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Photoelectrochemical carbon dioxide reduction reaction (PEC CO,RR) is a promising strategy for
converting CO; into high-value chemicals that contribute to carbon neutrality. However, CO, reduction
is often accompanied by various competitive reaction pathways in the actual reaction process, which
may generate a variety of products. The selective regulation of different products not only directly
affects the yield and separation cost of the target product, but also influences the energy efficiency and
economic feasibility of the whole process. Improving product selectivity is essential for increasing
product yield and understanding the reaction mechanism. This review systematically summarizes recent
advances and challenges in achieving high selectivity in PEC CO.RR. First, the basic concept and
principle of the PEC CO,RR are summarized. Next, the key factors affecting product selectivity are
discussed, including catalyst design (catalyst type, modification, composition, and morphology), reaction
conditions (applied voltage, light intensity and wavelength, reaction temperature, and electrolyte type)
and reactor design (photoelectrode area, synergistic oxidation effect, geometric structure, and gas
diffusion electrode). In addition, kinetic and thermodynamic aspects such as the CO, adsorption model,
band gap structure, and reaction free energy are also explored. Then, the research progress over the
past five years on different products is described in detail, focusing on the current status and challenges
in the study of C; products and C, products. Subsequently, the primary factors leading to the failure of
PEC CO,RR are summarized, and various cooperative strategies are introduced to achieve long-term
stability in product selectivity. Finally, the challenges and future directions for developing PEC CO,RR
systems with enhanced selectivity are introduced. In particular, the importance of innovative catalyst
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1 Introduction

With the rapid advancement of industrialization, the excessive
consumption of fossil fuels has led to a dramatic increase in
carbon dioxide (CO,) emissions, posing a serious threat to the
stability of the global climate system.' As one of the major
greenhouse gases, the concentration of CO, in the atmosphere
has risen from 280 ppm before the Industrial Revolution to an
annual average of 419 ppm in 2022.° To address these chal-
lenges, scientists are working to develop efficient and environ-
mentally friendly technologies to capture and convert CO, to
achieve carbon neutrality. Among these technological pathways,
the photoelectrochemical CO, reduction reaction (PEC CO,RR)
is regarded as one of the ideal solutions for realizing “artificial
photosynthesis” due to its ability to synergistically drive the
conversion of CO, into high-value-added carbon-based fuels by
directly utilizing both solar energy and electrical energy.”* The
technology is expected to not only reduce the concentration of
CO, in the atmosphere, but also convert renewable energy
sources into chemical energy storage, providing a dual solution
to address the energy crisis and the imbalance of the carbon
cycle.”** Since 2009, the number of publications and citations
on PEC CO,RR has increased year by year, indicating the
progress in this field (Fig. 1a). However, the current technology
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is still in its infancy and faces many challenges, especially the
problem of product selectivity control.

The CO,RR usually involve multiple competing reduction
pathways that lead to the formation of different products such
as carbon monoxide (CO), formic acid (HCOOH), methanol
(CH3;0H), methane (CH,), acetic acid (CH3;COOH), ethylene
(CyHy), ethanol (C,HsOH), etc.'* There are significant differ-
ences in the market value of these products (Fig. 1b)."* For
example, the price of HCOOH is 12.3 times that of CO. The
differing economic values of the products are prompting
researchers to focus on how to modulate the reaction pathway
through catalysts to achieve highly selective product generation.
From the perspective of industrial applications, a single product
not only reduces the complexity of subsequent separation and
purification, but also effectively reduces the cost of post-
processing, making the process of product extraction and
conversion more economically viable.'>*® For example, in CO,
reduction systems, the products exist as mixed gases (e.g., CO/
CH,) or liquid mixtures (e.g., CH3;OH/C,H;OH); additional
energy-intensive processes such as distillation, adsorption, or
membrane separation are required, resulting in a decrease in
efficiency and economy. Therefore, achieving highly selective
generation of target products is the core challenge for
improving the efficiency of CO, resource utilization, both in
terms of product value and process feasibility.

The multiple barriers to selective modulation are due to the
high stability of the CO, molecule and the complexity of the
multi-electron transfer process. The linear symmetric structure
of CO, and the high bond energy of the C=0 bond (approxi-
mately 750 k] mol™") necessitate overcoming significant ther-
modynamic barriers for its activation.”*® In the
photoelectrocatalytic process, CO, first forms key intermediates
(e.g., *CO,, *COOH, or *OCHO) via proton-coupled electron
transfer (PCET), and then undergoes multi-step reduction and
protonation reactions to generate the final product.” In this
process, the energy barriers of different reaction pathways differ
by only tens to hundreds of millielectronvolts, and small energy
fluctuations can lead to the diversion of reaction pathways.*
For example, the generation of C,, products requires the
adsorption of at least two CO intermediates, their migration

Wenwu Zhong received his PhD
degree from Beihang University,
PR China in 2011. He currently
serves as Professor in School of
Chemistry and Chemical Engi-
neering, Shaoxing University.
His research interests include
development of electrocatalytic
materials and battery electrode
materials.

At
g

Wenwu Zhong

Chem. Sci., 2025, 16, 12718-12767 | 12719


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc02284c

Open Access Article. Published on 12 June 2025. Downloaded on 4/20/2026 11:01:38 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

View Article Online

Review

a sl 1s000 b
4
Publications 4k
60 | o 44000 .
Il citations =
(7] X 2.9
s B3}
Susl {3000 €3
© 5 @
o = L&)
= o ‘5_2
e} = -
L ] > 1.43
E 30 2000 @ B 13 .
=
@ 074 0.8
S 0.58
15| 41000 =1
o I I T & I e
» N > O 0P w0 L OF s W e o od o
VTN NS NS N N 2 10 N i P P RCSME DS oF 0&\5,0 PN

Fig. 1

(a) The number of publications and citations related to PEC CO,RR, according to the data collected from Web of Science (the key word is

“Photoelectrocatalytic CO, Reduction”, and the data are collected up to May 2025). (b) The market prices of different products.**

and C-C coupling, followed by successive hydrogenation steps.
The activation energy of each reaction step can be a rate-
determining step. In addition, the HER is an important
competing reaction that competes with the generation of the
target product for protons and electrons, further increasing the
difficulty of regulating product selectivity.** For example, on the
surface of copper-based catalysts, the Faraday efficiency (FE) of
C,H, can reach 61% when the applied potential is —0.74 V vs.
RHE, but at the same time the hydrogen evolution reaction
accounts for nearly 30%.%* The prevalence of such competing
reactions makes selective modulation a delicate balance
between thermodynamic driving force and kinetics.

