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Electro-, thermo-, and photocatalysis
of versatile nanocomposites toward tandem process

Weikang Wang,?? Jialun He,'® Juan Deng,’ Xiao Chen," and Chao Yu'*

SUMMARY

Tandem reactions involve multi-step processes conducted in one pot, offering a cost-effective, environmen-
tally friendly, and efficient approach to chemical transformations with high atom economy. The catalytic
systems employed in tandem reactions are crucial for achieving desirable activity, selectivity, and stability.
Researchers worldwide have extensively explored catalytic processes driven by various energy fields, such
as electrocatalysis, thermocatalysis, and photocatalysis, aiming to facilitate multiple reactions and bond
transformations. Continuous advancements have been made in reaction conditions, catalyst design, and
preparation methods. This review provides a comprehensive overview of recent progress in tandem reac-
tions, specifically focusing on electro-, thermo-, and photocatalysis, and categorizes them into catalysts, re-
actors, and fields based on their applications. Furthermore, the review highlights the significance of rational
designin nanomaterial catalysts and the integration of multiple energy sources, emphasizing their potential
to enhance selectivity, performance, and the development of combined catalysis.

INTRODUCTION

In recent years, the industrial catalysis contributes to nearly 25% of the gross domestic product (GDP) in developed countries through syn-
thesis processes or products.’ Thereby, how to get rid of the useless byproduct or chemical wastes, reduce greenhouse gases output
(CO,, CHy, etc.), and large energy consumption during traditional catalytic process comes out to be of great significance in social economic
sustainable development. To transfer the current fossil fuel economy, including oil, coal, and natural gas, toward renewable and sustainable
energy, variety of green and low-cost technologies, including different catalysis methods and modified chemical synthesis process, have
soared in the last decades. Compared with traditional industrial catalysis, rational design of nano-scale catalysts and one-pot tandem reac-
tions should be potential eco-friendly catalysis methods.

Tandem reactions or domino (cascade) reactions refers to accomplishing two or more successive bond-forming transformation reactions in
a one-pot system without adding additional reagents and catalysts.” Different from cascade or domino reactions, more than one bond-form-
ing transformation mechanism is required in sequential catalytic processes for tandem reactions.>* Moreover, tandem reactions can be
further divided into subcategories of orthogonal tandem reactions and auto/assisted tandem reactions based on the utilization of single pre-
catalyst or chemical trigger, which has been discussed in detail in some previous reports.” For the synthesis of valuable products, tandem
reaction pathway is an effective strategy to reduce the cost and environmental impact of chemical processes, as replacing step-by-step re-
actions with one-step or one-pot reaction leads to significant alleviation of the necessity of costly and harmful separation and purification
processes.”? Therefore, the tandem catalysis processes have been already applied in various catalytic fields.”"

Besides the difference in number of catalytic mechanisms for one-pot system, various application scenarios of tandem reactions have been
carried out by researchers all over the globe.'”'* For example, to achieve orthogonal tandem catalysis, there should be a multiple-catalyst
with more than one components in the one-pot system, accounting for different catalytic mechanisms, which can be defined as tandem cat-
alysts.'® Moreover, since reaction conditions are essential to catalytic processes, coupling more than one driving filed (including heat, elec-
tricity, and radiation) to promote different catalytic cycles can be recognized as tandem field."* Similarly, combining two or more reactors to
realize tandem reactions can be labeled as tandem reactor.'”

To clarify different application scenarios of tandem reactions, this review summarizes recent advances in tandem catalysis reactions driven
by electric-, light-, heat-field, etc., and further classifies them as tandem catalysts, tandem field, and tandem reactor (Figure 1). Firstly, we pro-
vide a brief and comprehensive comparison of the fundamental aspects of traditional and emerging tandem reactions. In the second section,
several advances of tandem reactions by electro-, thermo-, and photocatalysis process are outlined and divided into three classes based on
application scenarios: tandem catalysts, tandem field, and tandem reactor. Finally, the last section summarizes some challenges and perspec-
tives of tandem reactions for energy conversion field.
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Figure 1. Diagram of tandem process

EMERGING TANDEM REACTIONS

Generally, there are three types of traditional coupling tandem reactions. The first type is that the reactants couple with new intermediates in
the presence of catalyst. For instance, Yu et al. carried out a one-pot process with reactants and formic acid (HCOOH)-derived intermediates
to realize the controlled polymerization and formation of target polymer products, including polybenzoxazole (PBO) and quinazoline.'®"” The
second type of traditional tandem reactions is typical coupling reaction with two or more same reactants, like CO, electrolysis toward multi-
carbon fuels based on Cu-Ag tandem catalysts.'* Indeed, accomplishing multiple-step reactions via a single catalytic mechanism or single
type bond-forming transformations can be defined as domino (or cascade) reaction, rather than the tandem reaction. Differently, the type
Il of tandem reaction refers to different intermediates activated by corresponding catalyst toward coupling product, including two- (or
multi-) component catalysts or a multifunctional catalyst; for example, Scott and Zhao immobilized the enzyme within a protective mesopo-
rous silica, using a solid acid catalyst to minimize interactions with the enzyme, which can be recognized as tandem catalyst in this review.'® In
summary, the rational-designed tandem reaction can not only reduce the energy consumption and chemical waste but also minimize the ap-
plications of solvents and reagents.

