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Abstract: Increasing CO2 concentration in the atmosphere is believed to have a profound
impact on the global climate. To reverse the impact would necessitate not only curbing the
reliance on fossil fuels but also developing effective strategies capture and utilize CO2 from
the atmosphere. Among several available strategies, CO2 reduction via the electrochemical
or photochemical approach is particularly attractive since the required energy input can be
potentially supplied from renewable sources such as solar energy. The electrochemical
reduction of carbon dioxide is the conversion of carbon dioxide (CO2) to more reduced
chemical species using electrical energy. Photocatalytic carbon dioxide (CO2) reduction to
obtain hydrocarbon solar fuels is one of the promising strategies to solve energy crisis and
complement carbon cycle. The reduction processes mainly based on the catalyst material,
and the design and structure of the catalyst strongly affect to how the carbon dioxide converts
into hydrocarbon fuels. This review paper mainly presents the influence of various factors
on the catalytic reduction performance, the type of catalyst and the reaction mechanism.
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1. Introduction

The chemical industry of today is largely dependent on fossil fuels. Oil, gas and coal are
used both as feedstock and as fuel to power the conversion and separation processes.
Consequently, the industry is a major emitter of CO2 and other greenhouse gases. The
increasing greenhouse gas CO2 concentration level in atmosphere raises serious concerns
on fossil fuel-based energy supply. Renewable energy sources, such as solar, wind, hydro,
and waves, are being considered as potential alternatives because they are more
sustainable and carbon-neutral. Since late 19th century (in Figure 1), CO2 concentration
in the atmosphere has increased from 280 to 400 ppm [1-7]. 
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Figure 1. Atmospheric CO2 concentration and corresponding global average temperature since the late
19th century. Red bars indicate temperatures above and blue bars indicate temperatures below the 1901–

2000 average temperature [5]. 

In nature, the photosynthesis of green plants plays an indispensable role in
maintaining the carbon/oxygen cycle which is vital for the maintenance of life on earth.
It is consisted of two sequential steps known as the light and dark reactions (in Figure
2a). In the light reaction, chlorophyll adsorbs sunlight, converts it to the chemical energy
stored in adenosine triphosphate (ATP), and meanwhile oxidizes water to O2. In the
dark reaction, CO2 is fixed and reduced stepwise to form carbohydrates using energy
stored in ATP. The natural photosynthesis essentially provides the energy needed for
most lives on this planet and is the basis for the survival of mankind [8-16]. For more
than three decades, researchers have been ambitiously attempting to mimic what Nature
does and pursuing artificial photosynthesis that aims at the spontaneous transformation
of atmospheric CO2 and water to chemical fuels using sunlight as the sole energy
input. Although still at very low efficiency currently, artificial photosynthesis is believed
to have the great potential to make a substantial contribution to our future energy supply.
It is now generally approached from two directions. As schematically illustrated in
Figure 2b, the first route uses photovoltaic (PV) cells to generate a sufficient photovoltage
which is then supplied to the cathode for the CO2 reduction and the anode for the
water oxidation. Proper electrocatalysts are employed on the two electrodes so as to
expedite the reaction rate and improve the reaction selectivity. The advantage of this
route is the flexibility in the design of PV and electrocatalyst pairs. Components can be
individually optimized and then combined together to enable the best overall
performance. The second route is the direct photocatalytic approach where light-
absorbing semiconductor particles (photocatalysts) decorated with suitable
electrocatalysts (commonly referred as cocatalysts in photocatalysis) are dispersed in
aqueous solution and achieve light harvesting, charge separation, and interfacial charge
transfer to drive corresponding reactions all within particles (in Figure 2c). The merit of
the second route is its wireless configuration that renders the device design much more
straightforward and compact [17-20]. Their future success strongly relies on the
development of high-performance CO2 reduction electrocatalysts or photocatalysts.
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Figure 2. Analogy among a) natural photosynthesis, b) electrochemical synthesis on electrocatalysts
powered by a photovoltaic cell, and c) photochemical synthesis on powdery photocatalysts [20].