In recent years, researchers have made remarkable progress
in material design, reactor optimization and mechanistic
investigation related to the regulation strategy of product
selectivity. First of all, in the design of photocatalysts, it is
necessary to accurately construct a suitable catalytic system
based on the chemical properties of the target product.*
Through band engineering, the semiconductor bandgap struc-
ture can be adjusted to match the solar spectrum, and the
electronic density distribution can be optimized by combining
defect engineering, elemental doping, and surface modifica-
tion.>*** Furthermore, the design of heterojunction interfaces
promotes the directional migration of photogenerated carriers,
while the use of co-catalysts can enhance the stabilization of
specific intermediates through localized surface plasmon
resonance effects or selective adsorption properties.*** In
addition, nanostructural morphology modification (e.g., porous
frameworks, nanoflowers and core-shells) can increase active
site density and improve reactant mass transfer efficiency.”"*
Secondly, in the optimization of reaction conditions, tempera-
ture, pressure, light intensity, light wavelength, and electrolyte
type and parameters are systematically regulated to enhance the
desired reaction pathways and inhibit the side reaction path-
ways by balancing the thermodynamic and kinetic parameters
of the reaction, such as adjusting the rate of proton supply or
decreasing the competitive activity of hydrogen precipitation to
enhance the selectivity of the target products.*” Reaction device
design innovation can be achieved by optimizing the photo-
electrode structure, mass transfer channels and reactor
configuration, anodic oxidation reaction design, etc., to achieve
a synergistic enhancement of light energy absorption efficiency
and reaction kinetics; it can also be combined with a visible

12720 | Chem. Sci., 2025, 16, 12718-12767

light-responsive photocathode microbial system to achieve the
effective immobilization of CO, and highly selective generation
of reduction products.®” A deep understanding of the reaction
mechanism is also indispensable for guiding the experimental
design. By combining in situ characterization techniques to
track the dynamic evolution of intermediates in real time and
leveraging quantum chemical calculations to analyse the elec-
tronic structure of active sites and the energy barrier distribu-
tion of reaction pathways, the microscopic mechanisms of
selective control are revealed at the atomic level. This provides
theoretical guidance for catalyst design and reaction condition
optimization, driving the transition of PEC CO,RR from
empirical trial-and-error to rational design.

Therefore, this review aims to systematically elucidate the
factors influencing the product selectivity in PEC CO,RR and
summarize the recent research progress on typical products,
with a view to providing references and insights for future
research. First, this review introduces the fundamental
concepts of PEC CO,RR and the factors affecting product
selectivity, including catalyst design, reaction condition design,
and device structure design. The product selectivity of PEC
CO,RR is also explored from both kinetic and thermodynamic
perspectives. Subsequently, this review provides a detailed
description of the research progress over the past five years on
different products, with a focus on C; products (such as CO,
HCOOH, CH;3;0H, and CH,4) and C,, products (such as C,H,,
C,Hs0H, and CH3;COOH), highlighting the current research
status and challenges. Based on the above progress, we
summarized the representative studies of PEC CO,RR products
with the highest FE, as shown in Fig. 2. Finally, this review
provides an outlook on the future development directions of
PEC CO,RR technology, emphasizes the importance of
improving product selectivity and efficiency, and highlights the
areas that need to be further explored. Through systematic
sorting and summarization, this review aims to provide valu-
able references for researchers and promote continuous inno-
vation and advancement in PEC CO,RR technology.

2 Basic principles of PEC CO,RR
2.1 Fundamentals of PEC CO,RR

2.1.1 A brief introduction to PEC CO,RR. To better
understand the PEC CO,RR process, it is necessary to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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understand the device structure and related basic concepts.
First, the basic concepts and the four types of devices are
introduced in detail. Then, the types and application scenarios
of the electrode system and ion-exchange membranes are
introduced. Finally, the key parameters related to the selectivity
of the catalytic reaction are briefly described.

PEC CO,RR is a technology that combines light and elec-
trical energy to drive the CO, reduction reaction. It is based on
the synergistic effect of photocatalysis and electrocatalysis.
Photoelectrocatalysis generates photogenerated electrons and
holes through the absorption of light energy by the photo-
catalyst. These photogenerated carriers are subsequently sepa-
rated and transported through an external circuit to participate
in the reduction and oxidation reactions, respectively. In the
CO, reduction process, photogenerated electrons are trans-
ported to the reduction reaction site, where they promote the
reduction of CO,. The process utilizes light energy and electrical
energy, improving the reaction efficiency and product selec-
tivity. However, photocatalytic technology has significant
drawbacks: firstly, the high carrier complexation rate and the
tendency of electrons and holes to recombine before migrating
to the catalyst surface, resulting in low energy utilization;
secondly, the reaction kinetics are slow.** CO, molecules exhibit
strong chemical inertness and require high energy for activa-
tion, while the reduction ability of photogenerated electrons is
limited, making it difficult to drive multi-electron transfer
reactions (such as generating C,, products). In contrast, elec-
trocatalytic technology drives the reaction through an externally
applied electric field, directly reducing CO, at the catalytic sites
on the electrode surface. Theoretically, applying an electro-
catalytic field can regulate the electron transfer rate and the
reaction path orientation to produce specific products.
However, its limitations are also prominent: firstly, CO, reduc-
tion requires energy input to overcome high thermodynamic
barriers and easily triggers the competitive HER, resulting in
the reduction of FE. Secondly, CO, reduction involves multi-

© 2025 The Author(s). Published by the Royal Society of Chemistry

electron and proton transfer processes, in which the differ-
ence in adsorption strength of different intermediates (such as
*COOH, *CO, etc.) makes it difficult to control product selec-
tivity. In addition, the electrode material is prone to corrosion
or poisoning under long-term high voltage or acidic/alkaline
conditions, affecting the sustainability of the reaction.***

