vu et al. [35] found that tri-
ethanolamine (TEOA) and [Co(bpy)3]2+ are the main
factors activating the catalyst toward CO and H, formation
with 234.6 pmol-g~"-h~' of CO yield, that is, 25.5-fold
higher than pristine g-C3;N,. Considering the reaction
mechanism and modified g-C;N, catalyst activity, the lit-
erature has focused on the enhanced photocatalyst activity
of g-C3N, as associated with g-C3N, hybridity and multi-
heterojunction within the sample [36-38].

High H, selectivity may be associated with higher
photocatalytic activity toward H" and electron genera-
tion/transfer following the breakage of C-O or O-H bonds
and C-H or H-OCHj; bond formation flexibility and effi-
ciency [39, 40]. H, selectivity at the TiO, catalyst surface
is outperformed, up to 880 pmol-h™'-g~" using Ti0,/rGO-
Mo,C or 5.5 times the TiO,/rGO activity [41]. For the
newly reported CH, yield of 277 mmol-h™'-g~' over
ultrathin Mg-Al LDHs matrix and Ru nanoparticles
(Ru@FL-LDHs) [42], the photocatalysts contained layered
double hydroxides resulting in significant CO, photore-
duction due to the concentration of -OH in the chemically
reacting media.

The CO, conversion reaction pathway could follow CO,
CH,; and CH;OH formation through the photoreduction
mechanism depending on the number of electrons and
protons participating in the chemical reaction. The forma-
tion of CH, may prevail over the other products, demon-
strating CO, methanation as the most effective CO,
photocatalytic reduction process. Nonetheless, selectivity
for CO, photoreduction can be controlled through the
reaction mechanism and pathways, which are still not

a
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Table 1 CO, photochemical conversion performance evaluation: high-performance photocatalyst materials, including a photosen-
sitizer and other scarifying agents, resulting in effective fuel yields such as CO, H,, MeOH and CH, being highlighted to provide new

insight into advanced photocatalyst design for improving CO, conversion through solar photo component

Operating conditions Fuels yield Photocatalyst materials Refs.
300-W Xe lamp: 400-800-nm irradiation, 500 218.13 mmol-g~"h~' CO at Ru[(bpy)z]Cl>.6H,0 [17]
mW-cm~2, L = 11 cm; 0.18 MPa CO, 600 nm irradiation photosensitizer; u-CoAl-LDH
Abet 103; 150 mW-cm~2 light intensity 6490 pmol-g~" MeOH; Au,o@ZIF-67 with 10 wt% TEOA  [27]
1980 pumol-g~" ethanol
315-600 nm; 380 W-m~2; CO,:H,0 = 30:1 molar ratio; 0.191 umol-h~".g=" CHy; N-doped TiO, [45]
0.31 ml-min~" gas flow rate 0.111 pmol-h~".g~" of CO
300-W Xe lamp, 2.7 mW-cm™2; T = 160 °C; 166.3 pmol-h~".g™" CO yield  TiO,-Pd@Au core—shell [28]
420 < /. < 780 nm; 0.15 MPa CO,
/> 420 nm; 0.4 g TiOy; 0.5 mol-.L=" of IL; 0.1 g CO,  3.52 umol-g~"-h~" CH, TiO,-[P4444];[gp-2,6-0-4-COQ] [31]
Photoluminescence spectroscopy /ex = 380 nm 132.8 pmol-g~" CO vyield NH>-MIL-101(Fe)/g-C3N4—30 wt%  [32]
300-W Xe lamp irradiation 566.4 umol-g‘1 CO Bi;»O17Br, nanotubes [46]
Flue gas without water vapor at 20 °C 0.64 mmol-h~".gyor " Nig 75sMgo 25-MOF-74; [47]
HCOO™ [Ru(bpy)s]Cl, photosensitizer
Visible light; room temperature; normal pressure to 63.1 mmol-g~"-h~" up to Pt/In,03/g-C3N4 [48]
4.053 MPa 736.3 mmol-g~"-h~"
HCOOCH
Simulated sunlight; aqueous medium 3.95 ymol-g~"-h~' CO, rGO-MoS,/PPy-150 [49]
1.50 pmol-g~"-h~" CH,, and
4.19 umol-g~"h™" H,
Visible irradiation A > 495 nm; CO, atmosphere; 38.5 + 0.6 umol CO yield; fac-Re(bpy)(CO)sCl- Ru-(bpy)s2*-  [50]
electron donor BIH (0.1 mol-L™") 427.4 pmol CO turnover Nf
number
A > 495 nm; 25 °C; 0.101325 MPa; 10-ml 78.1 umol-g~' CH, and Covalent triazine framework and [51]
triethanolamine; 10-ml H,O; 30-ml acetonitrile 46.0 pmol-g~' CO over 10 h black phosphorus (CTF-BP)
Visible light illumination LED-405 nm; NaHCOj solution  173.7 pmol-g~"-h™" Hy; Cu-Pt/TiO,-CuO [52]
105 umol-g~"h~" CO
Under white LED 1 = 780-850 nm; 26 °C; 40 ml- 209.24 pmol-g~"-h~' CO Polymeric carbon nitride-grafted [53]
min~" COy; 1 umol-CoCl,; 15-mg 2,2-bipyridine; 3-ml hydroxyethyl groups (HCNT-NA)
10%TOA/ acetonitrile; 0.5-ml H,O
300-W xenon lamp; 4 = 385, 420 or 520 nm; room 17.8 ymol-g~"-h~' CO g-C3Ny/a-Fey03 [33]
temperature
UV light, / = 150 mW-cm™—2 91.9 mmol-g~"carh ™" Hy; Pg-C3N4/TizAIC,/TiO, [34]
4.97 mmol-g~"¢ceeh™' CO
150-W xenon lamp, 259 < / < 1904 nm; MeCN/ 234.6 ymol-g~"h~' CO 4 pumol-[Co(bpy)s]Cly; g-C3N4/CdS  [35]
H,O = 14:1; 0.5 g TEOA
500-W Hg high-pressure lamp, 1 > 400 nm; 217 118 pmol-g~"-h~' CO CdS/znO [54]
mW-cm~2 0.4 MPa; T = 386 K
UV-Vis spectra 121 pmol-g~"h~" CH,; o-Fe,03/MoS, [37]
41 ymol-g~"-h~! CHZOH
White light of 350-700 nm and ~234 mW-cm~2 of flux; CO, to 1081 pul-h~".g™" CH,  Cu-1%-doped TiO, without [55]
ambient conditions; 70-ml CO,; 4-ml H,O(g) sacrificial agent
Xenon light: 1600 W, AM1.5 G; 350-1000 nm; 1-ml 2676.3 umol~g*1~h*1 H, and Dibenzo[b,d]thiophene sulfone [56]
H,0; 3-ml MeCN; 1-ml TEOA; CO, 959.1 pmol-g~*h~' CO photocatalyst with a hole-
scavenger sacrificial agent
300-W Xe lamp, A = 420 nm; Pcop, = 0.101325 MPa 7368.7 umol-g~"-h~' CO g-C3N4/ZnInySy [567]
300-W Xe lamp, 4 > 420 nm; 0.3 vol% of acetonitrile/ 148.9 pmol-g’1-h’1 (6{0) CsPbBr3 NCs/g-C3Ny4 [58]
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Table 1 continued

Operating conditions Fuels yield Photocatalyst materials Refs.
20 W of halogen lamps, 8-W-m~2 irradiance 62.33 ymol-g~"-h~" H, and ZnO/CuO-NaAlSiO, (zeolitic [59]

intensity; 2 =210 nm 25 °C

907 pmol-g~"-h~" HCOOH

framework)

clearly understood due to the lack of experimental insights
regarding the directions of charge transfer and dynamics in
the reacting media. Li et al. [43] demonstrated that nitro-
gen-doped carbon quantum dots (NCQDs) could signifi-
cantly improve CO, photoreduction to CO, resulting in
84% selectivity, which could be ascribed to the efficient
photon switching properties of the NCQDs. To promote the
design of dual-functional catalysts and CO, utilization, Qi
et al. [44] developed a bifunctional zero-dimensional cad-
mium sulfide quantum dots-two-dimensional titanium
dioxide nanosheets (CdS/TNS) composite, allowing effi-
cient CO formation and C—C coupled product selectivity
through a cooperative reaction system catalyzed by benzyl
alcohol. The cycling performance of CO, photoredox and
the final achievable efficiency are still affected by the
photoreduction thermodynamics, sluggish oxidative reac-
tion kinetics, and other influencing factors. Furthermore,
Table 1 [17, 27, 28, 31-35, 37, 45-59] summarizes the
CO, photochemical conversion performance under differ-
ent operating conditions and photocatalyst materials.