Catalyst Catalyst

¥ Reactant

o %

Reaction pathways

Catalyst A Catalyst B

Diagram of three types of traditional coupling tandem reactions

Through screening catalysts with different structures and components based on experimental and theoretical results, a series of high-per-
formance nanocatalysts for electrocatalysis, thermocatalysis, and photocatalysis strategies have been designed and formed by searchers to
realize tandem reactions in recent years.”'”?? Herein, the emerging tandem reactions driven by different energy fields with variety of nano-
catalysts will be comprehensively reviewed.

Electrocatalytic tandem reactions
As arising start in heterogeneous catalysis, electrocatalysis driven by electric energy converted from renewable energy (including wind, solar,
tidal energy, etc.) with various advantages has been regarded as an energy-saving and environmentally benign strategy for various redox re-
actions.”"”” Considering the rapid development of electric conversion and storage, electrocatalysis process can be operated in a more stable
condition without any environmental effect, unlike the negative effect of climate or sunlight change on photocatalysis.

The core concerns during electrocatalytic process can be distinguished as three aspects: 1) increasing Faradic efficiency (FE); 2) promoting
selectivity and reducing byproducts; and 3) optimizing mass transport and diffusion of reactants and products. Correspondingly, substantial
research effort has been devoted to enhance the electrocatalytic performance and focus on surface faceting, nano-structuring, heteroatom
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Table 1. Electrocatalytic tandem reactions

Reaction Catalyst Condition Reactivity Year
CO; reduction into Cy. Cu/ZnO tandem KOH electrolyte (1 M) Cy. product (C;Hg4, C;HsOH) 2020 Zhang et Bl
electrode FE of 78% (—0.73 V vs. RHE)

Electrocatalytic CoHa
production from CO,

C,. products formation

Reduction of CO,

to multi-carbon
products

n-propanol formation
from CO,

Selective C,,
production reaction
Electrocatalytic CO,
reduction toward

C, products

CO, electro-conversion

to multi-carbons (C.)

Electrochemical CO,
reduction toward
C, products

C-C coupling of

nanodefective

Cu nanosheets

Cu film coated
PTFE membrane

Cu-SA/NPC

activated PdCu

alloy foam

sprayed
powder Cu
Re-Cu-I

Cu-Ag tandem
catalyst

Cu nanocubes
with 44 nm
edge length

CO,-saturated 0.1 M
K2SO4 electrolyte

0.05 M Cs,COs electrolyte,
analysis by differential
electrochemical mass

spectroscopy

CO,-saturated 0.1 M
KHCO3 electrolyte
solution (pH 6.8)

0.5 M KHCO3 electrolyte
solution (pH 7.2)

0.1 M KHCO3 electrolytes

0.1 M KHCO3
electrolytes (pH 6.8)

1 M KOH electrolytes

0.1 M KHCOj3 electrolytes

C,H,4 FE of 83.2%
(~1.18 V vs. RHE)

Cy products FE of 81%
(—=1.15 V vs. RHE) under
pulsed electrolysis

C3HeO FE of 36.7%,
production rate of
336.1 pgh™'
n-propanol FE of 13.7%
(J=-1.15mAcm?
at —0.65 V vs. RHE
CoHa (FE < 39%)

FE for C; species reaches
80% with a partial current

density of 21 mA cm~?

6.43, 11.27 and
16.22 ng h™'em geom’z

production rates toward

CyHa, CoHsOH, and CH3;COO™

CoHa FE of 41%,

C,H4/CH, = 2.03-1.1 V vs. RHE

2020 Zhang et al.”®

2020 Kim et al.?’

2020 Zhao et al.?®

2020 Rahaman et al.”’

2020 Kim et al.*®

2020 Han et al.*’

2020 Chen et al.”®

2016 Loiudice et al.**

2020 Anibal and Xu**

furfural and
benzaldehyde

doping, heterojunction, and electrolyte effects, and some of the state-of the-art progress has been previously summarized in several re-
views.”>?* In comparison with conventional electrocatalytic processes, the tandem reaction systems, featuring multiple active centers or
porous architectures, emerge as a compelling approach to generating value-added products, especially in C1 chemistry where CO, is con-
verted to multi-carbons (Cy.), as presented in Table 1 in the following. Traditional catalysts often grapple with challenges in achieving metic-
ulous control over multi-interface catalyst composition and microstructure. This difficulty in controlling metal size, position, composition, and
microenvironment, coupled with the inherent complexity of the structures, leads to the stringent reaction conditions, poor reaction selectivity,
and consequently, the production of numerous byproducts, and substantial energy consumption in subsequent separation processes. On the
other hand, tandem catalysts, by integrating multiple active sites on the catalyst, facilitate the coupling of several individual or intrinsically
related proton-electron transfer steps to realize tandem reactions. This methodology holds promise in reducing chemical engineering costs
through scalable and multi-tiered molecular utilization, thereby paving the way for more efficient and economically viable catalytic processes
in the industry.

