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Abstract:

Reducing CO, emission has become one of the most urgent issues in the world. The use of abundant solar energy to

convert carbon dioxide into carbon-based chemicals would be a tremendous advance. There are many papers on photocatalysis or

thermal catalysis in the reduction of CO,, however, there is little research on photothermal catalysis for this purpose. We summarize

our current knowledge of this topic, and the classification of catalysts (new carbon materials, oxide materials, metal sulfide materials,

MOF materials, layered double hydroxide materials), their modification and their use in the reduction of CO, is discussed. Trends in

the development of new catalysts are considered.

Key words: Photothermal catalysis; CO, reduction reaction; New carbon materials; MOF materials; Heterojunction

1 Introduction

At present, massive emissions of CO, caused by
the overconsumption of carbon-based chemicals res-
ulting in the environmental contamination have be-
come more and more serious. Especially the prob-
lems such as global warming, melting of polar gla-
ciers, and rising sea levels. Therefore, the exploita-
tion of renewable energy and developing environ-
mental protection methods for the effective reduction
of atmospheric carbon dioxide has become one of the
focuses of public concerns nowadays. Strenuous at-
tempts have been made to convert carbon dioxide in-
to valuable carbon-based chemicals, such as CO, CH,,
CH,O0H, C,,, etc, to alleviate the energy crisis and di-
minish the green-house effect!'. Various methods are

[ such as thermal

developed for CO, conversions
catalytic reaction, electrocatalytic reaction, and pho-
tocatalytic reaction. The electrocatalytic reaction has a
high potential barrier and slow reaction kinetics".
Photocatalysis has limited utilization of solar energy,

resulting in a low conversion rate of CO,". Thermal
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catalytic technology also has many problems such as
high energy costs, strict requirements for reaction
equipments, and difficulty in achieveling high product
selection”. In recent years, scholars have attempted to
introduce both light and heat into the reaction of CO,
reduction. It’s found that the coupling of solar and
heat energy can effectively regulate the activity and
selectivity of CO, reduction'®, which opens a new
pathway for the full utilization of solar energy. Photo-
thermal catalysis in the reduction of CO, involve the
photothermal catalytic tool (reactors), the concept and
principle, catalysts (materials, optimization), and the

applications.

2 Photothermal catalytic reaction

The photothermal catalytic reaction is a prom-
ising strategy to reduce CO, emissions. Introducing
heat in photocatalysis could reduce the thermal cata-
lytic reaction barrier and then accelerate the diffusion
of molecules, triger and promote electron-hole separa-
tion to improve the utilization of solar energy, and ul-

timately realize the higher efficient conversion of CO,
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at relatively mild conditions.
2.1 Photothermal catalytic reactors
A photothermal catalytic reactor is a place where
chemical reactions take place and its parameters (such
as size, luminousness, air impermeability, pressure,
and flow rate) could affect the catalytic reaction rate
and yield of products. Scholars have carried out a lot
of research work on photothermal catalytic reactors.
In 2010, Chueh et al. first applied CeO, with mesh
porous ceramic foam to a solar thermal chemical re-
actor and photothermally catalyzes CO, and H,O to
CO and H, (Fig. 1(a))"". Ghuman et al. reported a gas-
phase packed-bed flow reactor (Fig. 1(b))™. As we
could see in Fig. 1, the fixed-bed experimental sys-
tem mainly consisted of a gas supply part, a fixed-bed
reactor, and a tail gas analysis part. In the test of CO,
adsorption performance, the gas was passed into the
CO, analyzer at the end of the fixed bed. Based on the
CO, adsorption data recorded by the CO, analyzer, the
CO, adsorption capacity can be calculated according
to the formula (1),
q= % x 0(—"’1_‘; )dt X

where, ¢ is CO, adsorption capacity, mmol-g '. Q is

Ty
— 1

7 (M
the decarbonization reaction flow rate, mL-min"". p is
CO, density, kg-m . m is the mass of the catalyst, kg.

M is the molecular weight of CO,. ¢,, and ¢, are re-

out
spectively CO, volume fractions at the entrance and
exit of the test system, %. T, is 273 K. T is the test

temperature, K. ¢ is time, min. After condensation, the
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reaction gas was passed into the gas chromatography
analyzer (GC) at the end of the fixed bed. Based on
the product concentration recorded by the gas chroma-
tography''”, the CO, conversion and CH, selectivity
of the catalyst were calculated according to Equations
(2) and (3).
Xeo, = n(CO);, = (CO2) g
n(COy);,
n(CHy)oy
n(CO,);, —n(COL)gy

where X0, is the CO, conversion rate, while Sy, is

x 100% ©)

X 100%

3)

SCH4 =

CH, selectivity, and »n (x) in and n (x) out are com-
ponents at the inlet and outlet of the test system,
mL min .
2.2 Classification of photothermal catalysis

The research of photothermal catalysis is mainly
targeted toward energy, the environment, and other
fields. Thermodynamic analysis shows that some
complex photothermal catalysis reactions have high
Gibbs free energy and can only be excited by UV
light"'", which leads to limitations in the utilization of
the full solar spectrum. There are two main considera-
tions to maximize the use of the full solar spectrum.
One is developing a kind of new catalysis that can ab-
sorb solar energy with an expanded absorption

[12]

edge' . Another is finding a material with small

Gibbs free energy in a catalysis reaction. How to
make full use of solar energy, especially in the in-

