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Abstract: The metal catalyst has good electrical conductivity, is simple to prepare and easy to be applied in practice. It is
currently the most in-depth researched catalyst for electrochemical reduction of carbon dioxide. In recent decades, metals such as
copper, cobalt, tin, and gold have been used as electrode catalysts for reducing carbon dioxide. From the perspective of the
reduction mechanism of carbon dioxide, it is generally believed that the formation of C intermediate is the rate-determining step
of the entire reduction reaction. One of the main functions of metal catalysts is to enable the corresponding reaction intermediates
to exist stably, thereby improving the energy efficiency of the reaction. According to the combination with different
intermediates and the different products obtained, the metal electrode catalysts can be divided into three categories. In this paper,
the current research status of electrocatalytic and photocatalytic reduction of carbon dioxide and carbon dioxide under Raman
spectroscopy are introduced. Also elaborate, the Raman spectroscopic characterization of carbon dioxide has been introduced in
this paper with emphasis on the changes of Fermi resonance peaks of CO, with temperature and pressure. The advantages and
disadvantages of using metal and metal complexes, carbon materials, composite materials and MOF materials to reduce CO, are
introduced. The method was improved, and finally focused on the core issues of improving reactivity and product selectivity, and
analyzed the shortcomings of current electrocatalytic processes extended to large-scale production applications from surface
engineering, chemical modification, nano or composite materials. There are other ways to improve the activity of the catalyst
from these aspects, as well as the prospects for future research.
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Because CO; is rich in reserves, cheap and non-toxic on the
earth, if it is used as a carbon and oxygen source to
synthesize various chemicals and materials, it can
simultaneously alleviate the two major environmental and
energy crises, so it has application prospects [3, 4]. If
renewable energy is used to drive the process, the impact on
the environment and energy of the production process can be
reduced, in line with the goal of sustainable human
development [1, 4, 5]. The development of catalytic science
and technology is inextricably linked to the development of
catalytic research methods. New characterization techniques
play an important role, especially in the continual exploration
of new materials and new reactions. Over the past few
decades, especially since the 1960s, a new series of catalytic
research has developed. The characterization method uses

1. Introduction

Since the industrial revolution, the large-scale application
of fossil fuels has brought convenience to people, and it has
also caused excessive emissions of CO, [1-5]. Researchers
believe that the concentration of CO, in the atmosphere and
ocean is the main cause of the destruction of the natural
carbon cycle, and the resulting changes in global ecological
environment, such as the greenhouse effect and ocean
acidification, will greatly affect human survival and
development [1, 2]. On the other hand, fossil fuels, as
non-renewable energy sources, have limited reserves, so
people are trying to develop a variety of new and renewable
energy sources to reduce their dependence on fossil fuels.
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almost all new technologies derived from the development of
modern science, including modern physics based on the
principles of photo acoustics, electricity, magnetism,
electronics, atoms, ions and heat [1, 4-8].

The discovery of Raman spectroscopy has been around for
more than 80 years. The rise of laser technology has made
Raman spectroscopy one of the most active research fields in
laser analysis. Various spectral analysis methods, from
different angles to different expressions, further study the
purity of the sample, surface composition, surface structure,
sample morphology versus other physicochemical properties,
sample internal atom distribution rules, atomic molecular
structure information, chemical bonds and combining
electron spectroscopy, etc. Laser Raman and infrared
spectroscopy complement each other and become a powerful
force for molecular vibration and molecular structure
identification tool [1, 2, 4-7].

In recent years, with the sharp improvement of detector
sensitivity and the improvement of spectrometer which is the
signal-to-noise ratio of Raman spectroscopy is greatly
improved. That is to say, with the significant advances in
materials science, laser and synchrotron technology, and
nanotechnology, there are more and more opportunities and
possibilities for Raman spectroscopy in catalytic research [4,
7-9]. Especially in the field of catalysis, Raman spectroscopy
in the research of supported metal oxides, molecular sieves,
in-situ reaction and adsorption, the results have been
achieved. The reason why Raman spectroscopy has
developed rapidly in the application of catalytic research is
mainly as follows:

Firstly, Raman spectroscopy can provide the catalyst itself
and the structural information of the species on the surface,
which is the most important information to understand the
catalyst and catalytic reaction, Secondly, Raman
spectroscopy is easier to achieve catalytic research under in
situ conditions (high temperature, high pressure, complex
system). Thirdly, Raman spectroscopy can be used in the
preparation of catalysts, especially in the real-time study of
the catalyst preparation process from the aqueous phase to
the solid phase, which is difficult to achieve in many other
spectroscopy techniques; [2-4, 9]. However, there are some
difficulties in the application of Raman spectroscopy. Among
them, the low fluorescence interference and low sensitivity
are the most important problems that hinder its wide
application. The developed UV Raman spectroscopy
technology effectively solves the above problems
encountered in catalysis research and greatly expands the
application range of Raman spectroscopy. Electrochemical
research  originated from the "animal electricity”
phenomenon discovered by Oalvani in 1791 [1, 2, 4, 7]. With
electronics, quantum chemistry, structural chemistry,
spectroscopy, catalytic chemistry, solid physics, fluids-new
achievements in various disciplines such as mechanics and
computer science are constantly applied to electrochemistry,
making this ancient science alive. Machine and broad
development prospects. Greenhouse gases CO, is a major
cause of global warming. The use of solar energy or other
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effective catalytic materials to reduce CO, and other organic
matter such as hydrocarbons will benefit environmental
protection and energy use [2-5, 7, 9-13]. This paper focuses
on the research of carbon dioxide in Raman spectroscopy,
photocatalytic reduction and its electrocatalytic process.

2. Raman Spectroscopy of Carbon
Dioxide

The development of catalytic science and technology is
inextricably linked to the development of catalytic research
methods. Using almost all new technologies derived from the
development of modern science, including optics, acoustics,
electricity, magnetism, electrons, atoms, ions and the
discovery of Raman spectroscopy has been around for more
than 80 years. The rise of laser technology has made Raman
spectroscopy one of the most active research fields in laser
analysis.

For any molecule with a number of atoms N, the degree of
molecular vibration has a degree of freedom of 3N-6, and
CO, is a linear molecule. Therefore, the vibrational freedom
of the CO, molecule is 3N-5, that is, there are four vibration
modes. The four vibration modes include symmetric tensile
vibration v, asymmetric tensile vibration v;, and two
bending vibrations v, and v, with the same frequency. The
symmetric tensile vibration mode has almost the same energy
as the infrared active second level of v,, which is composed
of two sub-levels, namely 2v3 and 2v3 [2, 6-9, 14-16].

Since the energy levels 2v9and v, are two different
vibrations with similar energies, the so-called degenerate
energy levels are formed; therefore, these degenerate energy
levels have the same form of vibration. Because they
occasionally have the same energy and the same form of
vibration, they interfere with each other in the excited state,
and at the same time, Raman activity occurs, which is often
called Fermi resonance [7, 9, 16]. The symmetric tensile
vibration mode has almost the same energy as the infrared
active second level of v, which is composed of two
sub-levels, namely 2v5 and 2v3. Since the energy levels 2v)
and v, are two different vibrations with similar energies, the
so-called degenerate energy levels are formed; therefore,
these degenerate energy levels have the same form of
vibration. Because they occasionally have the same energy
and the same form of vibration, they interfere with each other
in the excited state, and at the same time, Raman activity
occurs, which is often called Fermi resonance [7].

Garrabos et al. [7] have shown that Fermi resonance
causes mixing excited state splitting, showing two strong
CO, characteristics in Raman spectroscopy sign line. As
shown in Figure 1, they are v;-2v, Fermi resonance double
peaks frequencies are 13882 cm’ (high frequency) and
1285.4 cm™ (low frequency). There is a small peak on the
side of the Fermi formant (Figure 1), which the peak is called
the hot peak (hot band) and is generated by a transition state
because the molecular thermal energy causes excitation
vibration dynamics.

The energy is higher than the ground state. The positions
of the heat peaks are 1264.8 cm’ and 1409.2 cm’
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respectively. The intensity of a peak at 1370 cm™ is very
weak, which is due to the isotope splitting of BCO, crack
produced.”*CO, content in natural CO, (volume fraction) is
1.1%, 13 CO, can be detected in the experiment only when the
gas density is particularly large [4, 7].

(Figure 1) are reprinted with permission from Ref. [7],
Copyright 1995. Geochimica et Cosmochimica Acta. 2.2
Relationship between CO, Fermi resonance peak and
temperature and density.

The characteristics of the Raman peak frequency, peak
shape and intensity depend on the vibration dynamic mode
molecular polarizability changes. Rosso et al [7] study shows
that the intensity and position of CO, Raman peaks tend to
vary with gas density and temperature. Change with other
parameters, as shown in Figure 1.