PEC CO,RR technology combines the advantages of photo-
catalysis and electrocatalysis and overcomes their limitations.
Firstly, photoelectrocatalysis utilizes the synergistic effect of
light and electric energy, significantly improving the reaction
efficiency and energy conversion efficiency. Secondly, by
designing the structure and composition of the photocatalyst,
the reaction pathway can be effectively regulated to achieve high
selectivity for the target products.*® In addition, the utilization
of solar energy as the driving energy source is sustainable.
Similar to photosynthesis in nature, PEC CO,RR technology is
regarded as an artificial simulation of photosynthesis (Fig. 3).*”
In photosynthesis, photosynthetic system II in chloroplasts
absorbs photons and excites electron transitions to produce
high-energy electrons and holes. Electrons drive the oxidation
of water through the transfer chain (generating O, and H,0),
while generating ATP and NADPH (energy carrier). In the Calvin
cycle, the energy provided by NADPH and ATP fixes CO, to
glucose, a process catalyzed by enzymes. Semiconductor mate-
rials (e.g. TiO, and perovskite) absorb photons to produce
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electron-hole pairs, and photogenerated electrons are injected
into the conduction band while holes participate in oxidation
reactions (e.g., water decomposition). The electrocatalytic phase
is similar to the Calvin cycle of carbon fixation. By regulating the
reaction path through an external circuit, the external electric
field drives the electrons to migrate to the catalytic sites,
reducing CO, to produce the target product. Compared with
photosynthesis, photocatalysis has better controllability and
flexibility: by designing the structure of the photocatalyst and
tuning the reaction conditions, precise regulation of the reac-
tion path and product can be achieved. In addition, photo-
catalytic technology can work in a wider spectral range,
improving the utilization of light energy. Overall, the PEC
CO,RR technology overcomes the limitations of traditional
methods and shows both potential for efficiency and sustain-
ability. By further optimizing the design and performance of the
photocatalysts, photoelectrocatalysis is expected to achieve
large-scale CO, resource utilization in the future, providing an
important solution to address global climate change and energy
crisis.

The types of devices for PEC CO,RR systems can be catego-
rized into four main types based on the combination of optical
and electrical drives (Fig. 4): photocathode-driven systems,
photoanode driven systems, photoanode and photocathode-co-
driven systems, and hybrid photovoltaic systems that combine
electrodes with photovoltaic cells.*® Each of these four device
types has its own design characteristics and functionalities
suited to different experimental needs and scenarios. A photo-
cathode-driven system is a photocatalytic system based on
a photocathode, which mainly reduces CO, to high value-added
chemicals or fuels. In this system, the photocathode is usually
made of a p-type semiconductor material with photocatalytic
capability, and requires the assistance of an external power
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Fig. 4 Device types of photocatalytic CO, reduction systems. (a) The
photocathode drive system, (b) the photoanode drive system, (c) the
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optical system combining the electrode with the photovoltaic cell.
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source to provide additional energy to overcome the high acti-
vation energy of the reaction. The advantage of this system is
that it can regulate the selectivity of the product by adjusting the
applied potential. It is suitable for studying the performance of
photocatalysts in reduction reactions. In contrast, the photo-
anode-driven system uses the photoanode to decompose water
to produce oxygen, while achieving CO, reduction reaction on
the photocathode. This system does not require an external
power source because the photogenerated charge generated by
the photoanode drives the reaction itself. Photoanodes are
usually made of n-type semiconductor materials. This device is
characterized by efficient use of light energy, and can achieve
CO, reduction without external energy input, which is suitable
for the research of self-driven photocatalytic systems. The
photo-anode and photocathode co-driven systems combines
a photo-anode and a photocathode to enable simultaneous
oxidation and reduction reactions. In this system, the photo-
anode and photocathode are responsible for the oxidation of
water and the reduction of CO,, respectively, while achieving
internal charge balance through the charge transport network.
The advantage of this system is that it can realize the efficient
utilization of light energy, and can effectively improve the
overall reaction efficiency by simultaneously conducting
oxidation and reduction reactions. The co-driven system is
suitable for studying the performance of photocatalysts in
complex reaction systems and exploring their potential for
practical applications. Hybrid light systems combining elec-
trodes with photovoltaic cells are an innovative type of device. In
this system, a conventional electrode is combined with
a photovoltaic cell, and the photogenerated voltage generated
by the photovoltaic cell is utilized to drive the reduction reac-
tion of CO,. Control of the reaction pathway is achieved through
the regulation of the external circuit. The advantage of this
system is that it can combine the adjustment of photo-
generated voltage with an external power supply to achieve
the dual optimization of product selectivity and reaction effi-
ciency. The hybrid light system is suitable for exploring the
synergistic effect of photoelectrocatalysis with other energy
technologies and for providing new ideas for the practical
application of photoelectrocatalysis. Overall, these four device
types show their respective advantages and features in the CO,
reduction reaction through different driving modes and elec-
trode designs. Based on specific experimental requirements and
application scenarios, choosing an appropriate device type can
effectively enhance the efficiency and product selectivity of PEC
CO,RR, thus providing important technical support for real-
izing the resourceful utilization of CO, and sustainable
development.

Currently, a large number of studies employ H-type reactors
for testing. This reactor features a separated, static design in
which the anode and cathode chambers are divided by an ion
exchange membrane, offering the advantages of a simple
structure and low cost. However, mass transfer in this system
relies primarily on natural diffusion or stirring, which limits
mass transfer efficiency.” Furthermore, the low solubility and
diffusion rate of CO, often result in low current density and
faradaic efficiency. In recent research, the PEC flow cell reactor

© 2025 The Author(s). Published by the Royal Society of Chemistry
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equipped with a gas diffusion electrode (GDE) has emerged as
a highly promising PEC CO,RR reactor with significant poten-
tial for future development.® Its design aims to integrate pho-
toelectrocatalysis with fluid dynamics to achieve efficient gas-
liquid-solid three-phase interfacial reactions, overcoming the
limitations of CO, solubility and enhancing CO, mass transfer.
As shown in Fig. 5, a typical PEC flow cell can be regarded as an
evolution of the photoanode-driven system, in which the pho-
toanode decomposes water to produce oxygen while CO,
reduction occurs at the photocathode.®** Unlike conventional
setups, the flow cell reactor operates in a continuous flow
regime, integrating gas diffusion electrodes and microchannel
designs. By continuously supplying CO, and removing products
via forced flow, it significantly enhances mass transfer efficiency
and reaction rates, achieving current densities ranging from
tens to hundreds of mA em >, high CO, utilization, and high
selectivity for C,, products, thereby demonstrating excellent
scalability and industrial potential. The key lies in depositing
catalyst particles onto a porous gas diffusion layer composed of
carbon particles or nanofibers and a carbon paper substrate to
fabricate the gas diffusion electrode. This electrode effectively
transports CO, gas while isolating the electrolyte, forming an
efficient gas-liquid-solid three-phase reaction interface that
enhances CO, mass transfer, enables direct power delivery to
the electrode, and increases current density (Fig. 5c). Addi-
tionally, the compact design reduces the distance between the
two electrodes, thereby minimizing the system's internal resis-
tance. However, the integration of multiple components, the
stability of the gas diffusion electrode, and the collection of
products increase the complexity of system design, mainte-
nance, and operation.