2.2 Photoreduction thermodynamics
and influencing factors

2.2.1 Photoreduction thermodynamics

The tensile strain of the active atomic surface of the
photocatalyst material has favorable effects on CO,
binding and activation for subsequent CO, reduction, hot-
electron transfer and charge separation, CO release,
chemical stability, and energy barrier related to the low
rate-limiting stage [46, 60, 61]. By considering the tensile
strain of Bi;;0;;Br, nanotubes, Di et al. [46] reported a
14.4-fold greater CO, reduction, with CO productivity up
to 34.5 umol-g~"-h™'. As shown in Fig. 3a, increasing the
temperature to 5-30 °C resulted in the raise of CO pro-
ductivity from 28.3 to 34.5 pmol-g~"-h™'. By using a
CdS/ZnO photocatalyst, Zhang et al. [54] obtained higher
CO formation up to 118 pmol-g~"-h™! when the reaction
temperature was increased to 386 °C. From a thermody-
namic prospective, the role of tensile strain is to regulate
the endergonic gap in favor of CO, activation and lower
the energy barrier related to the rate-limiting step. Addi-
tionally, bimetallic Ni/Mg metal-organic frameworks
(MOF) Nig75Mgp25-MOF-74 could exhibit high photo-
catalyst activity for converting CO, from industrial flue
gas into 0.64 mmol-h~'-g~! MOF HCOO™ at 20 °C [47].

Rare Met. (2024) 43(7):2913-2939

The strongest photocatalyst activity of MOF can be
attributed to the Mg active sites for binding CO, and the
synergetic photocatalyst activity of Mg and Ni stabiliza-
tion [*OCOH] during CO, photoreduction. The mecha-
nism and cycling performance of Ni-Mg bimetallic
photocatalyst activity for CO and HCOOH formation at
the interface of MOF-74 can be seen in Fig. 3b. While the
synergistic effect between two metal components exhibits
excellent catalytic performance in CO, photoredox pro-
cesses, the design of efficient bimetallic catalyst and its
CO, catalytic conversion mechanism remains a challenge
[62].

The photocatalyst activity of a multi-functional catalyst
consisting of Pt/In,03/g-C3Ny, in which g-C3Ny4-combined
Pt co-catalyst activity induces H,O conversion into H,
and CO, bending by In,Os;, results in 63.1 and
736.3 mmol-g~"-h~' of HCOOH formation at 0.10 and
4.05 MPa, respectively [48]. This catalyst is still consid-
ered a black box. However, Hu et al. [63] demonstrated
its electronic structure and atomic coordination dynamic
evolution in CO,-splitting reactions by tracking the
mechanism of the CO, photocatalyst pathway over the
[Ni(tpy)]0 sites. The NiH™ photocatalyst activity shifts the
CO, photoreduction thermodynamic toward the formation
of CO relative to that of CuH™, which results in greater
HCOO™ selectivity [64]. Jones [65] recently found that
MOFs with transition metals in the first row, namely,
Rby33WO;3 and TiO,-MnO,-Pt, were advanced photocat-
alysts with superior catalyst activity for CO, photore-
duction into CO, CH; and CH;OH under visible light.
Following the CO,-splitting photocatalytic activity of
CuO, TiO, and Pt/TiO,, a complex Cu-Pt/TiO,-CuO
catalyst system was proposed as a strategy for improving
the synthesis of photocatalyst material to a point where it
could yield 105 pmol-g~"h™' CO [52]. The light
absorption behavior of TiO, and CO, photocatalytic
conversion in the visible region could increase, resulting
in 1081 ul-h~'.g=' CH, yield by doping with Cu-1 at%
[55]. CO, to CH4 photoreduction is likely more thermo-
dynamically favorable than CO formation from CHy,
yielding potential Ey(CHy) = —0.24 V  (vs. normal
hydrogen electrode (NHE)) against < Ey(CO) = —0.53 V
(vs. NHE) [51]. A recent study showed an endothermic
character in CO, photoreduction of over 1.55 and
1.72 eV-energy barriers following exothermic formalde-
hyde and formic acid formation under 61.12 and
359.90 kJ-mol ™" enthalpy changes, respectively [66].
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Fig. 3 a Photocatalyst activity for CO, photoreduction under visible light in Bi;2O47Br, nanotubes. Reproduced with permission from
Ref. [46]. Copyright 2020, American Chemical Society. b Ni0.75Mgq 25-MOF-74 CO, photoreduction mechanism and photocatalyst
activity toward CO and format productions. Reproduced with permission from Ref. [47]. Copyright 2020, the Royal Society of
Chemistry. ¢ CO5-absorbed charge difference and polymeric carbon nitride-grafted hydroxyethyl groups catalyst activity toward CO
formation. Reproduced with permission from Ref. [53]. Copyright 2020, the Royal Society of Chemistry. d Photochemical-integrated
conventional electrochemical system and photoredox mechanism. Reproduced with permission from Ref. [71]. Copyright 2020,

American Chemical Society

The CO, photoredox cycle, as well as the final achiev-
able efficiency, is significantly affected by many issues,
including tough CO, activation on active surfaces, sluggish
oxidative half-reaction kinetics, undesired by-products, and
poor stability. These issues could be avoided by developing
cooperative photoredox systems exploring electron—hole
pairs simultaneously. The cooperative photoredox reaction
systems based on heterogeneous photocatalysis and the
underlying reaction mechanisms have been highlighted by
Yuan et al. [67], who provided a promising strategy for
achieving efficient CO, re-use with alternative chemical
production. Also, employing nanometal co-catalysts could
significantly alleviate the issues associated with photore-
duction half-reactions [68]. Among the underlying issues,
the oxidative half-reaction for CO, photoreduction, the
most crucial aspect for consideration, has been less
investigated to date [69].