CO
2
 is one of the most thermodynamically stable molecules due to the strong C-O

double bond with bonding energy of 750 kJ mol-1—considerably larger than that of C-C
(336 kJ mol-1), C-O (327 kJ mol-1), or C-H bond (411 kJ mol-1). CO

2
 reduction via either

the electrocatalytic or the photocatalytic approach is a thermodynamically uphill reaction
and demands significant energy input to break the C-O bond. To make it even more
complicated, CO

2
 reduction may proceed via several different reaction pathways with

the transfer of 2, 4, 6, 8, 12 or even more electrons and yielding diverse reduction products
including carbon monoxide (CO), formic acid (HCOOH), methane (CH

4
), ethylene

(C
2
H

4
), and many others depending on the nature of the electrocatalysts or photocatalysts

as well as the actual experimental conditions [21].

2. Reduction method

Three main approaches suggested to reduce the amounts of CO
2
 in the atmosphere

which includes 1. Direct lowering of CO
2
 emissions, 2. CO

2
 capture and storage (CCS),

3. CO
2
 utilization and transformation. Typically, several technologies have been utilized

for the CO2 transformation to hydrocarbon fuels, including thermodynamical, biological,
photoelectrocatalytic, electrocatalytic and photocatalytic reduction reactions. Among
them, electrocatalytic and photocatalytic methods are widely studied in the CO

2 
reduction

study. Both methods have their own specific advantages [22].

Photochemical reduction of CO
2
 with H

2
O using solar light and semiconductor

photocatalysts mimicking the natural photosynthesis process in plants can realize the
potential scalable production of so-called solar fuels (CH

3
OH, C

2
H

5
OH, and

hydrocarbons) at a satisfactory purity (in Figure 3). There are several methods used for
the reduction of CO

2
; among them, photocatalytic and electrochemical reduction methods

are widely used in research investigating CO
2
 conversion [23]. The photocatalytic method

has the advantage of being a conventional low-energy technology, and it can efficiently
convert and store solar energy into chemical energy while allowing carbon to be recycled.
The whole photocatalytic CO

2
 reduction process consists of five stages: light absorption,

charge separation, adsorption of CO
2
 onto the surface of photocatalyst, surface redox

reaction, and product desorption.
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Figure 3. a) Schematic energy diagram for CO2 reduction and H2O oxidation on a semiconductor. b)
Schematic of the overall photocatalytic reaction process, illustrating factors that may impact

photocatalytic performance [21]

The reduction potential for the various products of CO
2
 reduction at pH 7 is presented

in Table 1. On the one hand, single-electron CO
2
 reduction reaction requires a highly

negative potential of 1.9 eV, which makes the one-electron reduction process very
unfavorable. On the other hand, the proton assisted multi-electron CO

2
 reduction

reaction requires comparatively low redox potential (Table 1) and are more favorable.
Photocatalysts can facilitate these reduction processes with lower potential. For this
purpose, an ideal photocatalyst generally requires two characteristics: (i) the redox
potential of the photo-excited VB hole must be sufficiently positive so that the hole can
act as an electron acceptor; and (ii) the redox potentials of the photo-excited CB electron
must be more negative than that of the CO

2
/reduced-product redox couple [22].

The photocatalytic CO
2
 reduction efficiency is generally measured by the yield of the

product. Here, the general unit for R is mol·h-1·g-1 of catalyst and for the product either
in molar units (ìmol) or in concentration units (ppm).

R=n(Product) / Time × m(Catalysts)           (1)

In the catalyst-based measurements, the efficiency of the photocatalyst usually
depends on the amount of photocatalyst, the intensity of the light, lighting area, etc., so
under the irradiation of light, the amount of product formed by per gram of photocatalyst
within a certain time period can be measured by its apparent quantum yield. It is
calculated by using the amount of product and the incident photon number as shown
in the following equations [23, 24]. When the photocatalytic reduction reaction gives
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complex products, then the number of reacted electrons in the equation denotes the
sum of the reacted electron to form each product [25, 26]. Thus, in light-based
measurements, the quantum yield of CO

2
 photo-reduction into different products can

be calculated using following equations:

Moreover, the electrochemical CO
2
 reduction method has been studied in a latitudinal

manner, attracting attention for its operational parameters, faradaic efficiency, and
simplicity. The term of “electro-fuel” refers to liquid fuels that are produced by
electrochemical means. The overall scheme is outlined in Figure 4, where an
electrochemical reactor, such as an electrolyzer, is powered by electricity generated from
renewable sources to drive an energy uphill process that converts CO

2
 and H

2
O into

electro-fuels [27]. The resulting electro-fuels can be easily stored, distributed, and used
to power transportation and other human activities through the existing infrastructure.
CO

2
 and H

2
O generated during the consumption of electro-fuels are captured and fed

back to the reactor to close the loop.

Figure 4.  An overall schematic of electro-fuel enabled energy storage to migrate the mismatch
between renewable energy generation (photovoltaic as an example) and energy demand.
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The key step to convert CO
2
 into an electro-fuel is the chemical transformation of

CO
2
 molecule into reduced carbon species, which is a difficult process due to the poor

kinetics of CO
2
 electroreduction. The electrochemical CO

2
 reduction becomes more

attractive because it has a few characteristic advantages compared to other
approaches [28-31]. For example, the reaction can be conducted at ambient conditions
with the reaction rate easily controlled by tuning the external bias (i.e. overpotential).
The products are produced at different electrodes, enabling natural separation using
individual reaction chambers, which minimizes the cost associated with post-reaction
separation processes. In a typical CO

2
 electrolyzer, anode and cathode are placed in

two chambers separated with an ion conducting membrane. At anode, water is oxidized
to molecular oxygen, whereas CO

2
 is reduced to reduced carbon pieces at cathode (in

Figure 5). 

Figure 5. A typical schematic of an ion-conducting membrane based CO2 electrolyzer [31].

3. Synthesis of photocatalyst

Several catalyst material suggested in photocatalytic and electrochemical reduction of
CO

2
 and several strategies developed to improve the activity of those catalyst. The first

step towards enhancing the photocatalytic activity is the selection of a proper
photocatalyst. It is a subject of considerable importance both for practical application of
photocatalysts and understanding their mechanism. Photocatalysts could be categorized
into two basic groups based on their structures: homogeneous and heterogeneous
photocatalysts. Figure 6 shows the studies on photocatalytic CO

2
 reduction with H

2
O

to obtain good efficiency and selectivity for specific products. However, this approach is
still far from practical implementation. Application of photocatalysis in the environmental
and energy industries on a large scale is still limited. Among several difficulties in the
heterogeneous photocatalysis, the two major ones are low photocatalytic efficiency and
the lack of suitable visible-light-responsive photocatalyst [32, 33]. The first one is mostly
because of the recombination of photo-generated electrons and holes.
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Figure 6. Schematic representation of conduction band, valence band potentials, and band gap energies
of various semiconductor photocatalysts and relative redox potentials of the compounds involved in

CO2 reduction at pH 7 [32].

The photocatalytic CO
2
 reduction is a very effective method considering that no

additional energy is needed and no negative effect on the environment is produced. The
use of cheap and abundant sunlight to transform this major greenhouse gas into other
carbon containing products is also an ideal approach because of its low cost. Here, the
high activation energy to break very stable CO

2
 molecule is provided by solar energy

[34]. To date, many photocatalysts, including oxides and non-oxides, e.g., TiO
2
, ZnO,

Fe
2
O

3
, ZrO

2
, SnO

2
, BiWO

3
, Ti-MCM-41, CdS, TNTs, ZnS, GaN, and SiC, have been

studied for the photocatalytic reduction of CO
2
 with H

2
O. A summary of different

photocatalytic systems employed in this technology since 2010 are given in Table 1.
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Table 1. Advances in Photocatalytic systems for CO2 reduction with water since the year 2010.