Three-electrode and two-electrode systems are often used in
the experimental design of PEC CO,RR. These two systems are
suitable for different experimental conditions and targets. The
three-electrode system consists of a working electrode (WE),
a counter electrode (CE) and a reference electrode (RE). The WE
is usually a conductive substrate loaded with a photocatalyst,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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such as FTO glass or Ti sheet. The CE uses a material with great
conductivity, such as platinum, graphite or molybdenum. The
RE is used to measure the potential and the commonly used
materials include Ag/AgCl, Hg/Hg,SO,, and Hg/HgO. The three-
electrode system is usually used in conjunction with a poten-
tiostat to perform experiments at a constant potential. The
reaction path is precisely controlled by adjusting the potential
to achieve the selective control of the product. It is suitable for
the situations where electrochemical measurements are
required, such as current-voltage curves and electrochemical
impedance spectroscopy analysis. The advantage of the three-
electrode system is that it can accurately control the potential
to study the electrochemical behavior of the photocatalyst.
However, it is also more complex, requiring additional refer-
ence electrodes, and its long-term stability may affect the
experimental results. In contrast, the two-electrode system
consists of a photoanode or photocathode and a counter elec-
trode. The photoanode is responsible for generating and
transporting photogenerated electrons while the photocathode
is responsible for generating and transporting photogenerated
holes. Platinum or graphite is usually used as the counter
electrode material. The two-electrode system is commonly used
in photovoltaic devices or bias devices; the former directly uses
the photogenerated voltage to drive the reaction, while the latter
controls the reaction path by applying a bias voltage through an
external power supply. The advantage of the two-electrode
system is that the device is simple and suitable for studying
the performance of the photocatalyst without external potential
regulation, but its potential cannot be accurately controlled,
which may affect the product selectivity.

In the PEC CO,RR device, the ion exchange membrane (IEM)
plays a role in isolating the reaction solution and maintaining
the charge balance.*** Different types of ion exchange
membranes are suitable for different electrolytes. They are
broadly classified into cation exchange membranes (CEMs),
and anion exchange membranes (AEMs). CEMs allow cations to
pass through and are suitable for acidic or neutral electrolytes,
such as H,SO,, KHCO;, Na,SO, or NaHCO; electrolyte.***
AEMs allow anions to pass through and are suitable for alkaline
or neutral electrolytes such as KOH, NaOH or KHCO; electro-
Iyte. In addition, there are solid electrolyte membranes made of
metal oxides or inorganic materials, which are suitable for
experimental conditions with high temperature or high stability
requirements. The reasonable selection of electrolyte and ion
exchange membrane types can effectively improve the efficiency
and product selectivity of CO, reduction, and provide important
support for the efficient utilization of CO,.

The four basic parameters in the PEC CO,RR are as follows:
photoelectrode materials, catalysts, electrolytes and external
power sources. They play different roles in the reaction and have
a close relationship with each other, determining the efficiency,
selectivity and stability of the reaction. Photoelectrode materials
are the core elements of photoelectrocatalytic reactions. They
are usually made of semiconductor materials and are respon-
sible for absorbing light energy and generating photogenerated
electrons and holes. These photogenerated carriers need to be
transported to the catalyst site through the surface of the
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material, where they then participate in the chemical reaction.
The choice of photoelectrode material is very important,
because it not only determines the absorption range and
conversion efficiency of light energy, but also affects the sepa-
ration and transmission ability of photogenerated carriers.
Common photoelectrode materials include TiO,, WO3, BiVO,,
Si, Fe,0; and ZnO, which are widely used due to their excellent
light absorption, stability and conductivity.**** Catalysts play
indispensable roles in photoelectrocatalytic reactions, mainly
by providing active catalytic sites and reducing the activation
energy of the reaction to accelerate the reduction process of
CO,. Catalysts can significantly improve the reaction rate and
regulate the type of products, which is of great significance for
the generation of highly selective products. The choice of cata-
lysts depends on the reaction conditions and the expected
products.*=** In addition, the stability and durability of the
catalyst are also the key factors affecting the long-term perfor-
mance of the reaction. As a medium for ion transport, the
electrolyte not only provides a suitable chemical environment
for the reaction, but also maintains the charge balance of the
entire system.>® The selection of electrolyte has an important
influence on the reaction process, because it may participate in
the intermediate steps of the reaction and affect the selectivity
of the product. Therefore, depending on the different target
products, the reasonable selection of electrolyte type and
concentration is important for optimizing reaction perfor-
mance. The role of external power supply in the photo-
electrocatalytic system is mainly to adjust the potential of the
system to ensure that the reaction is carried out under ideal
conditions. By applying an appropriate voltage, the energy
barrier of the reaction can be overcome, and the separation and
transport of photogenerated carriers can be promoted, thereby
improving the reaction efficiency. In addition, the external
power supply can also be used to adjust the working mode of
the device, such as switching between the self-driving mode
under illumination conditions and the auxiliary driving mode
under bias conditions. Proper setting of external power supply
parameters, such as applied voltage and current, is essential to
optimize reaction performance and achieve highly selective
product generation. In summary, the performance and product
selectivity of the PEC CO,RR are influenced by the photo-
electrode materials, catalysts, electrolytes and external power
sources. By optimizing the performance of each parameter and
coordinating their interactions, the reaction efficiency and
product selectivity can be significantly improved, laying a solid
foundation for realizing the efficient utilization of CO, as
a resource.