Q

2.2.2 Photoreduction-influencing factors

The enhancing factors of TiO, photoreduction activity are
largely attributed to the bandgap reduction (3.24-2.81 eV)
due to the modification of electronic and structural prop-
erties induced by TiO,, the presence of Cu'", and O-va-
cancies on the reacting surface. Recently, metal-free
coupling covalent triazine framework/black phosphorus
has been suggested to be an efficient and highly active
catalyst for CO, photoreduction under visible light [51].
Efficient CO, photoreduction relies on an appropriate
medium that facilitates photoinduced light absorption and
highly promotes hot-electron or charge transfer and higher
CO, binding behavior [49]. The design of advanced pho-
tosensitizers, for instance, the ternary system consisting of
Nf polymer serving as a platform, Ru-(bpy);>" used as a
conventional light absorber, and fac-Re(bpy)(CO);Cl
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employed as a catalyst, could result in higher CO, pho-
toreduction thermodynamic improvement in terms of
photoconversion and photostability. Lee et al. [50] noted
that the higher CO, photoreduction efficiency of fac-
Re(bpy)(CO);CI™ Ru-(bpy)32+—Nf can be attributed to the
presence of Nf polymer that enhances the interaction
between the exchange sites of sulfonic ionic and Ru-
(bpy)s>". An Nf membrane was also used in the photore-
actor developed by Li et al. [70] to facilitate H' ion
transport and (Fe?'/Fe®™) electron mediator exchanges
through the twin reactor. For the first time, Zhang et al.
[71] introduced a photochemical mechanism to the con-
ventional electrochemical system that efficiently reduces
CO, from wastewater into C1 + fuel with a
6.7 pmol-g~"-h™" production rate, as shown in Fig. 3d. To
overcome the difficulties related to lower C=O bond
breakage energy and increase the surface accessibility of
the photocatalyst, a catalyst system of polymeric carbon
nitride-grafted hydroxyethyl groups can be used, which
could result in 209.24 pmol-h~'-g=' CO productivity as
depicted in Fig. 3c [53].

In computational analyses, the mass transfer might be
increased by raising the temperature and pressure, leading
to an increase in product yield [72, 73]. A modified
Stuchebrukhov—-Hammes—Schiffer theory, combined with
the Georgievskii—Stuchebrukhova theory [74], can be
employed to analyze photocatalysis kinetic parameters,
where proton—electron coupled transfer should occur at the
surface of TiO, during CH,-OH photoreduction. Regarding
research on CO,-splitting photocatalytic activity, the
intrinsic mechanisms and kinetics of CO, photoreduction
in terms of photoreactor configuration, photoredox ther-
modynamics, and spectral coupling of hot-electrons—proton
transfer behavior throughout the catalyst micropores in the
reactor are underexplored research topics [15, 75-78]. In
terms of advanced photocatalyst material design to over-
come the photoredox thermodynamics, modifying g-C;N4
into a Cring-C3N, catalyst [79] could exhibit a 26-fold
greater photocatalyst activity and a 24-fold faster CO, to
CH, photogeneration rate. The Cring-C5N, catalyst design
is an advanced approach to upgrade the catalyst activity of
g-C3N, toward higher reactive species in terms of catalytic
conversion and product selectivity. The enhancing indica-
tors of the Cring-C3N4 photocatalyst are high-density
electron transfer (eight electrons) and the extension of the
carrier’s lifetime and diffusion length due to the transition
of the carbon-ring to the tri-s-triazine ring.

The restrictions on visible light absorption due to the
poor active catalyst sites and the slow-moving charge
separation related to BiVO, nanosheets (BVNS) and
BiVO, in CO, photoreduction at the Z-scheme charge
transfer interface were significantly improved, up to 9- and
35-fold, respectively, by modifying the pristine material

Rare Met. (2024) 43(7):2913-2939

into CuPc/Au-BVNS [80]. Similar improvements were also
reported with the Z-scheme In,S3/WO; photocatalyst [81],
indicating the pertinent effect of the catalyst system and
composition. Further, the photocatalytic activity could be
improved by adopting a single-atom catalyst design
approach. For instance, the single-atom Fe active site
design approach in the BiyOsl,-Fe30 catalyst system
improves the insufficient electron—hole carrier separation,
thereby boosting CO, photocatalytic reduction to 23.77 and
4.98 pmol-g~"-h™" of CO and CH,, respectively [82]. The
single-atom Fe photoactivity performance indicator is
strongly related to C-O bond dissociation in a COOH*
intermediate subjected to a CO,-photoreduction rate-lim-
iting step [83]. Appropriate exploitation of the photocat-
alytic activity of Cu" sites [84] on light-irradiated
CuOx@p-ZnO catalysts could overcome the issues asso-
ciated with multi-electron transfer and sluggish kinetic
barriers. This approach can suppress the competing reac-
tion restricting C—C bond formation regarding efficient
CO, to C2+ conversion [10]. Furthermore, modifying
In,S4 composition with Zn could potentially ameliorate
CO,-splitting  photocatalytic ~ activity, resulting in
7368.7 pmol-g~'-h~' CO formation on the g-C3N, surface
[57] and 4261 mmol-g~"-h™" of H, yield on the Co3S,
surface [85]. The higher performance of fuel yield can be
attributed to the enhancement of electron-hole pair sepa-
ration, transfer, and recombination of two interface
materials.

3 CO; reduction through photoinduced hot-
electron-thermal synergistic effects

3.1 CO, photothermocatalytic conversion
mechanism

Solar spectral and heat-coupled effects were found to be
suitable as alternative means of overcoming high-temper-
ature thermodynamic limitations, large energy consump-
tion, low catalyst activity, and hot-electron transport
constrained by a high-potential chemical barrier, as well as
low solar fuel and low chemical energy conversion effi-
ciency [86-93]. The exploitation of the solar photonic
components and intensity-synergistic CO,-splitting and
associated reactive gas chemical transformation charac-
teristics is attracting researchers in search of the possibility
of converting a full solar spectrum and increasing the solar-
to-fuel efficiency. Still, the theoretical efficiency of solar
fuel conversion is low at ~ 20% according to thermody-
namic analyses and ~ 17% of the target attainable pho-
toconversion efficiency over a 2- or 2.4-eV optimal
bandgap [91]. Bhatta et al. [86, 94] recently developed a
solar reactor that could use an integrated photothermal
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process with catalyst materials that had photothermal
properties that exhibited higher fuel yield, showing an
increase of up to 8000 pmol-h™' due to the combined
effect of increasing temperature and photon flux. The
underlying intrinsic mechanism of the directly irradiated
reactor accounts for H,O-assisted CO, photoreduction over
a photothermal catalyst through a complex coupling of
photolytic mechanisms, fluid flow motions, heat and mass
transfers, and radiative flux transport mechanisms. The
challenge lies in the synergetic effects of photoinduced
light/thermal and its underlying conversion mechanisms
and thermodynamics in the chemical reaction media
[95-99].

The physical mechanism underpinning solar spectrum
conversion consists of the direct absorption of photons
from visible light and ultraviolet for the creation of e /h™
and the activation of photochemical reaction, as well as the
conversion of the remaining irradiance (visible and IR) into
heat for the thermochemical process [16, 100]. This basic
understanding of the mechanism of the in-situ sunlight
distribution can provide insight into the selection and
design of energy storage materials, accounting for both
thermal and photocatalytic properties. The gas—solid ther-
mal conversion of CO, is characterized by a complex
mechanism, and the need to consider the pre-exponential
factor is strongly related to the fact that the kinetics of
CO,-splitting is associated with the rate of CO yield
[101-104]. As represented in Fig. 4a [17, 101], Fu et al.
[101] demonstrated that CO formation from CO,-splitting
on a LaMnO3(010) O-defected surface could be charac-
terized by one transition state activating CO, decomposi-
tion, followed by CO desorption on the O-filled vacancy
site. The final CO yield can be clearly attributed to the
material composition and chemical activity of the surface
because CO,-splitting is highly pronounced at the irradi-
ated active surface. Based on the photothermal principles
depicted in Fig. 4a and b, the surface exposed to UV-Vis
light would result in significant photocatalytic activity,
while the absorbed radiant energy flux would generate heat
by inducing thermal catalytic effects. The synergistic
activity may be beneficial or result in competition reac-
tions, depending on the physicochemical properties of the
active material.