Lately, Wu and Weber et al. designed a segmented gas-diffusion electrode (Cu/Ag s-GDEs) with a CO-selective catalyst layer (CL) at the
inlet to prolong the CO-residence time, which is in favor of subsequent C,.-selective segment. Owing to the enhanced *CO coverage within
the Cu CL, an optimal FE of C,, reached 90% at C,, partial current density (jc2.) exceeding 1 A cm™2 by a Cu/Fe-N-C s-GDE.** As exhibited in
Figure 2, different structures of stacked and coplanar s-GDEs with Ag and Cu CL segments were designed and fabricated. In both situations,
the Ag CL aligns with the CO; inlet to enable effective conversion of continuous CO; for a supplementary CO supply, which promotes f«co
and can be transformed to C,, products over the subsequent Cu CL (analogous to tandem reaction of CO,—CO —CyH, in a plug-flow
reactor, Figure 2D). In this work, the Ag and Cu CL segments were designed to take charge of CO residence and C-C coupling in a flow chan-
nel, which can be recognized as a typical tandem reactor.

However, majority of tandem reactions of conversion of CO5 to C,,. product only proceed with one bond-transformation mechanism, pre-
fering to meet the definition of domino or cascade reactions.®” Besides the CO, upgrading reactions, the electroreductive coupling or C-C
bond formation reaction is also typical tandem reactions, displaying attractive promise for larger, biomass-derived aldehydes
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Figure 2. Diagram of segmented tandem GDEs

(A-C) Schematic of stacked (A) and coplanar (B) segmented GDEs. The structure of contrastive layered GDE is also displayed in the bottom panel (C). Diagram of
the flow channel with changing gas concentration.

(D) Concept of segmented tandem gas-diffusion electrodes. Reproduced with permission from Zhang et al.*

(e.g., benzaldehyde and furfural derivatives). In 2020, Anibal and Xu investigated the electroreductive coupling of benzaldehyde and furfural
on Cu and Pb electrodes.® Electrocatalytic performance studies revealed both self-coupling and cross-coupling of the two aldehydes on
these two metal surfaces, but with different preference (Figure 3). It can be proved that the cross-coupling of two aldehydes follows a two
reactant Sabatier rule, with optimum cross-coupling for electrodes and similar reactant binding energies. The fabricated Cu and Pb compos-
ite electrodes, accounting for greater selectivity for cross-coupling and furfural coupling, respectively, are typical tandem catalysts.

Coupling reaction of CO, with N; to form C-N bonds is a novel reaction path. As revealed in Figures 4A-4C, Wang and co-workers re-
ported the directly coupled N, and CO, in H,O to electrocatalytically synthesize urea under ambient conditions, employing PdCu alloy nano-
particles (NPs) on TiO, nanosheets as electrocatalyst.35 The electrochemical results of FEs and corresponding current densities summarized in
Figure 4D demonstrated that the urea formation rates in flow cells were substantially enhanced, reaching the highest yield rate of 3.36 mmol
g "h™"at—0.4V (vs. RHE). The rational design of electrocatalyst endows it with enhanced chemisorption and catalytic activity for N, and CO,
coupling. Furthermore, the electrocatalytic urea synthesis process was investigated by operando SR-FTIR (Synchrotron Radiation Fourier
Transform Infrared Spectroscopy), and the urea products were detected and quantified via isotope-labeling experiments. As described
earlier, the obtained Pd;Cu4/TiO,-400 electrocatalyst can be recognized as tandem catalyst, in which different active sites take charge of
different catalytic functions.

Figure 3. Schematic of the electroreductive coupling system
Reproduced with permission from Anibal et al.**
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Figure 4. Morphology and electrocatalytic performance of Pd,Cu,/TiO»-400 catalyst

(A and B) (A) TEM image (inset: the distribution of the PdCu nanoparticles, scale bar: 25 nm) and (B) high-resolution TEM image of Pd;Cu1/TiO,-400 (Scale bar:
2 nm).

(C) Schematic diagram for electrocatalytic urea synthesis.

(D) Faradic efficiencies and the total current densities for all products at various potentials. Reproduced with permission from Chen et al.*

Thermocatalytic tandem reactions

To date, numerous breakthroughs in tandem reactions have been achieved by globe researchers in terms of different reactants.’> Among
them, one-carbon or single-carbon (C1) molecules transformation has been dominant and received considerable attention. The C1 molecules
(including CO,, CH,4, HCOOH, etc.) are abundant, easily available, and low-costing carbon feedstocks. The transformation of C1 feedstocks
into value-added multi-carbon (C,.,) compounds is a very meaningful but highly challenging target,®*’
previous reviews. %%’

which has been also discussed in some

The homogeneous and heterogeneous thermocatalytic catalysis has played crucial roles in C1 chemistry through carbon—carbon (C-C) bond
coupling tandem reactions from CO, molecules, resulting in liquid fuel products (e.g., gasoline, diesel, and jet fuel)*® or building-block chem-
icals (e.g., CoHa, C3He, and aromatics).®” However, most of these reactions only operate under harsh conditions, including high temperatures
and/or high pressures. Moreover, the selectivity of products, especially the C,. compound, is difficult to control, according to the Anderson-
Schulz-Flory (ASF) model.”® Thus, greener and milder technologies, including photocatalysis and electrocatalysis, have been emerging as prom-
ising solution for the activation and selective conversion of C1 molecule into different types of products under ambient conditions.** ¢