2.1.2 Product detection methods and the product selec-
tivity calculation formula. The products of PEC CO,RR include
various gaseous, liquid, and solid substances, and their types
depend on the composition of the photocatalyst, reaction
conditions, and device design. To accurately detect these
products, it is usually necessary to rely on a variety of devices,
depending on the category and nature of the products. The
detection of gaseous products mainly relies on gas chroma-
tography (GC) and mass spectrometry (MS). These devices can
separate and quantitatively analyze gases such as methane CHy,
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CO, C,H, and H,. Gas chromatography separates different gas
components through a chromatography column and is
combined with a flame ionization detector (FID) or thermal
conductivity detector (TCD) for quantitative analysis, while
mass spectrometry further improves the accuracy and sensi-
tivity of product identification through ionization and mass
analysis. The detection of liquid products mainly relies on ion
chromatography (IC), high-performance liquid chromatography
(HPLC), and nuclear magnetic resonance (NMR). These tech-
niques can detect and analyze liquid products such as HCOOH,
ethanol C,H;OH and CH3;COOH. For example, IC detects ionic
components (HCOO™ and CH3;COO™) in liquid phase products
and is combined with a conductivity detector or UV-vis detector
for quantitative analysis; HPLC separates the components of the
liquid products and is combined with a UV-vis detector or
fluorescence detector for quantitative analysis; while NMR can
provide information on the molecular structure of the products
by analyzing changes in the chemical environment. A combi-
nation of multiple devices may be required, such as gas
chromatography-mass spectrometry (GC-MS) for simulta-
neously separating and analyzing gaseous products. In conclu-
sion, the detection of the products of PEC CO,RR requires the
selection of appropriate devices and setups according to the
types and characteristics of different products to achieve accu-
rate qualitative and quantitative analysis of the products.

The product selectivity, FE and product photocurrent density
in PEC CO, reduction are the key parameters for evaluating the
reaction performance.* Their definitions and formulae are as
follows:

The product selectivity (PS) refers to the ratio of the yield of
a specific reduction product (A) to that of all possible products.
Usually, in some studies, only a portion of reduction products is
detected to calculate the relative selectivity. Its calculation
formula is shown in eqn (1):

PSA (%) = —2

x 100% (1)
NTotal

where PS, is the product selectivity of A, the n, (mol) is the

molar mass of A, and 7ipe (mMol) is the molar mass of all

reduction products.

FE is used to measure how much electrical charge is used to
drive the CO, reduction reaction. Specifically, FE represents the
ratio of the number of electrons used to generate a specific
reduction product to the total number of electrons involved in
the electrochemical reaction. FE is an important indicator for
measuring the selectivity and energy efficiency of the reaction.
In the PEC CO,RR, a higher FE means that more electrical
energy is used for the generation of the desired reduction
product rather than being consumed by other side reactions
(such as water decomposition). An ideal PEC CO,RR system
should have a high FE, especially in the case of highly selective
generation of the target product. Its calculation formula is
shown in eqn (2):

na X N x F

FEA (%) = x 100% )
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where FE, is the FE of A, 5 (mol) is the molar mass of A, N is the
number of electrons required to reduce CO, to produce an A
molecule, F is the Faraday constant (F = 96 485 C mol ') and Q
(C) is the total amount of charge.

The photocurrent density of the product (j,) refers to the
current density of the product generated on the electrode per
unit area. It indicates the current required per unit area on the
catalyst surface to generate the target product under a specific
voltage. A high photocurrent density usually means that the
catalyst can more effectively convert light energy into electrical
energy and drive the CO, reduction reaction under given light
conditions, thereby increasing the generation rate of the
specific product. Its calculation formula is shown in eqn (3):

. 1

JA = g X FEA (3)
where j, (mA cm™?) is the photocurrent density of A, I (mA) is
the current intensity during the test, and S (cm?) is the effective
area of the working electrode.

2.2 Factors affecting product selectivity

There are many parameters that affect the selectivity of products
in the PEC CO,RR. In this review, we divide them into three
aspects: catalyst design, reaction conditions, and reactor
design, as shown in Fig. 6.

2.2.1 Catalyst design. The effect of catalyst design on the
selectivity of PEC CO,RR products is a complex and multi-level
problem. Different catalyst types, modification strategies,
composite structures and morphology control can affect the
reaction path and the selectivity of the final product.

The choice of catalyst type is one of the important factors
determining the selectivity of CO, reduction products. Different
metal catalysts exhibit varying selectivity in PEC CO,RR, mainly
due to their unique electronic structures and active sites.?**"33-%5
White et al®® summarized the product selectivity for CO,
reduction of typical elemental electrocatalysts that are usually
attached to semiconductors as cocatalysts (Fig. 7). Precious
metals such as Au and Ag are ideal for producing CO due to
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Fig. 6 The factors affecting product selectivity: catalyst design,
reaction conditions, and reactor design.
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Fig. 7 The main reduction products formed on metal and carbon
electrodes in a CO,-saturated aqueous electrolyte, as represented
across the periodic table. Reproduced with permission from ref. 24.
Copyright 2015, American Chemical Society.

their moderate adsorption of CO intermediates.”® By providing
a suitable d-band center, they can effectively stabilize CO
intermediates and reduce their generation energy barrier.”* In
addition, the weak adsorption capacity of these metals for
hydrogen intermediates inhibits the HER, improving the
selectivity for CO. In contrast, Cu-based catalysts are more
suitable for the generation of multi-carbon products, such as
(C,H, and C,H;0H) because Cu-based catalysts can promote C-
C coupling reaction, which is a key step in the formation of C,,
products.”” Bi, Sn, In, etc. are promising materials for the
generation of HCOOH.*® Their electronic structure exhibit
a moderate binding energy with the key intermediate *OCHO
for the reduction of CO, to formic acid, which not only
promotes the stability of the intermediate, but also avoids the
difficulty of desorption caused by excessive adsorption, thereby
reducing the reaction energy barrier. Other transition metals
such as Fe, Co, Rh, etc. tend to produce a large number of
hydrogen by-products during the reaction process due to their
low HER overpotential.”