Garrabos et al. [17] studies have shown that as the density
increases, the Fermi doublet shifts to a low wavenumber and
the moving speed of the low frequency peak is faster than the
high frequency peak; Moreover, the high frequency peaks the
intensity ratio of the low frequency peak increases as the
density increases; With the increase of temperature, the
Fermi resonance peak intensity decreases, and the thermal
(hot) peaks intensity increases, that is, the ratio of the thermal
peak to the Fermi resonance peak increases with increasing
temperature [4, 7, 9, 10]. Given therefore, it can be
determined according to the position and relative intensity of

137

the CO, Raman peak. The relative size and temperature of
the gas density in the inclusions. Since under normal
conditions, the movement of the peak position is related to
changes in the environment in which the molecule is located,
such as the number of molecular collisions. In view of this,
the relative size and temperature of the gas density in the
inclusions can be determined based on the position and
relative intensity of the CO, Raman peak.
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Figure 1. 4 typical Raman spectrum of CO, with the effects of density and
temperature.
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Figure 2. Raman spectra acquired respectively from each phase in capillary at -120°C -30°C.

(Figure 2) are reprinted with permission from Ref. [7],
Copyright 1995. Geochimica et Cosmochimica Acta.

For this experiment, refer to Chou et al. [10]. By rapidly
freezing the sample, and then during the temperature recovery
process, refer to the microscopic thermometric phase
transition temperature at -120, -80, -60, -55, -10, -5, 0, 10, 22,
and 30°C, respectively. Observing the experimental results, it
was found that the peak position of the Fermi resonance peak
of CO, in each phase at a temperature of -120 to 30°C has such
characteristics as temperature changes. CO, solid phase and
hydrate peaks remain unchanged; The peaks of CO, gas phase,
liquid phase and aqueous solution change; As the temperature
increases, the two peaks of the gas phase shift toward the low
wavenumber as a whole, and 1285 cm™' Peak shift (2 crn'l) is
greater than 1390 cm™ peak (lem™); The two peaks of the
phase shift to a high wavenumber as the temperature increases,
and the offsets are the same; The 1278 cm” peak of the
aqueous phase rises with temperature to low wavenumber
shift, while the 1383 cm™ peak is reversed, and the offsets are
the same. The results show that in the temperature range of
-120~30°C, CO, gas phase, CO, the characteristic spectra of
liquid phase and CO, aqueous phase have variability with
temperature. The reason is that CO, changes in the fluid
inclusions between the phases due to temperature changes,
which directly leads to changes in CO, pressure or density in

these phases, thus affecting the characteristic peaks the CO,
solid phase and hydrate characteristic spectra are stable, and
their fixed characteristic peaks contribute to the Raman
spectroscopy identification of CO, solid phase and hydrate
phase in fluid inclusions. It is well known that in fluid
inclusion analysis, for fluid inclusions such as rich gas and
small size, it is difficult to identify the fluid phase transition in
the inclusion during microscopic temperature measurement,
and the composition of fluid inclusions in nature is diverse,
and the microscopic temperature measurement process The
phase transition of the fluid is complicated, and it is difficult to
understand the phase transition process under simple
microscopic observation and define the phase transition
temperature. Raman results at different temperatures change
due to fluid phase transitions: The characteristics of CO, solid
phase, gas phase and hydrate are shown on the spectra
collected below the initial melting temperature (-56.6°C)
(Figure 2). Subsequently, the CO, solid phase disappears and
the CO, liquid phase appears (Figure 2). After freezing point
(-1.5°C), the liquid phase water continues to combine with the
adjacent CO, liquid phase to form a hydrate due to the melting
of all the ice, so only the CO, gas phase and hydrate, and the
CO, hydrate signal is enhanced (Figure 2). Next, the hydrate
disappears (10°C) and returns to the CO, gas phase and liquid
phase. Simultaneous detection of CO, aqueous phase (Figure
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2). Finally, in the CO, phase, the gas-liquid two phases are
uniform to the gas phase (23°C), and the Raman results show a
CO, gas phase and a CO, aqueous phase (Figure 2). Therefore,
by collecting characteristic spectra of fluids at different
temperatures, laser Raman spectroscopy combined with
microscopic temperature measurement technology can
effectively identify different fluid phases, obtain phase
transition processes, and determine phase transition
temperatures [1, 5, 7, 9-11, 14].