The coupling or addition reactions of aryl molecules into aromatic or biphenyl compound are also attractive types of tandem reaction. In
1901, Ullmann et al. first reported the discovery of the formation of biphenyl compounds by C-C coupling reaction of two aryl halides. The
named Ullmann coupling reaction (including C-C, C-N, and C-O coupling),”’ along with Suzuki-Miyaura reaction,*® etc., is considered as a
classical organic reaction pathway in biphenyl synthesis, which has been widely applied in many fields of drugs, semiconductors, liquid crys-
tals, organic conductors, etc. In all cases, these cross-coupling reactions all involved two substrates with complementary functional groups
that would be removed before the coupling into aryl products, which are typical tandem reactions. Moreover, Heck-Mirozoki reaction®” of
aryl halides with activated C=C groups and Sonogashira coupling reaction™ of terminal acetylenes with aryl halides are both typical tradi-
tional tandem reactions.

Accordingly, conversion of multiple small molecules into long-chain polymers is developed as an emerging type of tandem reaction.”’** In
particular, heterogeneous catalytic one-pot synthesis of benzene-fused heterocycles or polyphenyl compounds can be extended as a general
approach to aromatic polymers, which are important for optical, fiber, anti-flame, and smart-textile applications.’*>?

In recent years, the thermocatalysis (or called heterogeneous catalysis) comes out to be a hot issue for development of green-chemistry
organic transformations.”*“ The typical thermocatalysis generally undergoes the process of adsorption of reactant molecules, activation of
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Table 2. Thermocatalytic tandem reactions

Reaction Catalyst Condition Reactivity Year
Conversion of CO, NaFe/ZSM-5 H,/CO, = 2, light aromatics account 2021Wei et al.>®
into value-added 320°C, 3 MPa for up to 75% of aromatics

aromatics

Convert CO; to
gasoline-range
(Cs—C11) hydrocarbons
Conversion CO5 to

lower olefins

CO; hydrogenation to

higher alcohols

Synthesis of acetic
acid by simultaneous
co-activation

of CH, and CO,

Cycloaddition of CO,
and SO to yield SC

6.25Cu-Fe,O3/HZSM-5-¢

ae-ZnO-ZrO,/H-ZSM-5

Cry03/H-ZSM-5@S-1

Cr203/Zn-ZSM-5@SiOz.

ZnAlOx&H-ZSM-5

Na-Fe304/HZSM-5

ZnAl,04/SAPO-34

Fe/C + K (0.75 wt. %)

In-Zr/SAPO-34

ZnZrO/SAPO

4.6K-CMZF

Cu-K-ZSM-5

Bo.1CN/SBA-15

320°C, 3.0 MPa,
H,/COL/N, = 72/24/4
H,/CO, = 3/1,
340°C, 40 bar, 10 h
350°C, 3 MPa,
H,/CO, =3

(5.42 vol. % CO),
TOS=6h

350°C, 3 MPa

(26.5% CO,,

70.25% Hy and
3.25% Ar

H,/CO4/Ar = 3/1/0.2,
3.0 MPa and 593 K
H,/CO, = 3,

320°C, 3 MPa

H,/CO, = 3;
p =3 MPag;
T=643K;10h

320°C, 30 bar,
H,/CO, = 3, and

24 000 mL-g-1-h-1,
TOS =50 h.

400°C, 3.0 MPa,
H,/CO,/N, = 73/24/3

380°C, 2 MPa,

H2/COL/N, = 72/24/4,
320°C, 5 MPa

500°C in a
continuous-flow

reactor.

1mL SO, 130°C,
3MPaCO, t=24h

and p-xylene selectivity of 72%

aromatics selectivity of 57.3%

aromatics selectivity of 76%,
CO;, conversion of 16%
direct synthesis of aromatics
with 75.9% selectivity at a
single-pass CO,

conversion of 34.5%

CO;, conversion of 22.1%,
para-xylene selectivity of
38.7% and aromatics
selectivity of 58.4%

aromatics selectivity of 73.9%

Cs—C1q1 hydrocarbons
selectivity of 78% with

CO;, conversion of 22%
C,-C4 olefins selectivities
reaches 80% (CO conversions
of 24%, 673 K) and 87%

(CO, conversions of 15%, 643 K)

C,-C,, olefin selectivity of 36%

C,7-C4” selectivity

of 76.40% at 400°C

80% selectivity of C,~—Cy4~,
14% C,—C4°, 3% CHa,

and 3% Cs.,.

selectivity (22.8%, CO-free)

and HA STY (69.6 mg geat ' h ™",

1.47 mol gear ' h™") with
a C,,OH/ROH fraction
of 89.8%

acetic acid yield of
395 mol gear "'
for 10 h.

SO conversions of 97.80%,
SC selectivity of 96.8%

2020 Song et al.”’
2020 Zhou et al.”®

2019Wang et al.””