The modification strategy of the catalyst greatly affects the
selectivity of CO, reduction products. Modification methods
such as doping, vacancy, alloying, and crystal plane control can
significantly change the electronic structure and surface prop-
erties of the catalyst, thereby regulating the adsorption and
reaction path of the intermediate.>***%-%* For example, doping
metal or non-metal elements can introduce new active sites or
adjust the electron density of the original sites to improve the
selectivity of specific products. When CO, is reduced using
6 wt% Re-doped CuO/TiO,-NTs, the main products are meth-
anol and ethanol. With a lower Re doping level of 1 wt%,
methanol becomes the predominant product. In the absence of
Re doping, formaldehyde is the primary product.®® In alloying,
Bi-based materials can enhance the electronic structure of the
Bi surface by introducing elements such as In or Sn, thus
promoting the reduction of CO, to HCOOH. In addition, crystal
surface control also has an important effect on product selec-
tivity. The exposure of different crystal faces can change the
surface electronic structure and the active sites of the catalyst,
which can selectively enhance the adsorption and conversion of
some intermediates.®* For example, the (102) crystal plane of
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CuSe@BiOI heterojunctions can significantly improve the
reduction selectivity of CO, to HCOOH, while the (110) crystal
plane of Cu,O is more conducive to the formation of ethanol.*®
In summary, the electronic structure and surface characteristics
of the catalyst can be regulated by modification, so as to achieve
high selectivity for specific products.

The design of composite catalysts is another important
strategy to improve the selectivity of CO, reduction. The
combination of different types of catalysts can achieve syner-
gistic effects, optimizing electron transfer and enhancing the
stability of intermediates.®*-*® Metal particle loading can effec-
tively improve the electronic structure of the catalyst to improve
the photoelectric separation effect, and provide active sites for
the reaction. The composite of Ag and Au nanoparticles with
TiO, can enhance the selectivity of CO through interfacial
charge transfer, and the LSPR effect can further improve the
photocurrent density.>**>”® In addition, heterojunction struc-
tures are often constructed to enhance the separation and
transport efficiency of photogenerated carriers.” The design of
composite catalysts is not limited to intermetallic composites,
but also includes organic-inorganic hybrid materials, such as
Cu,O composites with polyaniline (PANI), which significantly
improve the selectivity of methanol by enhancing electron
transfer and CO, adsorption capacity.”> The microbial
composite catalyst combines the high selectivity of microor-
ganisms and the high efficiency of the catalyst to achieve the
efficient conversion of CO, to specific chemicals. For example,
a-Fe,05/g-C3N,  Z-scheme heterojunction photocathodes
significantly increase acetate production by facilitating electron
transfer between electrodes and microorganisms.” The design
of these composite structures makes full use of the synergy of
different materials and significantly improves the selectivity
and efficiency of CO, reduction, providing a new idea for the
development of efficient and stable catalysts.

The morphology control of catalysts has a significant effect
on the selectivity of CO, reduction products. Because of their
high specific surface area and unique surface properties,
nanostructured catalysts can provide more active sites, thus
enhancing the adsorption and activation of CO,.”*” For
example, Cu,O nanocubes significantly improve the selectivity
of CO, reduction to formic acid by increasing the specific
surface area and optimizing the charge transfer path. In addi-
tion, hollow structure catalysts such as CdS/VS-MoS, hetero-
junctions significantly improve the selectivity of C, products by
increasing the probability of internal medium collision.” The
morphology control can also affect the product selectivity by
changing the exposed crystal surface of the catalyst. For
example, Cu,O nanowires can selectively generate multi-carbon
products by exposing specific crystal faces. In addition, two-
dimensional nanosheet structures such as Bi/Bi,0,CO; signifi-
cantly improve formic acid selectivity by providing more edge
sites and active centers.”” Copper nanoflower catalysts exhibit
excellent CO,RR activity due to their unique layered porous
structure, which not only increases local pH but also reduces
competitive hydrogen generation.** These morphology control
methods not only improve the activity of the catalyst, but also
enhance the selectivity of specific products by optimizing the
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reaction path. The morphology control improves the activity
and selectivity of the catalyst, providing a new possibility for the
design of efficient photoelectrocatalytic systems.

The design of catalysts has a profound influence on the
selectivity of CO, reduction products. By selecting an appro-
priate metal catalyst, introducing doping or modification, con-
structing composite catalysts and adjusting catalyst
morphology, the path of CO, reduction can be effectively
regulated, so as to achieve selective generation of specific
products. These design strategies not only improve the reaction
efficiency, but also provide theoretical guidance and experi-
mental basis for the development of efficient and selective CO,
reduction catalysts. Future studies should continue to explore
ways to optimize these design strategies to further improve the
selectivity and stability of CO, reduction, providing strong
support for achieving sustainable carbon cycle and energy
conversion.

2.2.2 Reaction conditions. In the process of photo-
electrocatalytic reduction of CO,, the selectivity of the product is
mainly affected by the type of electrolyte, the applied voltage,
the external light source (including light intensity and light
wavelength), and so on.”* These factors directly affect the
performance and reaction process of the photocatalyst by
changing the reaction conditions and environment, and ulti-
mately affect the type and proportion of the target product.

The applied voltage plays a key role in photoelectrocatalysis
by regulating the separation and transport of photogenerated
electrons and holes. By applying an appropriate voltage, the
photo-generated carriers can be effectively separated, avoiding
the recombination of electrons and holes, thereby enhancing
the reaction efficiency.®® Meanwhile, regulating the applied
voltage can change the reaction path and induce the reduction
of CO, to generate different target products. Ren et al®
summarized and discussed the effect of varying the applied
voltage on copper catalysts on the selectivity of CO, reduction
products. Specifically, the selectivity of the main products
changed significantly across different voltage windows. When
the applied potential is close to —0.7 V, the main products are
CO and HCOO™, and the total FE can reach up to 75%, espe-
cially around —0.55 V. As the potential becomes negative and
reaches between —0.8 Vand —1.1V, the production of C,H, and
C,H;OH increases significantly, especially for all oxide-derived
copper catalysts. In addition, the process of generating syngas
is very common. The ratio of CO and H, was regulated by
changing the applied voltage. The selective regulation of
different CO, reduction products can be achieved in different
voltage windows by reasonably controlling the applied
potential.

The light absorption and reaction efficiency of photo-
catalysts are directly affected by the intensity and wavelength of
external light.”>#*%” An increase in light intensity usually
increases the current density and increases the reaction rate.
The role of light wavelength is also critical; different wave-
lengths of light are absorbed by the photocatalyst to different
degrees, so selecting an appropriate light wavelength can
maximize the light absorption efficiency of the photocatalyst,
thereby improving the photogenerated carrier generation rate
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and reaction selectivity. Dong et al.®® found that the selectivity of
the product did not change significantly with the increase in
light intensity, that is, the FE of CO and H, was almost the same
under different light intensities, which meant that the selec-
tivity of the reaction did not change with the change in light
intensity. In addition, Sohn et al.® studied the change in
product selectivity under different lighting conditions. For ZGO/
ZnO composites, the production of CO increased significantly
under UVC light irradiation, while the production of CH;OH
decreased. In contrast, under UVB light, the production of
CH;OH increases significantly, becoming the most dominant
product, followed by CO, while the production of CH, and other
C, compounds decreases significantly.