3.1.1 Plasmon resonance excitation enhancing
photothermal synergistic activity

The in-situ microheat generation behavior of certain cata-
lysts may contribute to the increase in the local reaction
temperature by resulting in photothermal effects with
complex reaction kinetics consisting of photodriven kinetic
and additional thermal-driven kinetic. Regarding CO,
catalytic conversion, the photothermal reaction rate is not

aQ

dependent on the UV plasmon excitation of active catalysts
or the generation of electron-hole pairs by the support
[105, 106]. Instead, CO, binding and catalytic conversion
were found to be pronounced by nonradiative relaxation of
the active catalysts, followed by optical excitation of intra-/
interband electrons, which is different from that of the
photocatalytic conversion mechanism [90, 107]. Analyses
of the thermal characteristics of Cu and Ni catalysts in
Cu@Ni@ZIF-8 photothermal catalysts [108] have found
that catalysts with higher in-situ heating properties result in
significant promoting effects on the photocatalytic reaction
rate. According to the literature, an effective method for
whole range of solar spectrum utilization is shown in
Fig. 4b [109], and the photothermocatalytic CO, conver-
sion performance is strongly associated with the catalyst’s
visible light and ultraviolet absorption capacity. As indi-
cated in the photochemical section, CO, binding on the
catalyst is highly promoted by light irradiation, which
facilitates H, dissociation into a short-lived Au-H due to
hot-electrons transferred from the Au catalyst. Then, the
fixed CO, and the intermediate Au-H formed undergo
photothermal reduction into CO. As indicated in Fig. 4c,
Au’s higher visible light absorption and plasmon resonance
ability [99] enhance the CO, photothermal catalytic
reduction over Au/CeQO, to reach up to 10 times greater
than the thermal process [2]. The synergistic photothermal
activity is greatly improved by coupling plasmon reso-
nance excitation on the Ag/W 30,49 catalyst [8]. Further,
the CO, photothermocatalytic reduction over m-WO;_, is
highly improved due to the catalyst’s higher lattice O,
mobility, which facilitates the photoinduced electron
transfer toward C/CO formation and CH, selectivity [109].
The generation rate and selectivity of H,O-assisted CO,
photocatalytic conversion and products (CO, H,, and CHy)
over the Si, SiC, Pt/TiO,, and GaN catalysts can be highly
improved at high operating temperatures, as shown in
Fig. 4d [96]. For instance, high photothermal behavior in
Pt/TiO, [110] was obtained due to the light-driven ther-
mocatalysis on Pt/TiO,. Furthermore, the modification of
TiO, with the MnO, cluster induced a lower bandgap with
abundant catalyst sites, resulting in higher photoactivity
under visible light followed by efficient CO, reduction
under low activation energies [80, 111].

The temperature interacts by thermally cleaving some
molecules (C-O bond) whose photochemical surface reac-
tions are kinetically limited or difficult to proceed for the
creation of intermediates such as C and CO. It should be
noted that the intermediates are further photochemically
hydrogenated into CH4/CO through the effects of e /h™
recombination. The improvement in the photothermal CO,
reduction rate is associated with the catalyst surface
activity in terms of hot-electron photogeneration for the
activation/absorption of intermediate reactions, the creation
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Table 2 CO, photothermal catalytic conversion under a broadband solar spectrum: Most relevant catalyst materials exhibiting
photothermal properties and their catalytic activity toward CO, conversion under combined conditions are highlighted to provide insight
into the available materials, their chemical compositions, and operating conditions compared to those used in a single photo- and

thermochemical processes

Operating conditions Fuels yield Photocatalyst Refs.
materials
153 kW-m~2 of Av. radiation flux, T = 1000 °C, P = 0.101325 MPa, 8000 pmol-h~" of CO 1 wt% Cu/TiO, [86]
1 L-min~" of CO,, 25 ml-min~" of water vapor
300-W Xe lamp, 20 kW-m~2; P = 0.20265 MPa; T = 150190 °C;  22.0 pmol-ges '-h™" of CO In;03.,(OH),/SINW [12]
COQZHZ =11
300-W Xe lamp at 25 kW-m~2; no filter; P = 0.186165 MPa; 11.7 mmol-gear *-h~ "' of CO Pd@Nb,Os [106]
T =160 °C; COz:H, = 1:1
1000-W Xe lamp, 4 > 240 nm; T = 250-350 °C 250 pmol-g~"-h~" of CO Si [96]
35.8 umol-g~"-h~" of CO, Sic
35.4 ymol-g~"-h~" of CH,
~ 3200 pmol-g~"h~" of H,  RuO,/GaN:ZnO and
ha_yCryO?,/
GaN:ZnO
Blue light with 450-460 nm at 300 °C, CO,:H2:N, = 1:4:1 94% CH, selectivity Co40/Ce0, [87]
Green light of 560-570 nm at 450 °C, CO2:H,:N, = 1:4:1 100% CO selectivity Cu4¢/Ce0,
300 UV-Vis spectrometer, P = 0.7579 MPa, T = 400 °C, 2663 pmol-mg ™" garmin~" of Au/TiO, [99]
PPco,= 0.252863 MPa, PPy, = 0.505037 MPa, 15 cm®min~"' of ~ CO, conversion rate
total flow rate
UV light of 365 & 38 nm, 140 °C, atmospheric pressure, 30 (STP) 64 umol-g~"h~" of CH, Pd/TiO, [97]
L-h~" He with 1 vol% CO,, H,O/CO, = 4
Sunlight irradiation 14.5 kW-m~2, at 300 °C 69.49 mmol-g~"c,-h ™! CH, 1 wt% Ru/TiO, [89]
300-W xenon lamp (PLS-SXE300C), 138 °C, 2 ml H,O, 1 ml CO,  25.97 pmol-g~"-h~" of CO 2%CuS/TiO, [115]
300-W Xe lamp light 2 > 420 nm, 250 °C 25.77 ymol-g~" of CH, m-WO3-Hssg [109]
1 sun illumination at 150 °C 85 mmol-g~'carh ™! CH,4 RuO, [122]
135 mmol-g~"carh™" CH, H, reduced RuO, into
Ru under 2 h
250 °C
300-W Xe lamp, at 365 °C 18.16 mmol-g~"corh™" CH, Ru/Al,05 [123]
300-W Xe lamp, at 285 °C 17 mmol-g~'¢arh™" CH4 Ni on Ce,Ti,O, [124]
supports
UV light-emitting diodes, 30 W, 2 = 380 nm; at 350 °C; Hy:CO, =1 58.07 mmol-g~ " arh™’ In,03.,(OH), [125]
150 mW-cm™2; T = 210 °C 12.4 mmol-g~"carh™" of CHs  RU/TiINT [126]
300-W Xe lamp irradiation, 2 = 200-2000 nm; T = 400 °C; 19.61 mmol-h~".g7 ',  of CO  FeO-CeO, [127]

P =0.18 MPa; 15 ml-min~" flow rate; CO,:H,:Ar = 15:60:25

over FeCe-300
(Fe:Ce = 2:1)

of O-vacancy in the support, and the effects of localized
surface plasmon resonance (LSPR) of certain nanoparticles
(Ni-, Rh-, Fe-, Au-, Ag-, Cu-, ...) under light illumination
[87, 99, 109, 112, 113]. In response to the challenges
related to SPR-assisted C-O cleavage, coupling charge
transfer and orbital in CO, photoreduction reaction mech-
anisms have been further investigated, resulting in a
detailed mechanism of CO, to CO conversion over Au
photocatalyst [114]. The combined properties were inves-
tigated by Ullah et al. [87] using Co,sCu;5/CeO, as a
bimetallic CO, photothermal reduction catalyst, reporting
significant enhancements in the CO, conversion rate over
the entire reaction temperature.