3. Summary of Catalytic Materials
3.1. Metal Catalyst

Metal catalysts have good electrical conductivity and are
simple and easy to prepare. Inter-application, is the most
in-depth research on carbon dioxide electrochemistry
chemical agent. In the last few decades, copper, cobalt, tin,
and gold have been used. It is used as an electrode catalyst
for reducing carbon dioxide. Reduction from carbon
dioxide-in terms of mechanics, it is generally considered that
the formation of the Cz* intermediate is the entire reversion
reaction. The quick step [11, 17-20]. One of the main
functions of metal catalysts is to-the intermediate energy of
the reaction can be stabilized, thereby increasing the energy
efficiency of the reaction rate. According to different
intermediates combined with different intermediates, in order
to classify metal electrode catalysts into three categories [2,
11, 19, 21]. The first category includes tin, mercury, lead,
indium, etc. They have a high hydrogen potential (that is,
they need to be at a more negative potential). Only hydrogen
can be produced underneath), but the carbon dioxide
adsorption capacity is weak, so CO, tends to combine with
protons to form HCOO™ and then leaves the surface of the
electrode. The original product is formic acid or formate; the
typical representative of the second type is gold, silver, zinc
and palladium, the hydrogen evolution potential is moderate,
but the ability to adsorb carbon monoxide is weak, Once
produced, it tends to be directly off the surface of the
electrode, so it can be acid Basically, CO, is restored to CO;
copper is classified into the third category. The only metal.
Its CO combination can be bigger, which is beneficial to CO
growth. A hydrogen reaction that converts CO, into more
industrially valuable products such as hydrocarbons and ethyl
alcohol. In addition to this, for nickel, iron, platinum,
titanium, their hydrogen evolution potential is low. And it has
strong adsorption capacity for the original carbon monoxide,
which is strongly adsorbed on electricity. The surface of the
surface is poisoned by the catalyst, so the product is
hydrogen gas. Classify these metals into the fourth category,
which will be introduced separately.

3.1.1. Copper (Cu)

The copper reductive product is dominated by
hydrocarbons. In the 80s of the last centuries, there was a text
it is reported that the method of producing hydrocarbons in
the conversion of polycrystalline Cu to catalytic C the

Faraday Efficiency (FE) is over 50%. Although copper-based
catalysts are very good Faraday electrolysis efficiency and
high added value of electrochemical reductive products,
some of its problems have limited its use and development:
First, copper is an active metal that dissolves during
electrolysis, so the high-index crystal surface of copper with
better catalytic activity is quickly deactivated during the
reaction. Cause irreversible loss of catalyst, unable to balance
the activity and stability of the catalyst. Secondly, the
electrochemical reduction products of copper carbon dioxide
are still complicated, and the products include CO, HCOOH,
CH,, C,H, and various alcohols, aldehydes, acids and the like.
In addition, the overpotential required for polycrystalline Cu
to catalytically reduce CO, in the aqueous phase is high, so
that the potential for negative shifting and hydrogen
evolution reaction of the reaction is large. Serious
accumulation, resulting in the latter's competition to
dominate. The problem of copper-based catalysts, there are
mainly methods such as alloying method, oxidizing method,
surface active agent method, surface finishing method, Nano
metering method and metal covering method to improve
performance [11, 18, 22].

3.1.2. Silver (Ag)

Silver has become a more common catalyst for the
reduction of carbon dioxide due to its relatively low
overpotential and high selectivity. It is a more commonly
used catalyst for the reduction of carbon dioxide. Recent
research on silver-reduced carbon dioxide has recently made
a new development. Lu et al. have discovered a Nano-silver
catalyst, [11-13, 22] which can reduce carbon dioxide to
carbon monoxide with 92% selectivity at a voltage of 0.6 V.
The 1.1% Faraday current efficiency of nano silver is far less
than that of the commonly used polycrystalline silver catalyst,
but the deposition density of the product carbon monoxide on
nano silver is about 3,000 times that of polycrystalline silver.
Since the specific surface area of nano-silver is 150 times
that of polycrystalline silver, the -catalytic activity of
nano-silver is about 20 times that of polycrystalline silver.

3.1.3. Gold (Au)

Gold, like silver, is a more active catalyst in the reduction of
carbon dioxide, but due to its higher price, it is not as good as
gold. In Chen and Kannan’s experiments, [21-24] they passed
the reduction of gold oxides. The membrane method obtained
the gold nanoparticle, and the nanoparticle made the electrode
pair. The catalytic effect of oxidized carbon reduction is much
better than the commonly used polycrystalline gold, and its
Faraday current efficiency is as high as 96%. In the
gold-catalyzed reduction of carbon dioxide, the initial
conversion of carbon dioxide requires a higher overpotential,
so it is the final step of the reaction. the test shows that the
catalytic effect of nanogold is better than that of ordinary gold,
which is similar to silver. Except this, it is more effective in
stabilizing the free radical of carbon dioxide.