Figure 7a shows the advantages of H2O oxidation of a metal complex catalyst (H2O
oxidation site) with a sacrificial electron acceptor (SA). Figure 7b shows the advantages
of CO2 reduction for a metal complex catalyst (CO2 reduction site) with a sacrificial
electron donor (SD). Figure 7c shows the problems encountered when combining H2O
oxidation site and CO2 reduction site: (I) reverse oxidation of products such as organic
compounds; (II) electron transfer from H2O oxidation site to CO2 reduction site; (III)
need to be electron storage; (IV) need to be active in H2O; (V) easier reduction of O2 than
CO2; and (VI) stability in H2O. A number of challenges are encountered in constructing
a homogeneous metal complex system for CO2 reduction along with H2O oxidation.
The inefficient electron transport between reduction and oxidation catalysts is one of
the major difficulties in this process. Another drawback is the short lifetimes of the one-
electron-reduced species and the photo-excited state in the presence of O2 generated by
H2O oxidation.
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Figure 7. Advantages and disadvantages of metal complex catalysts for CO2 reduction with H2O
oxidation (adapted from [8]). (a) The advantages of H2O oxidation of a metal complex catalyst (H2O

oxidation site) with a sacrificial electron acceptor (SA); (b) the advantages of CO2 reduction for a metal
complex catalyst (CO2 reduction site) with a sacrificial electron donor (SD); (c) the problems

encountered when combining H2O oxidation site and CO2 reduction site.

Table 2 shows the summarized data of the catalyst material which used in
electrochemical CO2 reduction.

Table 2. Summary of CO2 reduction electrocatalysts from recent literature.
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The majority of existing CO2 reduction electrocatalysts can be divided into three
groups: metallic, non-metallic, and molecular catalysts. Based on the primary
CO2 reduction product, monometallic catalysts can be further divided into several
subgroups: CO selective metals (e.g., Au, Ag, and Zn), formate selective metals (e.g., Sn,
In, and Pb), and hydrogen selective metals (e.g., Fe, Ni, and Pt), as shown in Figure 8.
Among all the monometallic catalysts, Cu exhibits a distinct catalytic ability to produce
a wide range of CO2 reduction products, including CO, formate, ethanol, and ethylene
[51].

Figure 8. An outline of three major categories of electrocatalysts for CO2 reduction [51].

4. Result and discussion

In this part, we review the result and discussion of the photocatalytic and electrochemical
CO2 reduction. First, the adsorption and activation of CO2 on a catalyst surface is the
initial step. The activation of adsorbed CO2 molecules is a crucial and very challenging
step for CO2 reduction. CO2 adsorption and activation significantly affect subsequent
reduction steps and suppression of the competing hydrogen evolution reaction (HER).
The adsorption interaction with surface atoms is believed to result in a partially charged
species CO2

δ. The possible adsorbed structures of CO2 mainly include oxygen
coordination, carbon coordination, and mixed coordination (in Figure 9). For oxygen
coordination, each of the oxygen atoms in CO2 can donate lone pairs of electrons to
surface Lewis acid centers (in Figure 9a). For carbon coordination, the carbon atom in
CO2 could also behave as a Lewis acid and acquire electrons from Lewis base sites,
resulting in a carbonate-like structure (in Figure 9b). In contrast, for mixed coordination,
both oxygen atoms and carbon atoms in CO2 act as an electron donor and acceptor at
the same time, as shown in Figure 9c [52].
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Figure 9. a–c) Three adsorbed CO2
δ structures [52].

4.1.  Electrochemical CO2 reduction to Methanol (CH3OH) on electrocatalyst

Several electrocatalyst materials nominated in CO2 reduction process. The metal alloys,
inorganic, and organic–metal compounds, as well as the pyridine-based electrocatalysts
have gained a lot of interests attributed to their remarkable selectivity. Recently, metal-
free compounds were rapidly developed as they can avoid metal utilization and improve
catalytic activity, as well as the high selectivity of MOF electrocatalysts. The recent
development on CO2 ECR to CH3OH and discussed in the following sections with
different types of electrocatalysts. In addition, NHE, RHE, and SHE are representing
normal hydrogen electrode, reversible hydrogen electrode, and standard hydrogen
electrode, respectively. The crystal structure, morphology and experiment conditions of
various electrocatalysts were summarized.
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Figure 10. (i) SEM image of Cu2O(OL-MH)/PPy particles modified LT paper prepared using 6.82 M
NaOH, 9.09 mM Cu(NO3)2, and 6.26 mM catechin (final concentrations) at 80 °C for 1 h (A). (B)