[13]

frared region' ™, is urgent because visible light ac-

counts for less than 40% of the full spectrum of the
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(a) Schematic of the solar reactor for the two-step, solar-driven thermochemical production of fuels. Copyright 2010 by the American Association for

the Advancement of Science. (b) Schematic diagram of the packed bed photoreactor. Copyright Royal Society of Chemistry 2015
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sun and most of the left belongs to the infrared region.
Many photothermal catalysts have been proposed cor-
respondingly. Based on thermal-chemical or photo-
chemical, photothermal catalysis reactions can be di-
vided into three major mechanisms"*: (i) thermal-as-
sisted photocatalytic reaction; (ii) photo-assisted
thermal catalytic reaction; (iii) photothermal co-cata-
lysis. (Fig. 2(a)). The thermal-assisted photocatalytic
reaction is mainly driven by optical energy, where the
activation energy of photocatalysis is apparently re-
duced by thermal energy and then the mobility of the
photocarrier or the mass transfer rate of reactants are
promoted (Fig. 2(b)). For heat-assisted photocatalytic
reactions, an external heating device and a transpar-
ent window should be designed for the photothermal
reactor. The photothermal reactor can introduce light
and heat in a controllable way. The photo-assisted

thermal catalytic reaction (Fig. 2(c)) is mainly driven
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by the heat which is produced from solar energy by
the heating system, where the solar just plays the role
of providing heat. The photochemical effect may ex-
ist at the same time, but the effect is relatively minor.
The third type is photothermal coupling catalysis,
where the activity of photothermal catalysis exceeds
that of the photocatalysis or thermal catalysis pro-
cesses by the synergistic effect of the thermochemical
and photochemical reactions (Fig. 2(d)). Phototherm-
al catalysis has been the hotspot recently (Fig. 3).
As we know, for photocatalysis, electron-hole pairs
are produced by the excitation of light in the catalyst,
then migrate to the surface of catalysts where the ex-
citated electrons participate in the redox reaction. The
catalytic reactions for the thermal and photocatalysis
are different which can be distinguished as follows:
(1) Their performance obatained from the direct exper-

imental data of temperature curves under light and
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Fig. 2 (a) Functioning principles and categories of photothermal catalysis. Copyright 2021 Elsevier Ltd. (b) Thermal-assisted photocatalysis. Copyright 2014
the authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (c¢) Photo-driven thermal catalysis. Copyright 2018 Wiley-VCH Verlag GmbH
& Co. KGaA, Weinheim. (d) Photothermal co-catalysis. Copyright 2020 American Chemical Society
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Fig.3 Total number of publications and citations on the topic over the past
decade. The plot was created based on entries in the “Web of Science”
(2 August 2022) by using the keywords “CO, reduction” and

“photothermal catalysis”

dark reaction conditions are different. It is supposed
that the selectivity and the production form photocata-
lysis and thermal catalysis are of the same value at the
condition of the same temperature, where light may
only produce heat and ultraviolet light may not even
be utilized. The difference is evident between the two
catalysis pathways caused by the light and thermal ef-
fects. (ii)) Many issues have been proposed on the ac-
curate measuring of the surface temperature of cata-
lysts. Thermocouples and other measurements do not
reflect the local temperature of nanoparticles accur-
ately. It is necessary to calculate the activation energy
and the photon utilization rate!"”.
2.3 Principle of photothermal catalysis

The typical process of photothermal catalytic
CO, reduction includes five steps: (i) The catalyst ab-
sorbs photons to create electron-hole pairs. When in-
cident light strikes the photocatalyst, the photon en-
ergy must be greater than the band gap, and the ex-
cited electrons jump to the conduction band (CB)
from the valence band (VB), leaving an equal number
of holes in the valence band (VB). Then CO, mo-
lecules adsorbed on the surface of the photocatalyst
are therefore reduced by photogenerated electrons.
(i1) After electrons and holes are created, they separ-
ate and migrate to the surface of the material. The sep-
aration process competes directly with charge recom-
bination. The advantage of charge separation over re-
combination depends on the parameters of carrier life-
time, recombination rate, crystallinity, catalyst size,

and surface properties of materials!'®. (iii) The pro-

cess of carbon dioxide adsorption activation is a pre-
requisite for electron transfer from catalyst to carbon
dioxide molecule. CO, is a stable linear symmetrical
triatomic molecule, and abundant research achieve-
ments have been obtained in its adsorption and activa-
tion. In the interaction between CO, and catalyst, elec-
trons are injected into CO, molecules, leading to the
bending of their molecular structure. Bent CO, mo-
lecules can undergo decomposition, oxidation, or dis-
proportionation reactions. CO, is adsorbed on the sur-
face of the catalyst in two forms: The coordination of
C and O can form a variety of intermediates such as
carbonate, which promotes the activation and reduc-
tion of CO, molecules. At present, some researchers
use catalysts with high specific surface area, such as
graphene, whose rich surface could provide abundant
active sites for CO, molecule adsorption. Another pro-
cess to improve CO, adsorption is to modify the sur-
face of the photocatalyst with alkali metal oxides. The
enhanced alkalinity of the catalyst's surface could fa-
cilitate CO, adsorption. (iv) To promote the redox re-
actions, the photocatalyst should have an appropriate
band gap. The conduction band potential of the cata-
lyst should be higher than that of CO,, so their con-
duction band potential is more negative than the sur-

face electron acceptor potential!”