3.1.4. Other Metals
In addition to the metals mentioned above, there are some
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studies showing that certain metals and their oxidants have a
good catalytic effect on the reduction of carbon dioxide.

Tin (Sn)

The research shows that when Sn is used as the electrode,
SnO can be better catalyzed. Reductive reaction of oxidized
carbon, but related to the reversion of tin dioxide to carbon
dioxide there should be very little research, but the reason is
that tin dioxide is easy to be reverted to metal tin. However,
Lee [25] recently researched the use of nano tin dioxide. A
method of reducing carbon dioxide. At a potential of -1.8 V, 5
nm of tin dioxide nanoparticle as a catalyst can make the
reversion Faraday's current efficiency is 86%.

Molybdenum (Mo)

Recently, Oh's [26] research shows that there is an organic
solvent solution of molybdenum oxide. It is also an excellent
catalyst for electrocatalytic reduction of carbon dioxide. Its
reductive product at room temperature is more complex, but at
-20° C, it will mainly produce carbon monoxide. The presence
of water will also make the reaction of the product and the
catalyst the activity changes. In addition, Mo's sulfur
compound MoS, is unexpectedly a very good catalytic effect.
It can highly specifically reduce carbon monoxide at a voltage
of -0.764 V in the tetrafluoroborate solution of the
3-methyl-1-ethylimidazolium cation mentioned above, and the
Faraday current efficiency is as high as 98%. The scientists
also developed a nanosheet of MoS, to increase its specific
surface area and obtain better catalytic effects. The success of
MoS, has also led scientists to focus on substances of similar
structure, such as MoSe,, WS,, etc. Although no new research
results have emerged, but there is no doubt that this is a
development direction full of prospects [12, 22, 26, 27].

Gallium (Ga)

Sekimoto [27] found that gallium trioxide is also a catalyst
for carbon dioxide reduction. Unlike most of the metals
mentioned above, it is more selective in reducing carbon
dioxide to formic acid and has a Faraday current efficiency of
up to 80%. The reaction mechanism indicates that the
selectivity to formic acid is higher due to the presence of the
more stable intermediate HCOOGa,Os;.

3.2. Non-metallic Catalyst

Relative to the high price and low reserves of metals,
non-metallic, especially carbon materials, the source is wider,
the price is much cheaper, and the environment is friendly,
because many researchers are trying to load metal on
non-metallic substrates. That is say, the metal is supported on
a non-metallic substrate to electrochemically catalyze the
reduction of CO,. Non-metallic bases can help reduce metal
usage, increase metal utilization, stabilize, Dispersing the
metal nanoparticles, through the electron cloud structure of
the support effect metal catalyst, thereby increasing the
activity and selectivity of the catalyst. At present, the
nanocarbon substrate is the object of research by the
researcher because of its unique ability to assemble carbon
atoms into nanomaterials with different dimensions and
structures. The unique ability of nanomaterials has become
the focus of research, such as one-dimensional carbon
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nanotubes (CNT), carbon nanofiber (CNF) and
two-dimensional graphite [16, 22, 27]. These nano carbons
the material has a high surface area, strong electrical
conductivity, and good chemical stability and higher
mechanical strength metal material, it is not fully equipped
with the advantages.

3.3. Carbon Material

Studies have shown that under high pressure, the surface
of the glassy carbon electrode can directly produce CO,, its
products include CO, HCOOH and a small number of
hydrocarbons. In the study related to carbon nanomaterials,
500 nm diameter CNF obtained by carbonization of
polyaniline, compared with nanometer metal, it has a higher
current density and can be used at an overpotential of 0.17
V, the catalytic CO, is reduced to CO. Researchers believe
that its active site is still carbon atoms and nitrogen doping
can enhance the catalytic performance of carbon materials.
Sharma et al. Use nitrogen-doped carbon nanotubes
(N-CNTs) as catalysts, but also at lower levels the
overpotential (-0.18 V) efficiently restores CO, to CO.
Theoretical calculation the lone pair of pyridinium and
pyrrole N can be bonded to C to make it alive. Wu et al.
carried out different kinds of nitrogen doping on the
graphite. This 3D graphene material can reduce CO, to CO
at an overpotential of -0.19 V, and Faraday effect (FE) can
be as high as about 85% [11, 28].