Magnified view of icosahedra (Microflowers) and octahedra structures of Cu2O. (C) SEM image of
Cu2O(OL-MH)/PPy particles separated from LT paper through sonication. Magnified view of two

icosahedra (Microflowers) is displayed in the inset of Fig. 1C. (D) TEM image of Cu2O(OL-MH)/PPy
particles. Inset: magnified view of two icosahedra. (ii) a) XRD pattern of BP. b) TEM and (c) HRTEM

images of BP. d) STEM image and corresponding EDX elemental mapping images for BP [53, 54].

Figure 10 express the morphology state, crystal structure and element mapping
analysis of the samples. The preparation of the Cu2O(OL-MH)/PPy particles on the LT



Reduction of CO2 to Methanol: photocatalytic and electrocatalytic process on photocatalyst 195

paper occurs through following steps. During immersion of the pyrrole coated LT paper
in an alkaline growth solution, pyrrole forms complexes with Cu2+ ions that induce the
oxidative polymerization of pyrrole to form PPy and Cu+. The Cu+ further forms Cu2O
particles in the presence of alkali, oxygen, and catechin as shown in Figure 10i. The
Cu2O particles as seeds then grew to form Cu2O(OL) and Cu2O(OL-MH) on the PPy
coated LT paper. Catechin played several important roles in the preparation of Cu2O
structures; reducing the Cu2+/pyrrole complexes, stabilizing the particles on the paper
surface, controlling the morphology of the particles, and avoiding the formation of CuO.
The SEM image displayed in Figure 10i A shows an LT paper possessing icosahedron-
and octahedron-like structures of Cu2O(OL-MH)/PPy particles with average diameters
of 4.3 ± 0.9 nm and 4.6 ± 0.8 nm, respectively. It is evident from Figure 10i B that
Cu2O(OL-MH)/PPy particles are anchored on the surface of LT paper. Figure 10i C
shows that Cu2O(OL-MH)/PPy particles separated from the LT paper retained
octahedron and icosahedron (micro flower like) morphologies without exhibiting any
sonication induced damage. Figure 10i D displays the representative TEM image of
Cu2O(OLMH)/PPy particles. The magnified view of two Cu2O(OL-MH)/PPy depicted
in the insets of Figure 10i C, D reveals that the particles are decorated with pyramid-like
crystal facets. The mapping results for the elements Cu-K, Cu-L, N-K and O-K in the
marked areas (1) and (2) further support the elemental composition of both micro flowers
and petals, respectively. The X-ray diffraction (XRD) pattern of BP nanoparticles (Figure
10ii a) shows four characteristic diffraction peaks at 34.2°, 39.7°, 57.4°, and 68.5° indexed
to (111), (200), (220), and (311) planes of cubic BP phase (JCPDS No. 11-0119),
respectively. Transmission electron microscopy (TEM) image of BP (Figure 10ii b) indicates
the formation of nanoparticles with diameters of 100–200 nm. High-resolution TEM
(HRTEM) image (Figure 10ii c) shows the lattice fringes with an interplanar distance of
0.263 nm indexed to the (111) plane of cubic BP. Figure 10ii d shows the scanning TEM
(STEM) image of one BP nanoparticle and the corresponding energy-dispersive X-ray
(EDX) elemental mapping images, revealing the uniformly distributed B and P elements
throughout the BP nanoparticle. The EDX spectrum of BP nanoparticles further reveals
the existence of B and P elements and the atomic ratio of B:P is about 1:1.09.