. CO, obtains one
electron to produce CO, with a reduction potential of
—1.9V (corresponding to standard hydrogen elec-
trode, pH = 7)""®, and two electrons to produce CO or
HCOOH with a reduction potential of —0.53 V and
—0.61 V, respectively. The remaining reduction produ-
cts and reduction potentials associated with 4, 6 and 8
electrons are shown in Table 1'"*") Where E is the
energy absorbed or released during the reaction. On
the one hand, the band gap has to be wide because the
overpotential is related to these two-electron electro-
chemical reactions. On the other hand, the band gap of
a photocatalyst shouldn’t be too wide, as this would
limit its efficient use of sunlight. (v) After the photo-
thermal catalytic reaction is completed, desorption of
reaction products is very important. If the product
couldn’t be released from the surface of the catalyst in

time, the catalyst would be inactivated™".
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Table 1 Lists the electrochemical CO, reduction poten-
tials versus the NHE at pH=7

Reactions E (V vs NHE, pH=7)

CO,te” —*CO, -19V

CO,+2H" +2¢” -HCOOH -0.61V
CO,+2H" +2¢” — CO+H,0 -0.53V
CO,+4H" +4¢” — HCHO+H,0O -0.48V
CO,+6H" +6¢ —CH,0OH+H,0 -0.38V
CO,+8H" +8¢” —CH,+2H,0 -0.24 V
H,0 +2¢ —H, —041V

3 Catalysts

The catalyst is the core part of photothermal cata-
lysis, which directly determines the performance of
catalysis. As shown in Fig. 4, to obtain an excellent
catalyst, it is necessary to choose the right material,
because different materials have different catalytic ca-
pacities. Further, to obtain higher performance, the
structure of the material should be optimized accord-
ing to the relationship between structure and perform-
ance. Finally, the reaction products are also different
from the different catalysts, so the catalyst should be
selected according to the target product.

3.1 Classification of catalysts

A catalyst is one of the determinants of the pho-
tothermal catalysis in the reduction process of CO,.
Exploit the catalysts with high conversion and se-
lectivity is still the key target in CO, catalytic conver-
sion'””!. At present, the catalysts used for CO, catalyt-
ic conversion are mainly noble metal catalysts (Au,

Ag) and some transition metal catalysts (such as ox-

Catalyst
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MOF materials
Layered double hydroxide materials

\.

J
P Design of structure

e N

Heterojunction

Defecting
Doping
Scaling
\ 7
P Application
'4 N\

RWGS reaction
Methanation reaction
Dry reforming methane
Other reaction

\.

Fig. 4 Preparation of catalyst from the classification of catalyst, design of

structure and application

ides, metal sulfides, etc.), while some novel catalysts
(new carbon materials, MOF materials, layered double
hydroxide, etc.) also have good catalytic activity, as
shown in Table 2.
3.1.1 New carbon materials

Carbon materials have the advantages of low
cost, easy access, and environmental friendliness, and
are widely used in the field of catalysis. Graphite
phase carbon nitride (g-C,N,) is a new kind of carbon
material, which is formed by the sp” hybridization of
single atoms of carbon and nitrogen. The g-C,N,
shows a two-dimensional layered structure. Due to the
particularity of electronic structure, g-C,N, can main-
tain high stability even under acid-base conditions,
which could be applied to the photothermal catalytic
reduction of CO,. In addition, the g-C,N, is com-
posed of two common non-metallic elements, C and
NI Because of these outstanding features, the re-
search and application of g-C;N, photocatalysts in-
crease rapidly. However, g-C;N, has relatively obvi-
ous disadvantages, such as low specific surface area,
easy recombination of electron-hole pairs, and low
quantum efficiency, which greatly limits its applica-
tions. To solve these problems, Bai et al. prepared
mesoscopic g-C;N, with a high specific surface area
for photothermal catalytic reduction of CO,*
(Fig. 5 (a-b)). The yields of H,, CO and C,H;OH are
2.3, 0.7 and 4.0 mol-g "-h™", respectively. The se-
lectivity strongly depends on the shape of Pd nano-
crystals (Fig. 5 (c-d)). After element doping, elec-
trons are transferred from the metal to adjacent N or C
atoms. Thus, changing the electron density of N or C
atoms could affect the electronic structure and energy
band positions of g-C;N,. Ma et al. also covalently
grafted a Co quaterpyridine molecular complex to
semiconductive mesoporous graphitic carbon nitride
(mpg-C;N,) via amide bonds to prepare hybrid cata-
lytic materials®” (Fig. Se). It is a selective catalyst for
CO in acetonitrile with a high selectivity of 97%
while exhibiting remarkable stability with no degrada-
tion after 4 days of irradiation (Fig. 5 (f-g)). The
above strategies indicate that g-C,N, has superior
catalysis properties and would be excellent potential

applications in photothermal catalysis.
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Table 2 Performance of catalyst materials for photothermal reduction reaction of CO,
Photothermalcatalysts Test conditions :r(rfldé’cl (})121 :If;fg(gliﬂ Tlﬁl;ll (;}1}1;{51) Ref.
Carbon materials
gC;N,/ graphdiyne CO, and H,O under 300 W Xe lamp 23.95 0.40 — [23]

TiO,/ graphdiyne CO,, H,0 and MeCN under 350 W Xe lamp 50.53 2.80 — [24]