aQ

3.1.2 Plasmon resonance excitation enhancing
photothermal synergistic activity

The use of a thermal mechanism in photocatalysis has been
found to increase the CO, conversion rate over Ru/TiO,
[89], CuS/TiO, [115], and Pd/TiO, [97], even at 150 °C.
Compared to the single thermal process, this indicates that
both spectral and intensity features are relevant. In that, the
thermally driven mechanism in which increasing product
formation with reaction temperature has been reported, the
overall photothermal conversion efficiency relies on both
photo- and thermal-driven reaction kinetics. In the photo-
catalytic reaction, it was found that doping the sample with
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noble metals could result in the modification of the surface
properties of the catalyst, thereby improving photoinduced
electron—hole separation via the Schottky barrier, increas-
ing the active sites formation, narrowing bandgap, and
enhancing the catalyst activity due to the effects of SPR
excitation under visible light and near IR
[89, 97, 115, 116]. The Schottky barrier is a key factor for
improving the photocatalyst activity of the semiconductor
by appropriately doping or creating O-vacancies in the
reacting interface [117]. From the thermodynamic per-
spective [89, 109], increasing the reaction temperature is
the main enhancing factor for overcoming the photo-
thermo insufficient driving forces (kinetics) for effective
CO, conversion over 1-106 W-cm ™2 light intensity [118].

A recent report indicated that a photothermal conversion
of CO, into 7.5 L-m 2h™! CH, over two-dimensional
amorphous Y,0; nanosheets decorated with single Ni
atoms (SA Ni/Y,03) is possible with 0.52-0.7 kW-m 2
sunlight and at 288 °C with the use of a selective light
absorption concept [119]. At high temperatures, light
contributes to the reaction kinetics and product formation
by reducing the activation energy of thermocatalytic
reactions (for example, EaRu decreases from 70.4 to
36.2 kJ-mol~!) [118] via photoexcitation. The declination
in the photogenerated charge carrier recombination
dynamics resulting in the limitation in photo-oxidation
kinetics at reaction temperatures exceeding the Debye
temperature of the photocatalyst may be associated with
nonradiative multi-phonon recombination of charge car-
riers [120]. The strongest catalysts for light-absorption
behavior, such as Ru@FL-LDHs [42], are particularly
effective for CO, reduction due to the strong binding
capacity of Ru (2.4 eV) nanoparticles (> 5 nm), followed
by the bandgap energy reduction of the absorbed CO,
(2.4-8.5 eV) [118]. The combination of these properties
in the reacting media could result in boosting the overall
photothermal catalytic activity [110]. The mixed metal
oxidation state forming bifunctional catalysts, such as
CuO/Cu,0 [121], can constitute part of an engineered
photothermal catalyst design approach that could be cru-
cial in photo- and thermocatalytic CO, reduction. This
approach is attractive because of its reliability and oper-
ating temperature, below 600 °C [120], which is well
suited to large-scale uses, such as demonstrations and
industrial processing. Advanced catalysts of CO, pho-
tothermal catalytic conversion are highlighted in Table 2
[12, 86, 87, 89, 96, 97, 99, 106, 109, 115, 122-127] to
provide comprehensive insights into the available mate-
rials developed to date, their chemical composition,
photocatalytic performance, and appropriate operating
conditions that could lead and ease future research
direction toward higher performance and industrial
scalability.
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3.2 Design principles for a light-induced hot-
electron thermal multi-field coupling
heterogeneous reacting system

The possibility of a photothermal coupled process has been
demonstrated for efficient CO, re-utilization into mar-
ketable energized products. However, light-thermal cou-
pling principles, the optimal design of the photothermal bed,
and the mechanisms underlying light-induced electron-
thermal chemical energy storage are the major key scientific
and engineering challenges (Fig. 5a). To address these
issues, a photoinduced isomerization approach could be
developed with thermochemical cycles for the direct storage
of high energy spectral in heterogeneous catalysts and the
direct utilization of unabsorbed photons for the synthesis of
thermochemical fuels. This novel approach can generate a
global solar-to-chemical energy conversion efficiency of
68.7% through numerical analysis [100]. Also, computa-
tional models accounting for fluid flow, heat and mass
transfer, and radiation flux transport can be developed to
study spectral coupled-intensity distribution characteristics
and CO, photothermal conversion in a high light-transmis-
sion catalytic monolith porous medium. For instance, Bhatta
et al. [94] reported a CO,-to-CO conversion that was four
times higher than the single thermochemical process at
temperatures > 1000 °C due to the effect of photoenhanced
thermal reaction in the reacting media [86, 128].

As shown in Fig. 5a, understanding the photothermal
principles, mechanisms, and kinetics underpinning the
theory of energy conversion from solar to fuels and
chemicals could result in appreciable solar energy-con-
version efficiencies. For instance, a higher H, production
rate of up to 786 pumol-g~'-h~' can be obtained with SiO,/
Ag@TiO, core—shell solar thermal collectors designed for
photothermic-promoted hydrogen synthesis [129]. In
addition, Pt/TiO,-anchored photothermal bed could exhibit
4.2 and 8.1 times H, yield at 90 °C, relative to the single
thermal- and photopowered reactor [130], respectively.
Additionally, a windowed photoreactor covering a hot
mirror is designed to split the solar beam into spectral and
intensity [88]. This approach provides insight into devel-
oping a decoupled solar photothermal system based on an
absorption-transmission fundamental mechanism. In a
light-induced hot-electron and thermal coupling system,
UV-Vis light-induced photons are directly exploited for
photochemical performance, while the reflected incident
radiation is concentrated on the active material for ther-
mochemical conversion [131-133]. Taking a similar
approach, Wang et al. [109], using the mechanism of CO,
photothermocatalytic reduction over m-WO;_,, have pro-
posed the use of a photothermal reactor model that directly
concentrates UV-Vis light at 780 nm > 4 > 420 nm.
However, to significantly improve CO, conversion and
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major product yields, such as CH, and CH;OH, under the
thermal and light-induced synergistic effects, the reactor is
coupled with an additional solar-powered heating process.

A review of the literature related to the single thermal
component of sunlight energy exploitation indicates that
significant progress has been made in the design of solar
thermal receivers and reactors for the performance of the
synthesis of thermochemical fuels. However, recent

Q

scientific reports have been limited to a stable photothermal
hybrid system design for fuel and chemical production due
to the restricted understanding of the coupled-system
conversion mechanisms, kinetics, and thermodynamic
restrictions. Photocatalytic operating efficiency at elevated
temperatures is a key issue associated with the combined
system. Taking advantage of the issues related to pho-
tothermal heating along with light-induced charge-coupled
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heat and mass transfer characteristics [134], as shown in
Fig. 5d, a high-light intensity photothermal reactor has
newly reported a photothermal catalytic CO, hydrogena-
tion of up to 15.4 mmol-g~'..-h™! of CO yield at 300 °C
using In,05_,(OH), [125]. This catalyst system is consid-
ered the most appropriate photothermal catalyst at present
[135]. Considering the recent literature and following the
parent issues associated with a photothermal system, sig-
nificant knowledge of thermochemical and photochemical
systems and sufficient selectivity of the materials with
significant photo and thermal properties could result in the
effective configuration of a photothermal reactor.