2019 Wang et al.°

2018 Ni et al.®’

2017 Wei et al.®?

2020 Liu et al.®®

2018 Ramirez et al.**

2017 Gao et al.*®

2017 Li et al.®

2020 Xu et al.®’

2017 Rabie et al.®®

2017 Zhu et al.®”

chemical bonds, formation of intermediates, conversion of intermediates into products, and desorption of final product molecules on catalyst
surface. The interaction between molecules/intermediates and catalyst surface is the most decisive issue in thermocatalytic reactions.
Although most of C-C, C-N, and C-O coupling reactions were already achieved by traditional thermocatalytic systems, reducing the byprod-
uct and chemical-waste output during organic transformation reactions is also a important goal in the green-chemistry synthesis. Rational
design of nano-scale catalysts and one-pot tandem reactions may be potential solutions to achieve these meaningful targets.
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Figure 5. Thermocatalytic performance and reaction path over NaFe/HZSM-5 composite catalysts

(A) Thermocatalytic performance by a series of NaFe/ZSM-5 catalysts.

(B) Relationship between product selectivity and BAS density.

(C) Diagram of light aromatic synthesis via CO, hydrogenation over NaFe/HZSM-5 composite catalysts. Reproduced with permission from Wei et al.*®

Specifically, the thermocatalysis exhibits strong ability in facilitating the tandem chain growth via coupling of CH, to C,H,, intermediates,
as already discussed in some previous reviews.”® Thus, developing thermocatalysis to operate under lower temperature and pressure oc-
cupies an important place in tandem reactions. Some typical examples are listed in Table 2 in the following.

Through combination with metal-oxide catalysts, ZSM-5-based zeolites with variety of active sides and well-designed channel structure
have been adopted widely in value-added aromatics production.”®**¢" Recently, Sun et al. studied a series of composite catalysts integrating
Fe-based catalysts with ZSM-5 zeolites to explore the influence of Brgnsted acid sites (BASs) on aromatic synthesis and coke formation during
CO;, hydrogenation.” As shown in Figure 5A, a moderate acidity is required for the selective synthesis of liquid hydrocarbons (Cs.) and ar-
omatics. Moreover, the results in Figure 5B indicate that a relatively high BAS density is favorable for aromatization. Based on previous anal-
ysis, the researchers proposed a possible reaction path of light aromatic synthesis from CO, hydrogenation over NaFe/HZSM-5 catalyst
(Figure 5C). Apparently, the ZSM-5 zeolites exhibited great application potential as a nano-level tandem reactor for light aromatic production.

Organic synthesis by co-activation of smaller molecule feedstocks (like CO,, CHy4, Ny, etc.) is also a typical tandem reaction.>>® In 2017,
Park and co-workers reported the formation of acetic acid (CH3COOH) operated under the continuous-flow microreactor system by the
concurrent feed of CH, and CO, over Cu-loaded M-ZSM-5 (M = Li*, Na™, K*, and Ca®") catalysts.68 Their thermocatalytic performance
is revealed in Figures 6A and 6B. Based on a series of experimental results, a plausible mechanism is obtained and shown in Figure
6C toward the CH3COOH formation through co-activation of CH4 and CO, on Cu-K*—ZSM-5 zeolite. The Cu® and M-ZSM-5 contributed
to CH4 and CO; activation, respectively, in favor of formation of surface acetate intermediate (—Cu—OOC—CHz), which can be seen as
typical tandem catalyst.

Controlled polymerization of aromatic polymers (including PBO, etc.) could be achieved through tandem reactions.”” In 2019, Yu and co-
workers reported that the controlled polymerization of PBO (Mw = 3.6 kDa) in one-pot reaction is achieved by an AuPd NP system.'® The 8-nm
Au seeding NPs for synthesis of AuPd alloy NPs and as-prepared 8.2 + 0.4 nm AuPd alloy support on carbon (AuzePds:/C) are shown in Fig-
ures 7A and 7B, respectively. Correspondingly, the uniform distributions of Au and Pd of as-prepared AuszgPd,:/C catalyst were verified by the
high-angle annular dark field (HAADF) scanning TEM (STEM) and elemental mapping (Figure 7C). The one-pot reaction is shown in Figure 7D
with formic acid as hydrogen source. They proved that the AuPd NP-catalyzed one-pot reaction is a new synthesis path to obtaining highly
pure PBO, as chemical purity is essential for the PBO to maintain its thermomechanical stability. The fabricated bimetal NPs catalysts with
multi-components corresponding to different bonding-transformation mechanisms are typical tandem catalysts.
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Figure 6. Thermocatalytic performance and reaction path over Cu-K*—-ZSM-5 zeolite

(A) CH3COOH formation rates for 10 h.

(B) Effect of CH,4/CO, flow ratios on the CH3COOH formation at 500°C.

(C) A proposed mechanism for the co-conversion of CH4 and CO, into CH3COOH over Cu-M-ZSM-5 Zeolite. Reproduced with permission from Rabie et al.*®

Photocatalytic tandem reactions

Based on semiconductor nanomaterials, the essence of photocatalysis is a process of directly converting solar energy into chemical energy.
Besides the representative photocatalysts of titanium dioxide (TiO,) and metal oxides, even more high-efficient nanomaterials, including bis-
muth oxyhalides,”"’? carbonaceous materials,”*’* metal sulfides,”> and bio-mimicking photocatalysts,”® also have been developed and
investigated for their photocatalysis properties. However, most of the photogenerated electron and holes in single-phase photocatalyst
tend to recombine rapidly due to the strong Coulombic force, resulting in a rather low quantum efficiency.”” To improve the solar-to-chem-
ical-energy conversion efficiency, diverse effective strategies have been studied to suppress the recombination of photogenerated charges in
photocatalysts, including heteroatom doping, metal loading, heterojunction construction,”®’? etc.