Bi,WO/ Ti,C, CO, and H,O under 300 W Xe lamp — 1.78 CH,OH: 0.44 [25]
gC,N/Ti,C, CO, and H,O under 300 W Xe lamp with 420 nm filter 2.42 0.04 — [26]
gC,N,/Ti,C,T, CO, and H,O under 300 W Xe lamp — 2.12 — [27]
TiO,/Ti,C, CO, and H,0 under 300 W Xe lamp — 4.40 — [28]
P25/Ti,C, CO, and H,O under 300 W Xe lamp 11.74 16.61 — [29]
ZnO/Ti,C, CO, and H,0 under 300 W Xe lamp 30.30 20.33 — [30]
Ni/Nb,C CO, and H,O under 300 W Xe lamp — 72.50 — [31]
gC,N,/TiO,/Ti,AlC, CO,and H,0 under 35 WHID car lamp of 20 mW/cm’ in fixed bed reactor ~ 297.26 2103.50 _ [32]
TiO,-graphene 300 W Xe lamp, UV- visible light 2.00 25.00 — [33]
Oxide materials
LaNi,Co, O, 300 W Xe lamp equipped with a UV-light filter (1>420 nm); 350 °C — 113.13 CH,OH: 3.47 [34]
Pd-TiO, A mercury lamp (500 W, 2>254 nm); 773 K 11.05 — — [35]
Ni/Ti0,-CeO, 300 W Xenon arc lamp, UV light; 1>254 — 17.00 — [36]
Ni(5)-BaTiO, 300 W Xe lamp, UV-visible light — 103.70 — [37]
m-WO, 300 W high-pressure Xe lamp (4>420 nm); 250 °C — 25.77 CH,OH: 4.1 [38]
CuS/TiO, 300 W Xe lamp, UV- visible light; 99 °C 25.97 — — [39]
(P-R)NY/TiO, 300 W Xe lamp, UV- visible light; 400 °C — 60 mL — [40]
TiO,/H,-150 300 W Xe lamp, UV- visible light; 120 °C 23.00 — — [41]
Co0-CuO/Ti0,-CeO, 300 W Xe lamp, UV- visible light; 80 °C 5.00 0.50 — [42]
BaZr,sCey;Y,0; 5 300 W Xe lamp, UV- visible light; 350 °C — 39.13 C,H,: 8.64, C;H,: 3.22 [43]
Ru/HMOoO,,, 300 W Xe lamp, Vis-NIR light; 140 °C — 20.80 — [44]
BiO,/CeO, 300 W Xe lamp, UV- visible light; 400 °C 31.00 — — [45]
Pd,Cu/P25 300 W Xe lamp, UV- visible light; 150 °C — — CH,CH,OH: 41 [46]
Ni/TiO, 300 W Xe lamp, UV- visible light 1.40 271.90 — [47]
Metal sulfides materials
CdS/ graphdiyne CO, and H,0 under 300 W Xe lamp of 100 W-em ™ with AML.5 16.61 0.32 CH;OH: 1.79 [48]
SnS, CO, and H,0 under 300 W Xe lamp of 100 W-cm > with AM1.5 12.28 — — [49]
Znln,S,-In,0, CO, and H,O under 300 W Xe lamp of 100 W-cm > with AM1.5 3075 — — [50]
In,S;-CdIn,S, 300 W Xe lamp, UV- visible light 825 — — [51]
CdSe/CdS 300 W Xe lamp, UV- visible light 412.80 — — [2]
MOF materials and derivatives
(MOF-253-Ru(C0O),Cl, 300 W Xe lamp, UV- visible light 2.73 — — [52]
MOFs 1-6 300 W Xe lamp, UV- visible light 435 — — [53]
TiO,/C@MOF 300 W Xe lamp, UV- visible light 28.60 — — [54]
MOF-525- Co 300 W Xe lamp, UV- visible light 200.60 36.67 — [55]
UiO-66/CNSS 300 W Xe lamp, UV- visible light 9.00 — — [56]
NH,-MIL-101(Fe) 300 W Xe lamp, UV- visible light — — HCOO: 178 [57]
Ren-MOF 300 W Xe lamp, UV- visible light 6.37 — — [58]
ZIF-67 300 W Xe lamp, UV- visible light 37.40 — — [59]
Layered double hydroxide materials
Co-Co LDHS/Ti,C.T, Ru (b&%&fﬁiﬁ%ﬁ% and Jamp 1.25%10° - — [60]
Niln-LDH/In, S, 300 W Xe lamp, UV- visible light 88.29 — [61]
Ni-Zr-Al 300 W Xe lamp, UV- visible light — 150 mL-g™h™ — [62]
Mg-Al 300 W Xe lamp, UV- visible light; 350 °C 12.60 — — [63]
NiAl-LDH/CdS 300 W Xe lamp, UV- visible light 12.45 — — [64]
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3.1.2 Oxide materials

Oxide materials are widely used in photothermal
catalytic reactions of CO, due to their good catalytic
activity, high selectivity, and low price. TiO, is an im-
portant oxide material used for photothermal catalysis.
As a model ctalyst for studying photothermal catalys-
is technology, a variety of catalysts are developed
based on TiO,. Their modification methods and reac-
tion mechanisms are described and demonstrated ac-
cording to the characteristics of TiO,. It has the ad-
vantages of high photothermal catalytic activity and
stability, but its optical response range limits the ap-
plication range in the ultraviolet region. The effect of
TiO, crystal structure on the reaction rate has been ex-
tensively studied. When the TiO, is modified with
noble metals, the photogenerated electrons in the
noble metal with a higher conduction band position
would be transferred to the TiO, conduction band,
while the photogenerated holes would remain in the
noble metal, which would facilitate the separation of

the photogenerated carriers and improve the pho-
tocatalytic activity”™”. Neatu et al. modified the TiO,
film with Au-Cu dual metal centers to reduce CO,
(Fig. 6 (a-b))"®*.. Due to the Au-Cu alloy structure, the
maximum production of CH, is 2 000 umol-g"-h™'
(Fig. 6(c)), and the selectivity is up to 97%. Similar to
alloy-type oxide material, perovskite-type oxide ma-
terials are also widely used in photothermal catalysis.
Shan et al. successfully prepared boron-doped layered
polyhedron SrTiO, (STO) by the solid-state method
using a specific TiB, precursor as a boron and titani-
um resource'®. More efficient charge separation of
SrTiO, is achieved by an appropriate amount of B
doping™ ), and the production of CH, and CO reach
14 and 21 mol-h™"-g ™', respectively (Fig. 6 (d-f)).
3.1.3 Metal sulfides materials