3.4. Carbon-based Composite Materials

The copper that was discussed before is a kind of high
added value that can be obtained. The original product, its
shortcomings are too bad in response efficiency and
selectivity, it is difficult to get dedicated product. For this
question, Song et al. [17] Through the analysis of the reaction
mechanism, it was found that the graphene-based
nanopolycrystalline Cu interacted with graphene through the
defect sites, which stabilized the intermediate of the CO,
reduction reaction and improved at a lower overpotential. For
the selectivity for products such as methane and methanol.
The authors used a nano-Cu particle on the N-doped carbon
layer (CNS, length about 50-80 nm) to catalyze the reduction
of CO, at room temperature. The main product was ethanol,
the Faraday effect (FE) was 75%, and the highest efficiency
of ethanol conversion was 63%. The innovation of this
research is to combine the traditional advantages of the metal
catalyst with the characteristics of the carbon material and
use the interaction to achieve the purpose of improving the
selectivity of the reaction.

3.5. Metal Framed Material

MOF, Metal-Organic Frameworks, refers to a metal
organic framework material, which is a porous material
formed by a self-assembly process of a metal node structure
or a cluster structure and an organic ligand [22, 29]. This
kind of material is a combination of metal and organic ligand,
so it has many unique properties, such as large specific
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surface area and high porosity, which makes it better
deoxidized carbon is combined to form a good carbon
dioxide reduction catalyst. Zhang et al. [29]. used metal and
porphyrin through an organic frame combined to form a
multiphase catalyst, the experiment shows that the catalyst
can be specialized reducing carbon dioxide to carbon
monoxide in one place, and Faraday's current efficiency
higher up to 90%. At the same time, it also has the
advantages of long life and low voltage. Li et al. [30] and
other researchers used Ni*" and using azo-4,4-pyridine as a
ligand, self-assembled and washed into a nitrogen-rich MOF
material COF due to its. It has a good adsorption and fixation
effect on carbon dioxide, so it is also a kind a better carbon
dioxide reductive catalyst.

4. Photocatalytic Reduction

Hydrocarbon fuels have the stability and high energy and
become the most important energy source in today's society.
However, the combustion of hydrocarbon fuels produces a
large amount of CO, gas, resulting in an increase in the
greenhouse effect. Photocatalytic reduction of CO, can
produce hydrocarbons such as formic acid, formaldehyde and
methanol, which are of great significance for environmental
protection and energy reuse.

In recent years, a lot of exploration and research on
photocatalytic reduction of CO, has been carried out
internationally. In order to improve the conversion rate of
CO,, a photocatalyst with high catalytic activity and high
selectivity has been sought. At present, photocatalysts
mainly study TiO, and some metal oxides, and improve the
catalytic activity of photocatalysts by modification methods
such as metal or non-metal doping. This paper mainly
introduces the types and catalytic reaction characteristics of
photocatalysts used in photocatalytic reduction of carbon
dioxide in recent years.

TiO, has rutile, anatase and titanium in nature. The three
crystal forms of the ore type are mainly anatase type used as a
photocatalyst. TiO, has high photocatalytic activity, strong
corrosion resistance, stability, and non-toxicity. The relatively
low price is a commonly used photocatalyst. Different
experimental conditions, photocatalytic reduction of CO,
products is very different, the products are mainly carbon
monoxide, formic acid, formaldehyde, methanol, methane and
other carbon compounds and acetic acid, ethane, ethylene and
other two carbon compounds.

Tan et al. [31]. studied photocatalytic reduction of CO,
using particulate TiO, as a photocatalyst. The experimental
results show that under room temperature conditions, CO, and
saturated water vapor are continuously reacted under different
wavelengths of ultraviolet light for 48 hours, and the reduction
product is mainly CHy; Gas chromatographic analysis
revealed that a small amount of H, and CO were formed in the
reduced product, and H,/CH,4 was about 0.6 CO/CH, of about
1. The study found that the methane concentration in the
product was about 200 ppm under 253.7 nm ultraviolet light,
and the methane concentration was less than 100 ppm under

365 nm ultraviolet light. Granular TiO, has a better catalytic
effect than film-like TiO,.