The reaction temperature plays a crucial role in determining
the reaction kinetics of PEC CO,RR.***** Light irradiation on
the catalyst surface not only excites electron-hole pairs but also
generates substantial heat through non-radiative relaxation,
resulting in localized temperature increases that can range from
several tens to over one hundred degrees Celsius.”*®* Such
temperature rises can be achieved by incorporating carbon
materials or utilizing the localized plasmonic effects of metal
nanoparticles.” On one hand, according to the Arrhenius
equation, an increase in temperature generally accelerates the
reaction rate, thereby enhancing the current density of CO,
reduction. For example, Cobb et al.*® employed a reaction setup
with external heating to precisely control the system tempera-
ture. At 45 °C and 0.85 V vs. SHE, the current density increased
by 60% compared to that at 20 °C. The current density for CO,
conversion to formate reached 0.47 £+ 0.05 mA, and after 10 h,
42 £+ 8 mmol of formate was produced. Additionally, the entropy
effect at elevated temperatures leads to a reduction in Gibbs free
energy, and the onset potential for water oxidation shifts
slightly to lower values, thereby reducing the overall reaction
energy barrier. On the other hand, temperature also affects the
formation and stability of intermediates, thus altering the
distribution of final products. According to the latest research
results from Jing's team,”” compared to single photocatalysis,
electrocatalysis, and thermal catalysis, thermally assisted pho-
toelectrocatalysis achieves higher product yields and greater C,
product selectivity in carbon-based products, with the contri-
bution of hot electrons to C, product selectivity reaching 31.9%.
This enhancement may be attributed to the reduced C-C
coupling energy barrier between * = C=0 and *CHO inter-
mediates. However, increasing the reaction temperature is not
always advantageous, as factors such as apparatus tolerance,
catalyst stability, and other related issues must be considered.
For instance, the enzyme formate dehydrogenase (FDh) catalyst
tends to lose activity above 45 °C.”® Agbo's team investigated
a flow cell setup and found that rapid heat dissipation of inte-
grated components improved the solar-to-energy conversion
efficiency by up to 10%.**

The type of electrolyte has a great influence on the type and
selectivity of the products by affecting the stability and reaction
path of the reaction intermediates.’”**% Different types of
electrolytes provide different chemical environments, which
may affect the properties of the active site on the photocatalyst
surface.’®'* Liu et al.®* investigated the impact of the proton
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concentration of the electrolyte on the performance of CO,
reduction by testing three representative solvents, namely
aprotic solvents with (methanol-acetonitrile) and without
(acetonitrile) proton donors, and a protic solvent (methanol).
The addition of proton donors not only increases the partial
photocurrent and selectivity of CO, but also reduces photo-
corrosion. However, in methanol, the HER dominates the
reduction of CO,, indicating that a high concentration of
protons promotes the occurrence of HER. Compared with
acetonitrile, the surface state concentration in methanol-
acetonitrile significantly decreases, indicating that the presence
of protons activates another reaction pathway (through stable
intermediates), thereby accelerating charge transfer. The addi-
tives in the electrolyte significantly change the selectivity of CO,
reduction. For example, in an electrolyte containing 1-ethyl-3-
methylimidazole tetrafluoroborate ((Emim]|BF,), the selectivity
of the Cu,O/TiO, nanoarray for CO, reduction to ethanol is
greatly improved, and the FE reaches 82.7%.'* This is because
the cation in the ionic liquid (IL) is enriched in the cathode
region under external bias, which is conducive to capturing
CO,, and forming a strong interaction with the catalyst surface,
improving the separation efficiency and migration rate of pho-
togenerated charges. In addition, the differing solubilities and
adsorption capacities of electrolytes for CO, reflect their mass
transfer capabilities. Gao et al.'® utilized [Emim]BF, ionic
liquid as the electrolyte, which enhanced the CO, solubility of
the system and increased the local CO, concentration at the
catalyst surface. Furthermore, the [Emim]BF, electrolyte acti-
vates the CO, molecules and forms an [Emim‘-CO,] complex,
thereby lowering the energy barrier for the reduction reaction.
Throughout the reaction process, [Emim]|BF, establishes an
electron transfer channel between the catalyst and CO,, signif-
icantly enhancing the selectivity and activity for the conversion
to C,H;OH.

By reasonably regulating the reaction conditions and envi-
ronment such as the applied voltage, the intensity and wave-
length of the external light, reaction temperature and the type of
electrolyte, the product selectivity in the photoelectrocatalytic
CO, reduction process can be effectively controlled, so as to
improve the generation proportion of the target product and
enhance the reaction efficiency. This systematic regulation
strategy not only helps to improve the performance of photo-
electrocatalytic technology, but also provides a new idea for the
efficient selective reduction of CO,.

2.2.3 Reactor design. In the PEC CO,RR process, the design
of devices plays a key role in the selectivity of products.®”*%1°¢
The area and synergistic oxidation of the photoelectrode
directly affect the absorption of light energy and the efficiency of
charge transport, thus affecting the selectivity of the product. In
addition, the design of the reactor also has an important
influence on the transport of reactants, the exposure of the
catalyst and the selectivity of the product.”®'” The design of the
photoelectrode area needs to comprehensively consider the
light absorption efficiency and charge transport capacity. An
excessively large area may lead to uneven absorption of light
energy or hinder charge transport, which in turn affects the
selectivity of the product. Andrei et al.*® found that when the
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Fig. 8 (a) Schematic diagram and (c) mechanism diagram of the

traditional PEC device using static solution. (b) A schematic diagram
and (d) mechanism diagram of CO, flux catalysis with clear boundary
layer shear flow. Reproduced with permission from ref. 109. Copyright
2025, Springer Nature.

effective area of the catalyst was about 4 mm?, the FE of C,
hydrocarbons reached 9.8%, which is much higher than that of
larger catalysts. This is because the smaller catalyst area can
provide higher current density per unit area, which is conducive
to the formation of C, products. In contrast, if the catalyst area
is too large, it will lead to a decrease in current density, which in
turn affects the selectivity of C, products. Reasonable area
design ensures the efficient utilization of light energy and the
effective separation of charges, thereby improving the selectivity
and efficiency of the reaction. In order to further improve the
overall performance of the system, the researchers also incor-
porated the glycerol oxidation reaction (GOR) in the system,
which not only reduced the required photovoltage, but also
increased the photocurrent density of the C, part by 200 times.