Metal sulfides have become one of the prom-
ising candidate catalysts for CO, reduction due to
their abundant reserves, good light absorption proper-

ties, low cost, and friendly preparation processes. Des-
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pite the above advantages, the efficiency of metal
sulfides is still relatively low due to the sluggish carri-
er separation and migration kinetics for photoreduc-
tion CO,. Combining two metal sulfides with suitable
band gaps is one of the promising strategies to en-
hance the performance of catalysts. Zhang et al. util-
ized a novel sulfur-mediated and Co-NCPs-derived
self-templated strategy to synthesize yolk-shelled
CdS/CdCo,-CoS, composite’”. The prepared hier-
archical nanotubes could promote the separation and
migration of photogenerated charge carriers, improve
the adsorption of CO, molecules, and provide abund-
ant active sites””. Semiconductor quantum dots (QDs)
have the advantages of low cost, easy preparation,
strong visible light harvesting ability, easy control of
charge carriers, and abundant surface sites. Guo et al.
presented the first example of combining solar-driven
organic oxidation reactions with CO, reduction, mak-
ing full use of excited electrons and holes to generate
high-value-added organic chemicals while generating
solar fuel (CO)* (Fig. 7 (a)). Under visible light, the
photogenerated electrons of CdSe/CdS QDs could

convert CO, to CO and the holes could oxidize tri-
ethylamine. The CO formation rate can be as high as
~412.8 mmol-g-h™' and selectivity as high as
~96.5%. The turnover number (TON) and apparent
quantum efficiency (AQY) of the system under illu-
mination for 1.0 h are as high as ~47360
mmol-g -h™" and 32.7%, respectively (Fig. 7 (b-f)).
The change of quantum dots size could regulate their
absorption spectrum region to reach an excellent per-
formance.
3.1.4 MOF materials and derivatives

Metal-organic frameworks (MOF) materials have
been applied to photothermal catalysis due to their
large specific surface areas, adjustable porosities, and
topological diversities. As photocatalysts, MOFs have
the following characteristics: (i) MOFs can be ob-
tained by screening different organic ligands and met-
al elements, which determines their rich species and
diverse structures. (ii) They could promote the separa-
tion and transfer of charge and inhibit the recombina-
tion of electrons and holes by changing the crystal
structure, to effectively improve sunlight absorption
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and utilization efficiency. (iii) The large specific sur-
face areas of MOFs bring benefits to the adsorption of
substrate molecules around their active sites'’"), which
is excellent activation and catalytic conversion. Re-
cently, porphyrins or metal porphyrins have gained at-
tention because of their high photo-capture efficiency
and pho-catalytic activity. Xu et al. found that PCN-
222 (MOF-545) could selectively capture CO,
(Fig. 8(a))"”. Furthermore, PCN-222 shows signific-
ant photothermal catalytic activity with a long light
time, and the amount of HCOO™ could reach 30 pmol
after 10 h reaction (Fig. 8(b)). For the organic ligand
modification, the NH, functional group modification
could notably enhance the photocatalytic efficiency of
MOFs. The reason is that the -NH, group has a high
affinity for CO,, which is favorable to the enhanced
adsorption capacity”. Usually, the MOFs are un-
stable in the water. The UiO series is based on the
structural unit of Zr,O,(OH),(CO,),, andthe di-
carboxylic acid ligand is highly stable in water. Wang
et al. obtained MOF-4 by introducing the H,L,-H,L,

into the stable UiO-67, which catalyzes CO, reduc-
tion under visible light® (Fig. 8(c)). The perform-
in-

creased to 2 h, the catalytic activity of MOF-4 would

ance test shows that when the reaction time is

be higher than that of H,L,, and can maintain good
stability (Fig. 8(d)). H,L, is prone to compound
between photogenerated electrons and holes under a
long-time reaction, and the special crystal structure of
MOF is conducive to the separation of photogener-
ated electrons and holes, further enhancing the photo-
thermal catalytic activity and CO, reduction effi-
ciency.
3.1.5 Layered double hydroxide materials

Layered double hydroxide (LDHs) is a special
type of layered material. This layered material is com-
posed of several layers of positive charge layers and

anions in the middle!’

. Layered double hydroxides
are a class of layered double metal hydroxides, which
are considered to be ideal photocatalysts. Chen et al.
successfully prepared a series of novel CoFe-based

catalysts by utilizing the hydrogen reduction process
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of CoFeAl LDH nanosheets at 300-700 °CU!

(Fig. 9(a)). Because of the large specific surface area,
nano-sheet morphology provides abundant active sites
for the catalytic reaction. CoFe-650 LDH nanosheets
exhibit outstanding selectivity to carbon-based chem-
icals (60% methane, 35% C,,) (Fig. 9 (b, c)).
3.2 Strategies and factors tuning catalytic activity
Usually, when the performance of the catalyst
cannot meet the needs of people or people who pur-
sue a particular reaction, the catalyst needs to be op-
timized to achieve specific purposes. The factors such
as crystal structure, crystal surface’®), specific surface
area, morphology, surface characteristics, and particle
size directly affect the reduction efficiency and
product selectivity of the photothermal catalytic CO,
reduction reaction”””. To improve the photothermal
catalytic efficiency, it is necessary to design catalysts
with special functions according to the properties of
the materials. Several key factors need to be con-

sidered in the design process of catalytic materials:
(i) The catalyst should have a large light absorption
range and use solar energy efficiently. (ii) The catalyt-
ic material should reduce the recombination of elec-
tron-hole pairs as much as possible and shorten the
distance between electron-hole pairs to the surface of
the catalyst as much as possible. (iii) Catalyts should
have enough activated centers to activate inert CO,
molecules and convert them from linear molecules to
bent activated molecules. (iv) Electrons of the conduc-
tion band should have high enough energy to promote
the reduction of carbon atoms in CO, molecules, and
the holes in the valence band should have sufficient
capacity to oxidize water. Based on the above criteria,
we summarize some commonly methods to regulate
the surface properties of catalysts (Fig. 10).