The endothermic and exothermic nature of the RWGS
reaction displaces the photon-thermal driven kinetic toward
CO and MeOH synthesis at temperatures above 300 °C. A
photoreactor carrying CO photothermal catalytic oxidation
into CO, over Fe;Si/Coz04 has been developed with a
maximal operating temperature of 250 °C at 1 kW-m >
solar irradiation [136]. An advanced system design allow-
ing for easy and efficient sunlight harvesting could produce
photothermal fuels, chemicals, and electricity with 4.2%
overall efficiency at 12 suns [137]. The photothermal cat-
alytic activities have been tested at low temperatures
because of the nonradiative recombination limitations
subjected to a high-temperature thermal process. This issue
could be surmounted by high-temperature photocatalyst
engineering design, owing to significant knowledge of
tunable parameters, including phonon dispersion charac-
teristics, bandgap energies, trap, and vacancy or impurity
states. Apart from the receiver configuration, the main
difficulty in this process is the compromise in the thermal
catalysis of terminal oxidants and their applicability in
photoredox systems [138-140].

As depicted in Fig. 5b [141] and c [137], a quartz
reactor coupled with a highly concentrating photothermal
lamp can be developed for the photothermal catalytic
reduction of CO, into fuel. In addition, the extended design
of the newly developed photothermal reactor based on the
light-thermal coupling concept using microwave plasma-
enhancing solar fuels conversion is shown in Fig. 5e [142].

3.3 More distinct mechanisms underlying solar
photothermal CO, catalytic reduction

It has been demonstrated that solar multi-spectral band
radiative flux transfer, along with the generated heat
transmission in a photoactive reacting media, could induce
catalyst activation following reactive gas (CO,) conversion
through different reaction mechanisms, including pho-
toinduced heating-mediated thermal catalysis, heat-medi-
ated photocatalysis, and synergistic photothermal catalysis.
Compared to the latter, where photocatalysis and thermo-
catalysis occur simultaneously, CO, conversion through
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thermal-assisted photocatalytic is typically based on the
photocatalysis mechanism, while the light-assisted thermal
CO, conversion process relies on the thermochemical
mechanism. The limited knowledge of these distinct
mechanisms restricts the efficient exploration of solar
energy. Additionally, improving light-to-heat conversion
efficiency, thermal management to enable efficient pho-
tothermal catalytic activity, and enhancing intrinsic cat-
alytic site reactivity are critical factors that limit solar-to-
chemical energy conversion efficiency. Research and
innovative ideas are still needed to enhance optical and
quantum efficiencies, spectral transfer, and heat transmis-
sion efficiency, as well as kinetic and thermodynamic of
multiple electron transfer processes, and to find solutions
for preventing electron-hole recombination and accelerat-
ing light-thermal energy conversion. This effort requires
considerable focus on designing flow reactors and devel-
oping materials with better overall performance.

(1) Photoinduced heating-mediated thermal catalysis is
mainly based on the thermal catalysis mechanism.
The active catalyst material is heated to a desired
temperature, leading to a chemical reaction upon light
irradiation due to the spectral absorption capacity and
plasmonic heating effects of the media. Under light
irradiation, the catalyst adsorption energies (E.4)
capacity, with more negative E,q; indicating stronger
adsorption, and reaction energies (AE) with negative
AE representing exothermic process can be accessed
through computational methods such as employing
Vienna Ab-initio Simulation Package (VASP) com-
bined with frozen-core projector augmented wave
(PAW) methods [143]. The most significant issues are
associated with the composition of the nanoparticle
catalyst system, such as a cooperative catalyst system
involving photocatalysts and photothermal catalysts
and the catalyst synthesis conditions, particularly the
preparation temperature and time. Considering
0.35Ru@0O-vacancy-rich Ni,V,0; [144] and Ru/
Mo, TiC, [145] catalyst systems, the temperature of
the reacting media rapidly increased under light
illumination due to the high thermal conductivity of
metal Ru, which acts as a light absorber and
conversion into heat [146] following its high intrinsic
activities exploited for the catalytic reactions.
Regarding the structure and composition of the
catalyst system, MXene-support seems to enable
higher metal loading, enhance light absorption ability,
and ensure thermal stability and long-term durability
due to the stronger binding of the metal loaded and
the support [147]. Besides, IR cameras and thermo-
couples carefully coupled to a flow reactor or batch
reactor are usually employed to measure the surface
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temperature change of the catalyst system. For light-
assisted thermal reaction conducted in a flow reactor,
the higher temperature of the reacting media first
promotes energetic charge carriers transfer to the
active sites and then induces fast desorption of H,O
followed by regeneration of the active catalyst sites,
which lowers CO, activation energy barrier and
creates more successful collisions. The protons cre-
ated through photoactivity first weaken the C-O bond
of the adsorbed CO, on the surface of the thermally
activated oxygen carriers before it thermocatalytically
converts into fuel driven by oxygen vacancies [148].
Afterward, the lattice oxygen is extracted from the
oxide surface, followed by the formation of H,O and
regeneration of oxygen vacancies due to the activity
of protons. The process of photoinduced charge
carrier transfer that can be permanent or transient is
attributed to photochemical activation, allowing high-
temperature reactions to occur under milder condi-
tions. The localized heat generation [144, 149]
responsible for the thermocatalytic-driven reaction
could be more favored by doping high thermal
conductivity semiconductors with poor thermal con-
ductivity photocatalysts used as the major light
absorber. It should be noted that the local thermal
effect is mainly attributed to the fast recombination of
the photogenerated e /h™ pairs, and the rapid increase
in the local temperature can be observed due to the IR
shielding effect, heat transfer between catalyst and
substrate, and heat preservation when the support
matrix is made of high thermal conductivity metal
oxides [150, 151]. The material possessing strong
light-absorbing capacity, hot-electron generation,
higher heating effect, and unique catalytic function
could be preferable for achieving high-efficiency CO,
thermocatalytic conversion due to the strong impli-
cation of photoenhanced reactivity and selectivity
[68, 152, 153]. In addition, most of the literature
reported a higher catalytic rate under Xe lamp
irradiation rather than in the dark under thermal
heating conditions, which justifies the higher contri-
bution of photogenerated energetic charge carriers in
the traditional thermocatalytic reaction [154].

In the heat-mediated photocatalysis process, mainly
driven by the photocatalysis mechanism, a high CO,
conversion rate is strongly associated with stronger
CO, adsorption achieved via increasing temperature
that can be controlled through heating. Also, boosted
photocatalytic CO, reduction performance can be
obtained by enhancing CO, adsorption capacity while
increasing the surface-active sites and improving
charge separation/transfer through the composite
catalyst system [155-157]. A stronger CO, adsorption