Figure 11i A shows cyclic voltammograms (CVs) of bare, pyrrole coated LT paper,
Cu2O(OL)/PPy LT paper and Cu2O(OL-MH)/PPy LT paper in CO2 saturated 0.5 M
KHCO3 solution. Bare LT paper exhibited a featureless CV, mainly because of its poor
conductivity. The LT paper modified with pyrrole did not provide any defined
characteristic peak for CO2 reduction. Interestingly, the Cu2O(OL-MH)/PPy LT paper
provided higher conductivity and catalytic activity for the reduction of CO2 than the
bare, Cu2O(OL)/PPy and pyrrole-coated LT papers. The onset of reduction of CO2 at
the Cu2O(OL-MH)/PPy LT paper was determined to be ca. -0.43 V vs. RHE, which is
90, 110 and 40 mV lower than that of bare, pyrrole and Cu2O(OL)/PPy-papers,
respectively. The Cu2O(OL-MH)/PPy coated LT paper provided a current density of
0.223 mA cm-2 at -0.85 V, which is significantly higher than those (0.025, 0.015 and
0.133 mA cm- 2) provided by the bare, pyrrole coated and Cu2O(OL)/PPy particles LT
papers, respectively.
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Figure 11. (i) (A) CVs of bare LT paper, pyrrole coated LT paper, Cu2O(OL)/PPy LT paper, and
Cu2O(OL-MH)/PPy LT paper in CO2 saturated 0.5 M KHCO3 solution (pH 7.6). Scan rate: 20 mV s-1. (B)
EIS spectra of the paper electrodes recorded at an amplitude of 5 mV in the frequency range 0.1 Hz to
100 kHz in 0.1 M KCl containing 5 mM K3[Fe(CN)6] solution. Inset: magnified view of the EIS spectra.
(ii) (A) Gas chromatograms (triplicate runs) obtained before and after electrolysis at -0.85 V for 60 min

using the Cu2O(OL-MH)/PPy and Cu2O(OL)/PPy particles modified LT paper electrodes in CO2
saturated 0.5 M KHCO3 solution (pH 7.6). (B) The calibration plot of methanol and (C) the Faradaic
efficiency of methanol produced at different potentials. The error bars correspond to triplicate/or

duplicate GC runs [53, 54].

Electrochemical impedance spectroscopy (EIS) study was performed to evaluate the
conductivity and charge transfer of the paper electrodes. The Nyquist plots of bare LT
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paper, Cu2O(OL)/PPy LT paper and Cu2O(OL-MH)/PPy LT paper are displayed in
Figure 11i. Bare LT paper exhibits a semicircle with a highest electron transfer resistance
(Ret) value of 3549 Ù, showing its poor conductivity. On the other hand, the Cu2O(OL)/
PPy LT paper and Cu2O(OLMH)/PPy LT paper exhibited straight lines in the low
frequency region,  corresponding to the Warburg impedance for a diffusion limited
process (inset of Figure 11i B). The Cu2O(OL-MH)/PPy LT paper has a defined Warburg
curve than that of the Cu2O(OL)/PPy LT paper, indicating improved charge transfer,
efficient mass transfer and greater access for the redox species (Fe(CN)6