3.2.1 Heterojunction

Different morphological structures of catalysts

have great impacts on the performance of CO, reduc-
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78791 " A reasonable structure could promote the

tion
separation of photogenerated electron-hole pairs or
shorten the transport distance of electron-hole pairs,
reduce the probability of electron and hole recombina-
tion, and improve the conversion rate of CO,. Accord-
ing to the difference in band gap width, conduction
band, and valence band position (Fig. 11(a))*", differ-
ent heterojunctions are designed carefully, which is
helpful for photoelectron excitation and electron-hole
pair separation. Xu et al. developed a titania/per-
ovskite (CsPbBr;) S-type heterojunction by a simple
electrostatically  driven  self-assembly = method
(Fig. 11(b))*". In-situ X-ray photoelectron spectro-
scopy analysis also reveal that the internal electric
field drives photoexcited electron transferring from
TiO, to CsPbBr;, indicating that a S-type heterojunc-
tion is formed in the TiO,/CsPbBr, nanohybrid, which
greatly facilitates the separation of electrons and holes
and promotes the efficiency of carbon dioxide

photoreduction. Yan et al. also reported a Bi,TaO,Cl/

Heterojunction

Regulation
of property

Fig. 10 The methods of regulating material properties

Defecting

W0, (BiW) Z-scheme system assembled from
Bi,TaO,Cl nanosheets and nanoscale W,;O,, for the
photothermal catalytic reduction of CO, (Fig. 11(c))™.
The superior performance of the BiW Z-scheme sys-
tem at high reaction temperatures is considered to be
the thermal shuttle effect of electrons from W,;0,, to
Bi,TaO,CI"*. Zhang developed a general strategy to
covalently link covalent organic frameworks (COFs)
to semiconductors to create stable organic-inorganic

Z-scheme heterojunctions for artificial photosynthe-
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sis™ (Fig. 11(d)). A series of photocatalysts combin-
ing semiconductors were synthesized, and water was
used as the electron donor for the reduction of carbon
dioxide without additional photosensitizers and sacri-
ficial agents. This is the first report that the covalent
bond-inorganic semiconductor Z-schemes was ap-
plied to artificial photosynthesis.
3.2.2  Defecting

It has been well-acknowledged that defects are
the CO, adsorption sites. The local electronic environ-
ment and optical properties of the catalyst can be well
regulated by the controlled introduction of defects.
The vacancy could be obtained by removing oxygen,
carbon, or nitrogen atoms. In addition, the induced va-
cancy can effectively capture the thermal electrons,
reduce the recombination effect, and achieve longer
wavelength light absorption. Ye et al. induced oxygen
vacancies in MoO, to enhance photothermal CO, re-
trapping
. The localized surface plasmon resonance

duction efficiency by near-infrared

photons™!
(LSPR) of MoO,_, triggered by oxygen vacancies en-
ables the efficient capture of the near-infrared photons

(Fig. 12 (a-e)). Yu et al. developed a simple and con-

venient solution plasma processing (SPP) technique to
treat pre-synthesized yellow TiO, with abundant oxy-
gen vacancies (O,) that incorporates hydrogen dopants
5 At high temperatures, the SPP-

treated TiO, exhibits a higher conversion rate for CO,

into TiO, crystals

reduction than untreated TiO, under solar light and a
higher removal rate of acetaldehyde under UV light®”!
(Fig. 12 (f-1)).
3.2.3 Doping

Doping engineering introduces heteroatoms
(metal or nonmetal) while vacancy engineering re-
moves atoms. Doping is a method by introducing the
impurity atoms into the lattice structure of the cata-
lyst, causing a change in the electronic structure, mov-
ing the position of the valence band and conduction
band, and improving the activity of the catalyst. The
mechanism of doping can be summarized as follows:
(1) By doping, heteroatoms replace the lattice position
of the original catalyst and form a new chemical bond.
As a result, the catalysts reduce the threshold of light
excitation, improve the quantum efficiency, broaden

the spectrum response range, and improve the utiliza-
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tion rate of photons. (ii) Doping forms doping energy
levels, which can regulate the band gap width and im-
prove the redox performance of the catalyst. (iii) The
lattice defects increase the conductivity of the cata-
lysts to promote the separation of electron-hole pairs.
Liu et al. synthesized Zn and N co-doped porous car-
bon nanosheets (ZNCs) as photothermal catalysts by a
facile one-step pyrolysis method™ (Fig. 13(a)). The
ZNCs exhibit a graphene-like layered architecture and
dispersed Lewis acid (Zn atom) sites and Lewis base
(N atom) sites, which could realize full-spectrum ab-
sorption and excellent photothermal conversion effi-
ciency. Qi et al. also proposed a carbon doping
strategy to endow In,O, with favorable surface modi-
fications. Carbon doping could induce the generation
of oxygen-rich vacancies™. The introduction of oxy-
gen defects and carbon doping in the bandgap of In,0O,
significantly increase the absorption of sunlight in the
full spectrum (Fig. 13(b)). Therefore, carbon-doped
In,0, achieves efficient photothermal conversion and

a high CO generation rate of 123.6 mmol-g"-h™" as

well as outstanding stability in photothermal catalytic
CO, reduction (Fig. 13 (d, e)). The surface modifica-
tion of metal oxide catalysts, including the introduc-
tion of oxygen vacancies and loading of metals (Au)
or metal oxides (MgO), has a considerable impact on
the product selectivity of the CO, reduction reaction™”!
(Fig. 13(c)). The free energy of the CO, reduction re-
action on the modified anatase TiO, (101) surface is
calculated based on density functional theory. The
modified surface enhances the competition between
the crucial intermediates (CO*, HCOOH*, HCHO*
and CH,0H*)"", which is essential for the selectivity
of CO, reduction. The loading of Au and MgO en-
hances the electron transfer between the key interme-

diates™ "

, which effectively activates the crucial in-
termediate and significantly improves the CH, se-
lectivity of CO, reduction.
3.2.4 Nano-scaling