A&
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capacity over two-dimensional catalysts such as Co-
Ti;C,T, was observed by increasing the temperature,
which indicated a strong implication of temperature
in the photocatalytic CO, conversion process
[158, 159]. However, the photodriven reaction mech-
anism may upgrade to the conventional thermocat-
alytic process, thereby resulting in less photocatalytic
activity due to the photocatalyst sintering and deac-
tivation in long-term high-temperature environments.
Synergistic photothermal catalysis typically combines
photocatalysis and thermocatalysis mechanisms,
where the reaction kinetics and high product selectivity
are promoted by photothermal heating and photoex-
cited charge transfer processes simultaneously.
Recently, experimental tests were conducted under
dark at room temperature, dark at high temperature,
300-W Xe lamp irradiation leaching IR light, and full-
Arc 300-W Xe lamp irradiation to disclose the contri-
butions of light and heat in the solar-driven CO,
conversion over catalytic reaction. Through the above
experimental proceeding, Chen et al. [144] reported a
high amount of CH, production of 9.2 times higher than
the thermal catalytic activity and 3.9 times higher than
the sum of photocatalytic and thermal catalytic activ-
ities, demonstrating the high involvement of the photo-
and photothermal catalytic synergetic effects. Besides,
the incident light wavelength and the absorption edge
of the catalyst could be regarded as the controlling
factors to regulate CO, reduction photocatalytic and
thermocatalytic activities mainly driven by photogen-
erated e /h™ pairs and local thermal effect, respec-
tively. For instance, the photons absorbed in the
catalyst system could photothermally activate chemi-
cal reactions through the thermal effect for the
wavelength greater than the catalyst absorption edge.
Besides adopting the MXene structure as photothermal
support, Wu et al. [160] obtained exceptional light
absorption capacity, resulting in higher surface tem-
perature due to the intrinsic thermocatalytic activity of
Ni/Ti;C,. MXene-based material can be considered a
promising photothermal catalyst due to its excellent
photothermal characteristics, such as strong light
absorption and heat management capacity, as well as
multi-functional surface reactivity [161]. The CO,
hydrogenation reaction through photothermal catalysis
proceeds via H, activation followed by metal-H
formation, which is the determining factor for subse-
quent CO; or the activated form of CO327 conversion
across the interface between metal nanoparticles and
the support matrix [106, 162]. This indicated that gas
phase reactant adsorption on the catalyst surface could
be regarded as the first step of the photothermal
catalytic reaction, which could be promoted by
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increasing the basic site on the catalyst surface. Ren
et al. [42] reported that targeting and activation of CO,
and H, simultaneously on the support matrix and
nanoparticle catalyst surface could result in high-
efficient CO, photothermal reduction. Interestingly,
the conversion rate and high selectivity strongly
depend on the interaction between the metal catalyst
and the support matrix, implying the necessity of deep
research on how the electronic properties of a metallic
catalyst are modified by the support to shift the
selectivity to desired products [163—-165]. Accordingly,
recent studies increasingly consider theoretical studies
such as employing density functional theory (DFT)
calculations and in-situ characterization methods to
unveil the electronic properties of catalyst systems, as
well as in-depth analyses of catalytic reaction pathways
and the reaction intermediates. Still, the photothermal
property and the intrinsic thermal catalytic reactivity of
the catalyst are crucial for accessing high-efficiency
photothermal performance. This makes the photother-
mal reaction look similar to the conventional thermo-
catalysis apart from the presence of light, which alters
the reaction mechanism to the photothermal, thereby
excluding the photocatalysis reaction coordinate.
Besides, broadening solar absorption and improving
heat transfer efficiency along with the active sites via
incorporating dopants have been suggested as the key
challenging issues for achieving higher CO, photother-
mocatalytic conversion performance and selectivity
[166-168].

The catalytic reacting media in which photocatalysis
and thermocatalysis occur under solar irradiative flux could
be regarded as a complex coupling process. However, the
mechanisms underlying sunlight-efficient harvesting and
CO, reduction employing composite catalyst are only
understood from the basic mechanism, including photo-
and thermocatalytic activity induced by the catalyst system
under light irradiation [149, 169]. In contrast, the effects of
other decisive phenomena induced simultaneously by light
and thermal are still unclear. To this end, intensive efforts
not only on the material but also more focused on the
physical model-integrated photothermal catalysts should be
devoted to providing a reliable photothermocatalysis sys-
tem for an effective demonstration as experienced with the
high-temperature thermochemical processes.

4 Conclusions, limitations, and perspectives

The reliability and effectiveness of using solar irradiation
to convert CO, into sustainable value-added fuel and
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chemical energy have been proven, and it could be
expected to become a low-cost renewable and net-zero
carbon emission technology for synthesizing industrial raw
materials. The main research fields and focus mainly
involve (i) optimization and dynamic regulation of the
optical systems for enhancing the optical and absorption
efficiency up to the maximum usage of the incident irra-
diation; (ii) the design, preparation, and intensive studies
on material and reactor structures along with reaction
processes to achieve fully the usage of external energy
applied; and (iii) intensive studies on the performance
evolution and regulation of the photothermal effect to
upgrade solar energy conversion efficiency. Although
exponentially growing research trends have been observed,
this emerging technology cannot fully realize its engi-
neering application potential due to the lack of mature
photothermal catalysts, lack of photothermocatalytic reac-
tors development, and limited understanding of the
underlying techniques and methods. A summary analysis
of the mechanisms underlying the photocatalytic and
thermocatalytic CO, conversion showed a daunting chal-
lenge associated with improving the solar photothermo-
catalytic conversion efficiency regarding large-scale
demonstration and applications.

4.1 Key performance

Remarkable yields of clean combustible fuels ([H,/
+ CO], CHy, MeOH and C2+) were reported, indicating
the techno-economic feasibility and technological readi-
ness for possible industrialization, as well as for green
environmental remediation. UV-visible light, efficient
distribution and absorptivity, CO, binding and activation
capacity, active catalyst porosity, and charge transfer are
the inherent characteristics of the photochemical reaction
chamber for efficient CO, conversion. H, formation and
selectivity were favored by photoactivity relative to CO
yield. It seems that light-induced hot-electrons are less
favored for splitting CO,, considering the amount of H,
produced and the CO generation rate of about 91.9 and
4.97 mmol-g~'.,vh™!, respectively, through pg-CsNu/
Tiz;AlC,/TiO,. As shown in Fig. 6b, important results
regarding Pt/In,O5/g-C5Ny, u-CoAl-LDH, pg-C5Ny/
T13A1C2/T102, AUZo@ZIF-67, Ni0‘75Mg0.25-MOF-74 and
Bi;,0;7Br, nanotubes indicate significant CO yield, as well
as other major fuels (HCOOH, MeOH, ethanol and H»,),
from 566.4 pmol-g~' up to ~ 736.3 mmol-g~"-h~' under
visible light irradiation. While using the materials’ O,
extraction/uptake behavior, CeO,/CeO,_s, Fe35Nig 650,
LaCoy.7Zr 303, Ceg.75Zr0.2502-C, Pro.18510.80Mn0.9902.951,
and Prg39Srg3Mngog0s979 resulted in much more
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favorable redox thermodynamic characteristics regarding
CO, conversion, to about 500-1500 pmol- gf1 of CO yield,
as shown in Fig. 6a.

Considering the photocatalyst mechanism and thermo-
dynamic limitations, active atomic surface tensile strain is
highly relevant to the hot-electron transfer and effective
charge separation toward high product selectivity. How-
ever, understanding the electronic structure and atomic
coordination of the dynamic evolution of CO, subjected to
photoreduction remains limited. Although photocatalyst
activity favors H, generation, the current materials are
limited by their low quantum efficiency and chemical or
physical instability [170]. Most studies have been con-
ducted on the photocatalyst level, resulting in a trade-off in
the final yield of photogenerated fuels that can be consid-
ered major scientific issues for understanding the inherent

aQ

mechanisms and kinetics of in-situ CO, photoreductions
through an appropriate optofluidic reactor model. The
development of photocatalytic reactors has not seen the
enormous progress achieved in thermochemical or thermal
reactors.

4.2 Photothermal system and future research

When combined with thermal elements, the photocatalyst
conversion rate becomes more significant for catalysts with
higher in-situ heating effects. The nonradiative relaxation
of active catalysts associated with the optical excitation of
intra-/interband electrons and the plasmon resonance effect
is relevant to CO, binding and photothermal reduction. The
maximum operating temperature for overcoming the
insufficient photothermal driving forces to efficiently
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exploit the synergistic photothermal effects is about
600 °C. Increasing reaction temperatures beyond 600 °C
could result in single thermal-driven reaction Kkinetics.
Photo-/thermalenhanced CO, conversion kinetics is sig-
nificant for both photochemical and thermochemical pro-
cesses, namely, in improvements to the generation
efficiency of solar fuels in the literature. Further funda-
mental research is needed to develop rigorous and com-
prehensive multi-physics models for light-induced hot-
electron and thermal-coupled systems to obtain an under-

standing of the in-situ mechanisms, kinetics, and
a
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thermodynamics that could lead to the appropriate design
of a photothermal system. Surface chemistry is the most
pronounced kinetic for both photo- and thermocatalytic
chemical conversions. However, lowering the activation
energy for the thermal catalyst and narrowing the bandgap
of the photocatalyst are two major considerations that
could illuminate the black box, constraining the develop-
ment trends in the photothermal discipline.