Reasonable design of the reactor's geometric structure can
optimize the light distribution and ensure that the surface of
the photocatalyst is uniformly exposed to light energy, thereby
avoiding the reaction inconsistencies caused by local over-
heating or uneven light intensity.”® Meanwhile, the transport
path of reactants in the reactor needs to be reasonably designed
to ensure that CO, or other reactants can fully contact the
surface of the catalyst, thus reducing the occurrence of side
reactions and increasing the proportion of target products.'*® In
conventional reactors, CO, transport is primarily governed by
diffusion, leading to a near-zero concentration of gaseous CO,
in the static electrolyte.'* As a result, achieving high conversion
efficiency and product selectivity is extremely challenging. In
Fig. 8a, the electrolyte in the PEC device is static, so diffusion
serves as the primary transport mechanism, followed by the
generation of ionic currents carried by H', HCO;™, and other
major ionic species. Acid-base reactions occur during the
diffusion and transport of CO, (aq), H', and HCO;™ (Fig. 8c).
The pH gradient between the anode and cathode, ion transport,
and acid-base buffering reactions constitute the main sources
of transport losses. To address this, Hu's team'” designed
a series of BiVO, photoanodes arranged in parallel and inclined
toward Si photocathodes, creating a boundary layer flow effect
(Fig. 8b). This configuration enables continuous flow of gaseous
CO, reactants to the catalyst, thereby enhancing CO, mass
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transfer. Specifically, as shown in Fig. 8d, the establishment of
boundary laminar flow alters the electrolyte flow direction from
the photoanode to the photocathode, and the resulting increase
in H' flux further reduces the pH gradient. Importantly, the
continuous flux of CO, is also significantly improved. The
photoanode generates H', which acidifies HCO; ™, resulting in
the in situ production of gaseous CO, that rapidly reaches the
photocathode catalyst. The customized PEC device significantly
increased CO selectivity from 3% to 21%, approaching the
theoretical limit of 30% predicted by the multiphysics model.
Meanwhile, a solar-to-fuel (STF) efficiency of 0.71% was
achieved.

As a cutting-edge PEC device, the PEC flow cell incorporates
a GDE to overcome the low solubility of CO, in aqueous elec-
trolytes, thereby significantly improving both the reaction rate
and the selectivity for specific products.*® However, due to the
unique structure of the reactor, the mass transfer of CO, within
the GDE is influenced by the electrolyte flow rate, the CO, gas
flow rate, and the CO, gas pressure."*® As shown in Fig. 9a, a low
electrolyte flow rate is insufficient to effectively remove accu-
mulated molecules near the catalyst layer, resulting in low mass
transfer efficiency at the catalyst surface. Conversely, an exces-
sively high electrolyte flow rate increases hydraulic pressure,
leading to the gradual infiltration of the electrolyte into the
catalyst layer and significantly hindering mass transfer within
the gas layer. Only at an appropriate electrolyte flow rate can the
balance between hydraulic and gas pressures at the catalyst
surface be maintained, optimally establishing the three-phase
interface within the catalyst layer. In addition to the electro-
Iyte flow rate, the CO, gas flow rate is also a critical parameter.
Fig. 9b illustrates that a continuous increase in the CO, gas flow
rate enhances the mass transfer of gaseous reactants at the
catalyst surface. However, an excessively high CO, flow rate

Increase in Electrolyte flow rate
3-phase interface disruption

Broad EquilibriﬂﬂY region

Shallow equilibrium region

JPhotocathode™
(Ag/Ti0;)

Gasflow,

Low mass transportation Short retention time

Increase in CO, Gas flow rate

3
Desorption hinderance

Lack of Reactants 3-phase interface

Increase in CO, Gas pressure

Fig. 9 Diagrams of the surface of the gas diffusion photocathode at
different (a) electrolyte flow rates, (b) gas flow rates and (c) gas pres-
sures. Reproduced with permission from ref. 110. Copyright 2024,
Wiley-VCH GmbH.
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reduces the residence time of CO, molecules, limiting their
effective adsorption, catalytic reaction, and product desorption
on the catalyst surface. Furthermore, CO, pressure significantly
affects mass transfer, although it is often not specifically re-
ported during testing. As shown in Fig. 9c, excessively low gas
pressure hinders the passage of CO, molecules through the
GDE, reducing their contact with the catalyst. In contrast,
excessive gas pressure disrupts the three-phase interface, dis-
turbing the equilibrium between the adsorption and desorption
of reactants and products. Maintaining optimal gas pressure is
essential for sustaining an effective three-phase interface and
optimizing photocathode performance. Therefore, the design of
the reactor also affects the selectivity of the product by regu-
lating the contact time of the gas-liquid interface and the flow
state of the reaction medium. Appropriately prolonging the
contact time or optimizing the flow state can increase the
residence time of the reactant on the catalyst surface, thereby
improving the selectivity of the product. However, excessive
extension of the contact time may lead to an increase in by-
products, so it is necessary to find a balance point in the
design to achieve efficient and selective generation of the target
product.

In summary, the design of PEC CO,RR technology requires
comprehensive consideration of many factors such as the area
and structure of optical devices and the design of reactors. By
optimizing these design parameters, the utilization of light
energy and enhancement of CO, mass transfer can be maxi-
mized, the charge transfer efficiency can be improved, and the
reactant contact and reaction path can be optimized, so as to
achieve effective regulation of product selectivity and further
improve the overall performance and efficiency of the reaction.
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2.3 Dynamics and thermodynamics of product selectivity

The product selectivity of PEC CO,RR is affected by both kinetic
and thermodynamic factors. The CO, adsorption model, band
gap structure and reaction free energy are the key influencing
factors.

The first step in CO, reduction is the adsorption and acti-
vation of CO, on the surface sites of the catalyst, so the
adsorption model also plays an important role in determining
the reaction pathway and product selectivity (Fig. 10a).**»**> It
directly affects the activation of CO, molecules and the subse-
quent reaction path by adjusting the electronic structure and
active site 