Vijayan et al. [32] conducted photocatalytic reduction of
CO, using different sizes of TiO, nanotubes as catalysts. The
experimental results show that when the calcination
temperature is between 200 and 800°C, different sizes of TiO,
nanotubes are synthesized by hydrothermal oxidation method,
with diameters between 8 and 12 nm and lengths between 50
and 300 nm. between. When the catalyst calcined at 400°C
was subjected to a catalytic reaction, the methane yield was
the highest; when the catalyst calcined at 600°C was subjected
to a catalytic reaction, the acetaldehyde yield was the largest.
When the calcination temperature is higher than 400°C, the
specific surface of the catalyst is small as the calcination
temperature is increased. The nanotube-type TiO, has better
catalytic effect than the P25-type TiO, [31, 33, 34].

Wang et al. [34] used CdSe/Pt/TiO, as a -catalyst.
Photocatalytic reduction of CO, was carried out. The
experimental results show that the reaction product is more
than 4h under the irradiation of visible light with A > 420 nm
with water as solvent. The main products are CH,;, CH;0H
and a small amount of CO and H,. The methane yield was 48
ppm/g-h, and the methanol yield was 3.3 ppm/g-h. The XPS
characterization shows that the doping amounts of Pt and Cd
in the catalyst are 0.5% and 1%, respectively [35].

Schulte et al. [33] used photocatalytic reduction of CO,
using TiO, nanotubes as a catalyst. The experimental results
show that methanol is formed in the reduced product under
365 nm ultraviolet light irradiation. The nanotube-type TiO,
catalyst has a large surface area, and the TiO, nanotubes
composed of anatase phase and rutile phase have stronger
catalytic activity than single-phase TiO, nanotubes. Under
ultraviolet light irradiation, as the ratio of rutile phase
increases, the photocatalytic reaction rate slows down. Under
the irradiation of visible light or light near the visible
wavelength, the reaction rate increases as the ratio of the rutile
phase increases [33, 36-38]. It has been found that by
adjusting the calcination temperature, the composition of the
catalyst can be adjusted to adjust the catalytic activity of the
catalyst and to expand the absorption range of the catalyst for
visible light. The TiO, nanotube catalyst calcined at 480°C has
the highest photocatalytic activity and the strongest absorption
of ultraviolet light.

Wu Shuxin et al. [39] carried out photocatalytic reduction
of CO, by using copper-doped titanium dioxide as a
photocatalyst. The experimental results show that the
photocatalytic reduction performance of titanium dioxide is
the best when the amount of copper doping is 0.2%. For the
undoped copper TiO, catalyst, the photocatalytic reduction
products are only formic acid and formaldehyde; the
copper-doped TiO, catalyst, photocatalytic reduction products
not only have formic acid and formaldehyde, but also
methanol [28, 39-41].

Fan Jun et al. [42] used Fe** doped nano TiO, as a catalyst.
Study on photocatalytic reduction of CO,. Catalyst
characterization results show that the dispersion of Fe-TiO,
catalyst is good. The average particle size is 9.37 nm and the
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specific surface area is 85.46 m%/g. The doping of Fe*" not
only reduces the average particle size of TiO,, but also
effectively inhibits the phase transition of TiO,, so that the
catalyst maintains a single anatase phase structure. When the
Fe** doping amount is 4.0 % (relative to the mass fraction of
TiO,), The yield of methanol in photocatalytic reduction
products when Fe-TiO, catalyst dosage is 1.0 g/L, reaction
time is 8h, CO, flow rate is 200 mL/min, reaction temperature
is 90°C, and the concentration of NaOH and Na,SO; in the
reaction solution are both 0.10 mol/L. Up to 308.76 pmol/g
(based on the amount of material that produces methanol per
gram of catalyst) [18, 32, 43, 44].

Kocia et al. [45] Photocatalytic reduction of CO, using
silver-doped TiO, as a catalyst. The experimental results show
that the photocatalytic reduction of CO, products is mainly
methane and methanol under 254 nm ultraviolet light
irradiation. When the amount of silver doping is 5%, the
forbidden band width of TiO; is lowered. When the amount of
silver doping is more than 5%, silver polymerizes on the
surface of the semiconductor catalyst, which reduces the
probability of the combination of photogenerated electrons
and holes, and improves the service life of the catalyst. XRD
characterization shows that as the amount of silver doping
increases, the forbidden band width gradually decreases.
When the doping amount of silver is 7%, the yield of methane
and methanol is the highest [36, 46-49].

In summary, the catalysts used are mainly powdered TiO,,
TiO, nanotubes and metal or non-metal doped TiO, powder.
TiO, can only absorb ultraviolet light with a wavelength of
less than 387.5 nm. After doping with metal and non-metal,
the photocatalytic activity is improved and the visible light
response can be achieved.