Appropriate photothermal catalysts exhibiting signifi-
cant CO, thermal and photocatalytic conversion are pre-

sented in Fig. 6¢c to highlight the catalyst materials
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development dynamic. A similarity is observed in the
materials selection and chemical composition, indicating
that the same single-atom catalyst or composite catalyst
can perform well under UV-Vis light or thermal condi-
tions. During catalyst selection, the photoexcitation of the
active catalyst results in the reduction of the material’s
activation energy during the thermochemical process,
whereas, in the case of photochemical processes, the
thermal effect induces the bandgap energy reduction of the
active material. UV—Vis light and high-temperature driven
chemical reaction upgradation to reasonable and highly
efficient photon/thermal system was only possible by tak-
ing advantage of the underlying catalyst-based sunlight
energy conversion and reactive flow properties as shown in
Fig. 7a. Among the catalysts reported to date, Ru catalysts,
particularly H,, which reduces RuO, into active Ru catalyst
and black In,05_,/In,O5 redox catalyst, have emerged as
parts of advanced catalytic systems exhibiting remarkable
photothermal catalyst activity for efficient CO, conversion
and high product selectivity. These photothermal concepts
and principles go beyond a simple summary of photo and
thermal effects due to competitive or synergistic pho-
tothermal chemical reaction kinetics and SPR effects of
plasmonic materials, making the process more relevant in
terms of global application.

4.3 Path toward a sustainable solar-driven
approach to catalysis system design

New insights have been gained into the design of func-
tional and active catalysts and their efficiency and stability
in a flow reaction system, as seen in Fig. 7b [3, 131, 171],
which has significantly advanced the research trend of
converting solar energy into fuel and chemicals, exploiting
both spectral and solar intensities. The recent literature in
the field indicates that CO, catalytic hydrogenation, con-
sidered the key process for the current new chemical
industry, appears to be an appropriate way to achieve full-
spectrum solar energy conversion into fuels and chemicals.
A remarkable fuel yield was obtained with the RWGS
process, which was thus suitable to the photon and heat
content of solar energy, harnessed into selective products.
Taking advantage of the thermodynamic and kinetic
restrictions subjected to a single solar spectrum component,
introducing light into the thermochemical process and vice-
versa is a great challenge to achieving high CO, re-use. An
optofluidic bed-design approach for improving photother-
mal catalysis under reactant coupling light and heat-en-
hanced chemically reacting media has been demonstrated
to provide an engineered design approach. Other specific
cases that require intensive study, along with their associ-
ated difficulties, pose key challenges in the future, as
shown in Fig. 7c.

aQ

There are significant signs of progress in developing a
photothermal catalyst system that could make full-spec-
trum solar energy integration more widespread. Some
existing fluidized bed solar reactor configurations that are
energy intensive, highly costly, safe, and stable can be
easily modified into light absorbers to create a photother-
mal process for the coupling photon-thermal performance.
Energy savings of up to 63% were achieved by integrating
UV-Vis light into a thermal reactor while maintaining a
tremendous amount of chemical conversion [118]. A
selective light absorption approach was found to be an
appropriate concept for improving the temperature distri-
bution within the photothermal catalyst system at ambient
solar irradiation. In addition to other influencing factors,
the residence time (reactor volume (V)/flow-rate (v)), in
terms of short and long time corresponding to high flow
and low flow rates, resulted in lower and higher CO,
conversion, respectively. To deeply investigate the cou-
pling effect of solar photo energy and thermal energy in
which the photocatalysis and thermocatalysis take part
synergistically in the catalytic reactions, it is imperative to
design a scalable photothermocatalysis reactor that best
utilizes the catalyst materials to maximize solar energy
conversion and major product selectivity. Figure 7d [149]
is a simplified physical model of light-thermal-chemical
multi-field coupling dynamic behavior modeling and con-
trol strategy that can be developed using finite element
method (FEM), computational fluid dynamic (CFD) codes,
Monte-Carlo rays tracing method, and other relevant soft-
ware considering real data of solar field (optical system).
Ultimately, the established numerical models can be
applied to search for the principles of coupling solar energy
and thermal energy, study multi-spectral bands radiative
transport and optical efficiency improvement, and design
and optimize optofluidic reactor and porous structure.

This insight is closely tied to the fundamental insight of
the photothermal approach, combining light and heat to
provide an alternative approach for the industrial outflow
of CO, re-use into major products such as CH; and MeOH
with more effective CO, conversion rates than the most
challenging single photocatalytic component. The success
of such a technology could promote renewable, clean fuel
and chemical production and systematically impact global
economic trends and green environment remediation. The
formation rates of CH, and MeOH may be affected by the
yield of CO due to the effects of surface-frustrated Lewis
pairs, which are found in the photocatalytic mechanism. As
shown in Fig. 6, much work has reported CO, CH4, MeOH,
and HCOOH as major fuels produced from CO, pho-
tothermal conversion, owing to the limitations of photon-
thermal kinetics. These are still attractive compared to the
single-photo- or thermochemical processes. The O-vacan-
cies activity of the surface of a metal oxide is the

Rare Met. (2024) 43(7):2913-2939



Solar-driven photothermal catalytic CO, conversion

2933

determining factor for controlling the yield of MeOH and
CH,, thanks to the active sites-based CO, photothermo-
catalytic conversion mechanism. The plasmonic heating
contribution in the media remains a black box when light is
introduced to the thermal process due to the self-generation
behavior of the specific metal catalysts at a microscale
connected to plasmonic hot-electron heating that may
dominate the system’s macroscale temperature changes. In
certain cases, the thermal contribution may alternate with
photon-driven kinetics at high light intensities of about 5.7
and 8.5 suns [122]. Thus, it compromises the effective
photothermal-driven kinetics regarding the complexity of
exploiting the synergistic mechanisms of hot-electrons and
heating phenomena [172-174].

The black-colored catalyst seen in Fig. 7a may present
Vis-light absorption above 600 nm by promoting UV-Vis
light to heat conversion, and as a result, produce higher
photothermal catalytic activity [175] as is observed from
black In,03_,/In,O3 exhibiting 100% CO selectivity com-
pared to the yellow one [148]. Several typical photothermal
materials, including semiconductors with a narrow bandgap
(Ti,03, Fe304 and black titania), metallic nanoparticles
(plasmonic noble metal (Au, Ag and Ru) and non-precious
metals (Al, Cu, Nb, Ni and Fe)), carbonaceous materials
(biomass-derived amorphous carbon, graphene, GO, rGO
and CNTs), MOFs, and MXenes (M, ;X, T, (n = 1-3),
M = Sc, Ti, Zr, Hf, V, Nb, Ta, Cr, or Mo; X = carbon or
nitrogen; T, = oxygen, hydroxyl, and fluorine) have been
illustrated to guide the design of photo-thermocatalysis
system. Regarding the study developed by Tang et al. [137],
it is evident that the photothermal processes have a long
course to successfully realize fuel production from sunlight,
mainly due to poor photo- and thermoresponsiveness to UV—
Vis light and heat coordinates, resulting in larger recombi-
nation and heat losses of 22.10% and 24.16%, respectively.
Ultimately, this study highlights and draws attention to the
most significant breakthroughs to overcome the current key
challenges and future research dynamics in CO, reuse
through a photothermal catalysis system.
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