Meanwhile, a growing number of researchers are still making efforts to achieve further breakthrough on improving photocatalytic effi-
ciency and exploiting new application fields. Especially in CO, photoconversion, designing tandem reaction systems with multiple active cen-
ters or components turned out to be an efficient strategy to tune the CO, adsorption modes, preserve CO intermediates or carbon-contain-
ing radicals, and coupling processes for multi-carbon products.”® Some related photocatalytic tandem systems for C-C coupling are listed in
the following (Table 3).

Incident light absorption of semiconductors is the first and foremost process in photocatalysis. To take full advantage of solar energy, con-
struction of photocatalysts with multi-components corresponding to different range of sunlight spectrum has attracted increasing attention in
recent years.®>®® In 2022, an oxygen-doped MoS,@In,S3/Bi,S; core-shell dual Z-scheme tandem heterojunctions was constructed by Wang
etal.,* demonstrating a broad-spectrum response and outstanding photothermal effect, which contributes to the near-field temperature rise
and photocatalytic process (Figure 8A). As the ultraviolet visible diffuse reflectance spectra of prepared samples in Figure 8B, Bi,S; mainly
absorbed the ultraviolet and visible light regions with low absorption in the infrared light region, while MoS, exhibits broad-spectrum light
absorption from UV to NIR (near infrared). After integration of MoS,, In,S3, and Bi,Ss, the absorption peak of composite heterojunction in-
creases obviously, and meanwhile the absorption edge shifts to longer-wavelength region. The fabricated Z-scheme tandem heterojunction
composites exhibited a significantly improved photocatalytic H, production rate of 973.42 umol h™' g7, as well as the degradation efficiency
for tetracycline of 99.6% within 90 min (Figure 8C).
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Since the light harvesting is essential for photocatalytic reactions, constructing tandem heterojunctions to take charge of different light-
spectrum ranges, and meanwhile accelerate charge separation, has been proven to be a promising route to enable full light spectrum-
induced reactions,®*®” which can be defined as tandem catalyst strategy.

With advantage of spatial separated electrons and holes for corresponding redox reaction, the photocatalysis technology has been widely
applied in energy conversion and environmental remediation fields in recent years.”%? In 2020, Parida et al. fabricated a bimetallic Au/Pd
alloy decorated mesoporous silica modified g-C3N, composited photocatalyst for tandem reaction of simultaneous oxidation of phenol
and reduction of Cr (VI).” This work developed an efficient way to simultaneously degrade two pollutants without any additional chemical
reagents, based on the bimetallic co-effect of Au-Pd NPs and Schottky barrier at the interface of Au-Pd alloyed NPs and g-C3Ns/MCM-41
nanocomposite. The photocatalysts designed in this study with multiple components can simultaneously realize separated oxidation and
reduction reactions, which are typical tandem catalysts.

Visiblelight

Phenol

CO,+H,0

Au/Pd-g-C;N,-MCM-41 nanocomposite

Diagram of photocatalytic tandem reaction process by CNM-AP photocatalyst
Reproduced with permission from Patnaik et al.”*

TANDEM REACTOR

Tandem reactors refer to a system where two or more reactors, possibly of different types or configurations, are connected in series to
facilitate a sequence of reactions or processes. Traditional single reactors, albeit effective for specific processes, often fall short in address-
ing the multifaceted needs of modern chemical processes. Tandem reactors allow the product from the first reactor to be directly fed into
the subsequent reactors, thereby enabling multiple reaction stages to be executed in a streamlined manner. The concept is particularly
pertinent when a chemical process involves several intermediate steps or when different reaction conditions are required at different
stages.

Constructing tandem reactor with efficient catalysts is more favorable for further practical applications. In 2018, an integrated dual-cham-
ber microreactor coupled with the metal-doped MOFs@COFs was developed by Sun and Kim et al., which was applied in the challenging
liquid-gas tandem reactions.” The self-designed dual-chamber microreactor was constructed with two circular reaction compartments sepa-
rated by a gas-permeable PDMS (polydimethylsiloxane) membrane (Figure 9). The tandem reaction was carried out by flowing NH3BH5 (AB)
solution and ethanol solution containing styrene in the bottom and top chambers, respectively. It can be seen in Figure 9A that the excess of
H, generated from AB in the bottom chamber can smoothly pass through the PDMS membrane to top chamber for hydrogenation in the
continuous-flow device, in which the styrene conversion achieved 94.0% (flow rate: 12.5 uL min~"), as well as a resident time of =648, signif-
icantly superior to the photocatalytic performance in a bulk reactor. With great potential in practical application, tandem reactors would be a
hot research issue in the near future.

Producing biofuels from waste oils is highly value added but challenging, which has been investigated by global researchers. Tandem
reactor holds great potential to settle the challenging issue. For example, Wang and co-workers developed a bifunctional Ni/Al,O3-SiO, cata-
lyst to realize a tandem vapor-phase hydrotreating process for waste cooking oils (Figure 10A) through a two-stage fixed bed reactor.” Figure
10B indicates a Japanese two-stage fixed bed reactor (RX3050TR). Through the two-stage fixed bed reactor, 83.9 wt % Cs-Cq9 n-alkanes could
be obtained from waste cooking oils with a 100% hydrodeoxygenation efficiency in both liquid and gas products.

iScience 27, 108781, February 16, 2024 9
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Figure 7. Morphology and reaction path of AuzgPds4/C

(A) TEM image of 8-nm Au NPs.