5. Summary and Perspectives

In recent years, the topic of electrochemical reduction of
carbon dioxide has attracted a lot of research. The
researcher's attention is mainly due to the following reasons:

1) The reduction of CO, can be reduced CO, in low gas, so
as to relieve a series of warming caused by global warming
unfavorable effects; 2) The chemical products of the
chemical recovery are all about valuable raw materials or
fuels can alleviate the energy crisis; 3) This is a convenient
way to store reusable electrical energy in a chemical form
with high energy density. By rational (reasonable) design and
selection of the catalyst, the desired reduction product can be
obtained with high selectivity. According to the species
composition of the element, the inorganic multiphase
electrode catalysts currently studied can be classified into
metal, metal oxide, metal sulfur and non-metal (Mainly
carbon-based materials). Difficulties encountered in the
design and selection of catalytic materials include the
overpotential too high or low catalytic activity, poor product
selection, and insufficient catalyst stability and many more.
Next, this overview mainly provides boosting power from the
following aspects. Possible recommendations and methods
for polar catalyst performance:

Progress in Raman Spectroscopy and Reduction of Carbon Dioxide

Surface engineering: The surface properties of the catalyst
to the final catalytic effect, there is a significant impact
(especially for metal catalysts). We know that the smooth
surface of the metal is compared with the rough surface of
the metal. Rough surface metals have larger
electrochemically active surface areas and higher current
densities. More importantly, the rough surface has more low
coordination sites (surface steps, surface defects) than the
smooth surface, which can improve the reaction activity of
CO, reduction. In order to improve catalyst performance, in
addition to surface effects, surface impurities and metal
coatings should also be considered. In summary, although the
exact reaction mechanism has not been proved, the
experimental results show that there are more active reaction
sites on the high-density grain boundaries, which can
promote the improvement of reduction activity.

Chemical modification: The active group or the catalytic
substance is attached to the surface of the electrode by
adsorption, coating, polymerization, chemical reaction, etc.,
thereby improving the characteristic function of the electrode
catalyst. Surface modification of copper-based catalysts, such
as the addition of other metal elements or sulfur ions, can
improve their catalytic performance. For pure carbon
catalysts with low catalytic activity, can be hybrid N and
other miscellaneous atoms to improve performance.

Nano array materials: The structure of the nano array of
catalytic materials, that is an independent structural element
with a nanometer size, such as a nanometer rod, a nanometer
tube, etc. ordering to obtain microscopic array materials. The
current method of constructing nano arrays is the
hydrothermal synthesis method.

Composite materials: There are special interactions
between two or more composite materials, thereby achieving
the purpose of improving the activity of the catalyst while
ensuring its stability. Such as Cu, CNS, Sn and stilbene the
combination also has an unmistakable effect. From this,
metal-carbon  materials, metal-metal oxides, metal
sulphide-carbon materials, etc. a composite material with
practical potential for electrocatalytic reduction of CO..

Others: In addition to the nature of the catalyst itself, other
influencing factors also have some room for improvement. In
the process of electrochemical reduction, the efficiency of CO,
transport to the surface of the cathode catalyst is not high,
resulting in low current density. Therefore, this problem can be
solved by improving the design of the electrolytic cell. For
example, changing the material of the gas diffusion layer and
the liquid flow layer; A solid polymer electrolyte is used; an
ionic liquid or the like is used. Compared with the aqueous
solution, the ion liquid has an unparalleled advantage of high
CO; solubility and potential window width. More importantly,
ionic liquids can greatly inhibit the side reactions that generate
hydrogen, which is worthy of further attention. From the
perspective of materials science, many relatively less popular
inorganic materials (metal nitrides, metal phosphides, metal
carbides, metal borides, etc.) have yet to be developed and
explored. While most of the researchers are paying attention to
the performance of the cathode catalyst, the selection of the
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anode material also affects the overall response efficiency.
Parameters such as CO, pressure, reaction temperature, pH,
and the occurrence of catalyst poisoning and deactivation also
affect the final reaction results.

All in all, with the continuous development of the
international economy and the large-scale application of
industrial fuels, the content of carbon dioxide in the
atmosphere continues to increase. Catalytic reduction of
carbon dioxide to produce hydrocarbon fuels is of great
significance for environmental protection and renewable
energy use. The use of eternal solar energy to catalytically
reduce CO,, its system is simple and easy to control, and
pollution is becoming an important direction for researchers.
Develop environmental protection, economy, high activity,
high lifetime catalysts will be the key to industrialization.
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