The size effect is one of the most important
factors in the structure-performance relationship of
catalysts. Photothermal catalyts from the block mater-

ials, the nanoclusters to the single atom, with the de-
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crease of the particle size, their electronic structure,
and the geometric structure would change. Because
the surface free energy of the catalyst sharply in-
creases, the chemical site of the catalyst becomes
more and more, which is easier to adsorb and activate
CO, molecules. The photothermal catalyst becomes
more and more active. For nanoparticles, the "nano ef-
fect" of photothermal catalysts has been studied ex-
tensively and deeply over the past decades. With the
development of novel characterization instruments,
people have gradually shifted their attention to a re-

gion less than 1 nm®”

. In recent years, it has been
slowly realized that when the size of catalysts is re-
duced below 1 nm, they would exhibit different cata-
lytic behaviors compared with conventional nano-
particles. Liu and Corma discussed the size effect on
the electronic and geometric structures of catalysts””.
For single atom, the electron structure is simple and
can be approximated as the corresponding atomic or-
bital structure™”. For clusters, they can be regarded as
molecular orbitals formed by multiple atoms through

hybridization, which is the transition state between a

single atom and a nanoparticle (Fig. 14(a)). When the
size increases to the nanoparticles, the successive en-
ergy level structure is formed. Based on the templated
growth and pyrolysis of vacant metal-organic frame-
work precursors, Yang et al. prepared a new class of
hollow porous carbons (HPCs) with well-dispersed ni-

trogen and single zinc atoms"*!

. Taking advantage of
the ultra-high weight loading of (11.3%) single-atom
Zn active sites and dispersed N active sites, HPC real-
izes the efficient CO, cycloaddition reaction under
light irradiation. Lee et al. reported a Cu-Pt alloy
nanocluster supported by a titania catalyst for the pho-
tothermal catalysis CO, conversion to methane”
(Fig. 14 (b, c)). As the size of the Cu-Pt alloy de-
creases, the photocatalytic activity increases signific-
antly. The small Cu-Pt nanoclusters are tightly bound
to the carbon dioxide intermediate and have stronger
interactions with titania, which also contribute to the
high production rate of methane. Alloying effect and
size effect of the catalyst is proved to be the key meth-
od to taking an efficient CO, reduction reaction

(Fig. 14(d)).
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Fig. 14 (a) Geometric and electronic structures of a single atom, clusters, and nanoparticles, Copyright 2018 American Chemical Society. (b) [llustration of

CO, conversion mechanism on small and large Cu-Pt nanoclusters on TiO,. (c) Photocatalytic CH, evolution as a function of time. Copyright the Royal Society

of Chemistry 2013. (d) Schematic diagram. Copyright 2013 American Chemical Society

4 Application of photothermal catalysis

Photothermal catalysis has been applied in many
fields, among which the synthesis of high-value-ad-
ded hydrocarbon is one of them. The product depends
on many factors, including the type of catalyst, pres-
sure, temperature, and reactant gas.

4.1 RWGS reaction

RWGS is the reverse water gas shift (WGS) reac-
tion. The reduction reaction transforms CO, into CO
and CO further synthesizes important chemical
products, such as alkanes, alkenes, alcohols, formalde-
hyde, and formic acid compounds, to realize the C
cycle and eventually achieve the goal of zero CO,
emission”®. In the RWGS reaction, the oxidation and
reduction reactions occur between the surface of the
catalyst. Generally, the reaction enthalpy of RWGS is
42.1 kJ mol ™', which is a classical endothermic reac-
tion (Eq. (4)). According to the relevant concepts of
thermodynamics, high temperature is more conducive
to the direction of CO formation. From the molecular
dynamics point of view, high temperature accelerates

the reaction rate””.

CO,+H, © CO+H,0 AHog =41.2 kI-mol™"  (4)

RWGS reaction follows two typical reaction
paths™: (i) The redox mechanism. CO, dissociates on
the surface of the catalyst as CO and O*, and then H,
reacts with O*. According to the redox mechanism,
the binding strength of CO* on the surface of catalyst
particles can determine product selectivity. The strong
interaction between CO* and catalyst particles leads
to the dissociation of the C=0 bond, which is condu-
cive to the formation of CO. Therefore, regulating the
adsorption strength of CO* on the catalyst surface
could highly improve the CO selectivity in reverse
water gas reactions. (ii) Intermediates mechanism, H,
and CO, directly react on the surface of the catalyst to
produce intermediates (such as carboxylate or bicar-
bonate, etc.), and further hydrogenate to CO and H,O.
According to the intermediate-product mechanism, in-
termediates only form at the surface of catalyst
particles, and hydrogen atoms adsorbed on catalyst
particles could further react with intermediates. After
the reaction, CO and H,O are desorbed. Lu et al. re-
ported an Au/CeQ, catalyst for photothermal inverse
water gas shift, achieving high conversion and high
CO selectivity®™! (Fig. 15 (a, b)). In-situ infrared spec-
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troscopy and kinetic experimental results indicate that
the special effect of light relates to the promotion of
hydrogen decomposition (Fig. 15 (c, d)). The robust
Au/CeO, catalyst displays excellent activity and CO
selectivity for CO, reduction under long-term light ir-
radiation. Furthermore, the photothermal reaction rate
is much higher (>10 times) than that of being carried
out under thermal conditions (Fig. 15 (e, f)).
4.2 Methanation reaction