(B and C) (B) TEM image of Au3ePdg1 NPs deposited on C support, (C) HAADF-STEM image of the AusoPds1/C and elemental mapping of NPs to show Au (red)
and Pd (green) distribution within the NPs.

(D) A new synthetic path to synthesize PBO. Reproduced with permission from Yu et al.’®.

Meanwhile, tandem reactor can be also applied to convert CO; to multi-carbon product. In 2022, Biswas et al. designed a two-step tandem
electrochemical-thermochemical reaction system (Figure 11) for CO, conversion to C3 oxygenates.” Specifically, CO, was firstly electrochem-
ically reduced to ethylene, CO, and H, by Cu catalyst with different oxidation states and hydrophobic gas-diffusion layer, followed by the
thermochemical hydroformylation reaction catalyzed by a Rh;Co3/MCM-41 to obtain 1-propanol and propanal, achieving a total Cs
oxygenate production rate up to 11.8 pmol min™".

Continuous-flow system with advantages of flexibility, low cost, efficient operation/product separation, etc., has aroused increasing atten-
tions in recent years.”” In 2022, the tandem continuous-flow reactors (Figure 12) were developed by Xu et al. to achieve the enzymatic deacid-
ification of rice bran oil (RBO) and simultaneous functional oils production.” Through the tandem continuous-flow enzymatic reactors, 91.4%
of free fatty acid was removed, and phytosterol ester and diacylglycerol in RBO increased by 9 and 12 times, respectively, along with the signif-
icantly enhanced retention rate of y-oryzanol, in comparison with traditional alkali refining.

Recently, a microfluidic-based autolab with open structures was constructed by Deng et al., defined as Put & Play Automated Micro-
platform (PPAM).” Specifically, the microfluidic-based PPAM device (Figure 13A) was composed of two modules arranged around a cen-
tral control station, in which the “Put” and "“Play” take responsibility for catalyst loading/packing and performing/recycling, respectively.
The reaction processes for pyridinium chlorochromate (PCC) (upper flow channel) and phase change material (PCM) (lower flow channel)
in 3D microchannel models were illustrated in Figures 13B and 13C, indicating that the catalytic activity could be easily modulated by
different channel sizes of reactor. The interesting phenomena in this work would contribute to the understanding and research of hetero-
geneous catalysis through microfluidic-based tandem reactors.

TANDEM FIELDS (INCLUDING PHOTOELECTROCATALYSIS [PEC], PHOTOTHERMAL CATALYSIS, ETC.)

In comparison, the photocatalysis and electrocatalysis operated under ambient conditions are rather economy-saving, eco-friendly, and low-
cost strategies in tandem reactions. Relatively, the thermocatalysis reveals higher selectivity toward multi-carbon (C5.) hydrocarbons, due to
the high-power input (e.g., high temperature and pressure) to overcome the energy barrier. Thus, combination of advantages from different
driven energy field, including light, electricity, and heat, should be potential solutions to settle the shortcoming of traditional catalysis. The
synergistic effect of multi-physics fields for catalytic reactions can be defined as tandem fields or tandem catalytic fields.

10 iScience 27, 108781, February 16, 2024
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PEC has been proved to be an efficient strategy in water splitting, CO, reduction, N, reduction reaction, etc.””'® Recently, Jing et al.
reported the fabrication of a series of three-dimensional C/N-doped heterojunctions of Zn,:Co,@Cu (Figure 14A), which served as photocath-
odes in PEC reduction of CO, to obtain paraffin product (Figure 14B)."* The actual optical photographs shown in Figure 15C indicate the
photoelectrodes (BiVO4 photoanode and Zn,:Co,@Cu photocathode) and the paraffin product. In the constructed PEC cell (Figure 14C),
the researchers demonstrated that the C/N-doped Zn,:Co,@Cu heterojunctions photocathode mimics the Calvin cycle of plants, realizing
multiple C-C couplings to generate the paraffin product. The photogenerated electrons and holes from Zn,:Co, photocatalyst would be
driven by external electric field to suppress the charge recombination, which subsequently participate in paraffin production and O, evolu-

tion, respectively. The PEC is a reaction process driven by tandem field of light and electricity.

Table 3. Photocatalytic tandem reactions

Reaction Catalyst Condition Reactivity Year
Conversion of CO, TiO, UV-enhanced Xe light; C,HsOH yield rate of 2020 Jiang et al.®®
into C,HsOH CO,-saturated 0.1 M 6.16 mmol g~"h™"

NaHCO3

isopropyl alcohol CH4 TONs of ~6.8 NP~
(IPA, 10% v/v), 300 W and C,Hg TONs of ~5.6
Xe lamp (ca. 300 mW cm ™2, NP~ after 10 h illumination
3.14 cm? in area) with

400 nm filter

CO, reduction to yield
C1 (methane) and
C, (ethane)

plasmonic Au NP

CO; reduction pairing CTAB-ZnIn,S, 5 mL CH3-CN containing
5 mL BA; 300 W Xe arc
lamp with a 420 nm

cut-off filter, 0.8 W cm?
0.01 M KOH,

room temperature

hydrobenzoin and benzoin
with selective selectivity of 93%

oxidation of BA

Selective photoreduction 9g-C3Ny azoxyaromatics selectivity
of 95% (450 nm, 12 h);
azoarmomatics selectivity

of 94% (410 nm, 5 h)

BA conversion of 85.4%.an

of nitroaromatic compounds
to synthesize azo- and

azoxyaromatic dyes

2.5%CdS/SiO, 10 mL of CH3CN
containing 25 puL
(0.24 mmol) of BA.
300 W Xe lamp

(300 mW cm—2)

C-C coupling of benzyl
alcohol (BA) into
hydrobenzoin (HB)

HB production rate

of 17.0 mmol ng5’1 h™!
can be obtained with a
yield of 84.6%

(12 h reaction time)

Pinacol C-C coupling ZninyS, room temperature; C-C coupling products
of benzaldehyde to 9 mL of CH5CN, (including hydrobenzoin)
hydrobenzoin 1 mL of H,0, selectivity of 98%

1 mL of TEA,

blue LED, 4 h

2018 Yu et al.*®

2020 Yuan et al.®’

2018 Dai et al.®

2020 Qi et al.®®

2020 Zhang et al.**
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Figure 8. Core-shell dual Z-scheme tandem heterojunctions

(A) UV-vis DRS spectra of prepared photocatalysts.
(B) Comparison of electron-hole generation and recombination in a narrow-bandgap and normal semiconductor.
(C) The proposed photocatalytic mechanism of MoS,@In,S3/Bi,S; tandem heterojunctions. Reproduced with permission from Wang et al.®’

Tandem fields of photo- and thermocatalysis are more favorable for high catalytic performance and selectivity toward specific chemical-
bonds activation.'®"'%” In 2020, Li and co-workers reported the ultrathin porous g-C3N4 nanosheets modified with AuCu alloy NPs (Figure
16A) for photothermal catalytic CO, reduction to ethanol (Cp.1% Among different catalytic processes, the highest ethanol (Cy,) selectivity

Quilet

Figure 9. The dual-chamber microreactor
(A) Diagram of photocatalytic tandem microreactor.
(B) Photograph of the constructed dual-chamber microreactor. Reproduced with permission from Sun et al.”
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| 95

of the AuCu/g-C3N,4 reaches 93% under photothermal synergistic catalysis (Figure 16B). As revealed in Figure 16C, the ethanol yield raised to
top, when the temperature increased up to 120°C.

Conclusion

Summary

To date, tandem processes continue to present both challenging and promising directions. This paper provides a systematic organization
and description of the utilization of catalysts, reactors, and energy fields as efficient and eco-friendly carriers for tandem reactions, employing
various energy fields which include electric, thermal, and photothermal energy, and shows the research progress of tandem reactions in
recent years. In the field of nanomaterial design, this review highlights the effects of rational design and the integration of diverse energy
fields on the conversion of functional groups and the formation and breakage of chemical bonds during chemical reactions. Additionally,
controlling intermediates improves chemical yields, while enabling the realization of chemical pathways that are challenging to conduct under
typical conditions.

Future perspectives

In summary, this review explores variety of tandem processes, including tandem catalyst, tandem reactor, and tandem field, all driven by well-
designed nanocatalysts, demonstrating immense potential in applications such as CO, upgrading, biphenyl generation, and polymer synthe-
sis. Hence, we emphasize the emerging trend of the tandem field, which combines the advantages of electro-, thermo- and photocatalysis.
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Figure 11. Diagram of tandem electrochemical-thermochemical reactors
Reproduced with permission from Biswas et al.”

This convergence is projected to set new benchmarks in nanomaterial design and catalysis, paving the way for high-performance, energy-
efficient, environmental-friendly tandem reactions. Specifically, the key to achieving these outcomes is the optimization of nanocatalysts prep-
aration, leveraging appropriate functional materials to settle pivotal factors in catalytic processes, and aiming toward cost-effectiveness,
stability, and scalability. These strategies are essential for enhancing the activity, yield, and stability of the desired tandem reactions.

Additionally, to provide a comprehensive understanding of the tandem reaction pathway, it is imperative to focus on mechanism study of
catalyst, considering aspects like defects, facets, and vacancies. This can be achieved through control experiments and advanced theoretical
simulation, including density functional theory (DFT) and first principal theory.

Limitations of the study

As is typical in scientific research, our study also has certain limitations. Our investigation primarily focuses on the role of catalysts, reactors,
and fields in tandem reactions, aiming to provide insights into the macroscopic perspective of interactive and mutually reinforcing factors.
However, there are additional aspects that warrant further investigation. For instance, the activity and stability of catalysts are crucial factors
that can impact the overall performance of tandem reactions. Further research is needed to address the challenges associated with catalyst
activity, such as catalyst deactivation or selectivity loss, thus obtaining high-efficiency and stable catalysts for tandem reactions. Additionally,
the potential issue of reactor blockage and its impact on reaction efficiency requires more in-depth exploration.
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Figure 12. Tandem continuous-flow enzymatic reactors

Reproduced with permission from Xu et al.”
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