Elucdating the reaction pathway helps us under-
stand the reaction mechanism and design catalysts
with adsorption sites. The methanation pathway may
be related to the reaction conditions (temperature,
pressure, etc.) and the surface properties of the cata-
lyst (hydroxyl richness, CO, adsorption sites). The
change in the reaction pathway could affect the se-
lectivity of the product. There are two reaction path-
ways: the formaldehyde pathway and the carbene
pathway. There are multiple intermediates in the
pathway! """ CO,—
HCOOH—H,CO—CH;OH—CH,. The reduction of
CO, firstly obtains HCOOH through gaining two-

formaldehyde reaction

electron and hydrogenation reaction and then contin-
ues to gain electrons to generate H,CO and CH;OH.
H,CO and CH,OH are intermediates rather than by-
products. The selection of the two intermediates is af-
fected by the adsorption force on the surface of the
catalyst. The strong adsorption force is conducive to
the reduction reaction. The intermediate with a weak
adsorption force falls off the catalyst surface, and CH,
cannot be obtained. The reaction path of carbene is a
deoxygenation reaction, CO, —CO —-C —-CH,
—CH,. This reaction has an important intermediate
product CO. If CO has a strong adsorption force on
the catalyst surface, it can continue to obtain elec-
trons for the reaction. Another important intermediate
is -CH; which reacts with H- to produce CH,. For
these two reaction pathways, Electron paramagnetic
resonance (EPR) detection technology could be used
to characterize the unpaired electron intermediates to
disclose the reaction pathways.
4.3 Dry reforming methane

Dry reforming methane (DRM) by using is a
method of effectively utilizing CO,"", CH, to cata-
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Fig. 15 (a) Schematic diagram of enhanced carbon dioxide hydrogenation in photothermal process with Au/CeO,. (b) TEM image of Au/CeO, sample. The in-

set figure on top is the corresponding HRTEM image. Estimation of (¢) CO, and (d) hydrogen orders from the dependence of kinetic rate on the reactant partial

pressure in photothermal or thermal processes over the Au/CeO, catalysts at 673 K. (e) CO, conversion on Au/CeO, in the photothermal or thermal process.

(f) CO, conversion &CO selectivity on Au/CeO, or CeO, catalysts at 400 °C under different conditions. Copyright 2019 Elsevier Inc



55 2 1]

ZHAO Shan-hai et al: Photothermal catalysis in CO, reduction reaction: Principles, materials------ - 299 -

lyze the reduction of CO, and produce syngas and.
Thermodynamic analysis shows that DRM is a
strongly endothermic reaction, and high temperature
is conducive to the forward reaction (Eq. (5))!'*". But
too high reaction temperature needs higher require-
ments for the reaction device. And at the same time,
according to Equation (4), it is prone to reverse the
water gas side reaction, which consumes the gener-
ated H,, resulting in the volume of H,/CO decreased.
CO, +CH, © 2CO+2H, AHyg =247.3 kJ-mol™ (5)
The study of the reaction mechanism is of great
significance for guiding the synthesis of high-effi-
ciency catalysts''*". The DRM reaction mechanism is
complex, and usually involves the following main
steps: (i) Dissociation or activation of CH, and CO,;
(i1)) Adsorption of intermediates on active sites;
(iii) Surface reaction and product formation''"”;
(iv) Desorption of products such as CO, H, and H,O.
Zhao et al. reported Ni,Fe, nanoalloys synthesized
from NiFeAl layered double hydroxide precursors as
catalysts for DRM!"*,
4.4 Other reaction
The synthesis of other hydrocarbon materials
(methanol, C,,) by adding H, to CO, is an exothermic

197 However,

reaction in terms of thermodynamics
considering the reaction rate and the chemical inert-
ness of CO,, appropriately increasing the reaction
temperature can make the CO, molecule activate and
improve the reaction rate of methanol synthesis
(Eq. (6)!"*™. In addition, increasing the pressure of the
reaction system is favorable for the reaction to pro-
ceed in the direction of producing methanol.

C02 + 3H2 4 CH3OH+H20 AHzggK =-49.5 kJ- I‘nO171
(6)

It is generally supposed that CO, reacts with H,
to generate CO (reverse water gas reaction), and then
CO reacts with H, to generate methanol. Zhang et al.
prepared a series of different novel iron-based cata-
lysts by hydrogen reduction of magnesium-layered
double hydroxide nanosheets at temperatures of
300-700 °C!'™!. Fe-500 exhibits excellent activity for

the photothermal conversion of carbon dioxide.

5 Conclusions and outlook

Photothermal catalysis plays a synergistic effect,
rather than a simple superposition of photocatalysis
and thermal catalysis. Photothermal catalysis is a new
method to achieve high catalytic efficiency, which has
avery broad prospect. The performance of photo-
thermal catalysis is usually higher than photocatalysis
or thermal catalysis, and it is a new way to realize en-
vironmental protection and comprehensive utilization
of carbon resources. In this paper, we reviewed the
development of photothermal catalysis from prin-
ciples, and materials to applications in reduction of
CO,. The specific statements and outlook can be sum-
marized as follows:

(1) We have discussed the difference in concept,
reactors, principles, types, and applications in photo-
thermal catalysis CO, reduction reaction, which is
helpful to have a more comprehensive understanding
of photothermal catalysis.

(2) We have draught up some photothermal cata-
lysts materials (such as new carbon materials, oxide
materials, metal sulfide materials, MOFs materials,
etc.), and described their application in the CO, reduc-
tion. To improve the performance of the catalyst, we
also have come up with some methods to modify the
surface of the catalyst including heterojunction, de-
fecting, doping, and scaling, which affect the reaction
efficiency and product selectivity of the photothermal
catalytic CO, reduction reaction.

(3) We listed some applications of photothermal
catalysis CO, reduction, including RWGS reaction,
methanation reaction, dry reforming methane, and
other carbon materials synthesis.

Although photothermal catalysis has been ap-
plied in many fields, it still has some challenges.

(1) At present, most catalysts are synthesized in
laboratory without consideration of cost. Once it is
used in industry in the future, the cost will also be an
important factor affecting whether photothermal cata-
lysis can be popularized on a large scale. So we
should look for cheap catalyst materials that are avail-

able, renewable, and environmentally friendly. Car-
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