4-/3-). Controlled
potential electrolysis at the Cu2O(OL-MH)/PPy LT paper electrode was conducted by
applying different potentials at -0.25, -0.45, -0.85 or -0.95 V for 1 h in CO2 saturated 0.5
M KHCO3 solution to determine the CO2 reduction products. CO2 saturated electrolyte
(0.5 M KHCO3) itself did not provide any signals in the GC spectrum as shown in Figure
11ii A. On the other hand, a sharp peak at a retention time of 1.69 min detected after
electrolysis at -0.85 V supports the formation of methanol (Figure 11ii A). It is worthy to
note that the methanol peak generated using the Cu2O(OL-MH)/PPy LT paper is several
folds higher than that using the Cu2O/PPy octahedra LT paper. From the triplicate GC
runs displayed in Figure 11ii A and from the calibration plot displayed in Figure 11ii B,
moles of methanol generated at -0.25, -0.45, -0.85 and -0.95 V were calculated, allowing
determination of Faradaic efficiencies of methanol to be 88 ± 2.1, 84 ± 2.1, 93 ± 1.2 and
80 ± 1.4%, respectively. Note that the Cu2O(OL-MH)/PPy LT paper provided the highest
Faradaic efficiency of 93 ± 1.2% at -0.85V, which is three folds higher than that (33 ± 1.4
%) of the Cu2O(OL)/PPy LT paper (Figure 11ii C). Compared to most reported CO2
reduction catalysts, the Faradaic efficiency (93 ± 1.2%) of methanol determined at the
Cu2O(OL-MH)/PPy particles is higher. In conclude, Cu2O(OL-MH)/PPy particles with
high index (311) and (211) facets stabilized with the PPy coating exhibited 93% selectivity
to single C1 liquid product, methanol. A total of 12 h cycles with the intervals of 2 h in
CO2 and Ar-saturated electrolytes at -0.6 V. As shown in Figure 12i a, CH3OH is only
detected in the CO2-saturated electrolyte. All of the above results conclude that the
detected CH3OH is originated from the electrocatalytic CO2RR process over BP/CP.
Durability is another important parameter to evaluate catalyst performance. As shown
in Figure 12i b, chrono-amperometry curve of BP/CP shows steady current density at -
0.6 V for 18 h. The amount of CH3OH approximately increases linearly within 18 h.
Recycling experiments were carried out in CO2-saturated 0.1 m KHCO3 solution. As
shown in Figure 12i c, BP/CP shows no obvious fluctuation in CH3OH yields and FEs
during six recycling tests. All the above results indicate the high electrochemical and
structure stability of BP/CP for CO2RR. Note that BP/CP is also capable of converting
CO2 into CH3OH with high activity over the wide range of pH (Figure 12i d).
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Figure 12. (i) a) CH3OH yields and corresponding FEs for BP/CP with the intervals of 2 h cycles in CO2-
and Ar-saturated electrolytes. b) The total current density (left axis) and CH3OH production (right axis)

of BP/CP at -0.6 V for 18 h in CO2-saturated 0.1 m KHCO3. c) CH3OH yields and FEs at -0.6 V for
recycling tests in 0.1 m KHCO3. d) CH3OH yields at -0.6 V in different electrolytes. (ii) (a) Free energy

diagram of CO2RR on BP (111) surface. b) Electron + density difference after CO2 adsorption on BP
(111) surface (red and blue colors represent electron accumulation and depletion, respectively). Iso-

surface level is 0.02 e Bohr-3. c) Atom configurations of *OCH2 intermediate. B, green; P, gray; C, brown;
O, red; H, white [53, 54].
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To gain further insight into the catalytic mechanism involved, based on the XRD
and HRTEM data, the most exposed BP (111) surface was chosen for DFT calculations.
The calculation results show that CO2 molecule is strongly adsorbed at outermost B sites
with DG = -1.38 eV, as shown in Figure 12ii a. It suggests that BP (111) surface can
effectively adsorb CO2 molecule, which is crucial in triggering the CO2RR process.
Electron density difference indicates that after CO2 adsorption, P in BP donates electrons
to B, which synergistically activates CO2 (Figure 12ii b). Bader analysis shows that 1.29
e  are significantly transferred into CO2 molecule from BP (111), demonstrating CO2
molecule is effectively activated. The hydrogenated pathway of CO2 to CH3OH is
calculated in free energy (Figure 4a). Results show that *CO2 to *CO + *OH process has
DG =  0.28 eV, and the process of *CO + *OH to *CO + *H2O is the most difficult step
with DG = 1.36 eV. The subsequent desorption of *H2O only has a small barrier with DG
= 0.28 eV. After H2O desorption, *CO intermediate desorption is difficult with DG =
0.95 eV, and hydrogenation of *CO to *OCH is a more preferable pathway with DG =
1.11 eV, as shown in Figure 12ii a. The process of *OCH to *OCH2 is also a downhill
pathway with DG =  0.60 eV. It is noteworthy that *OCH2 intermediate is adsorbed on
BP (111) surface by side on coordination with desorption energy of 2.73 eV (Figure 12ii
c).

Based on the above theoretical and experimental insights, we propose the formation
mechanisms of CO and methanol on the Cu2O(OL-MH)/PPy particles surfaces (facets).
All plausible active sites, intermediates, reaction pathways, and anion exchange processes
accounted for the formation of CO and methanol on the Cu2O(OLMH)/PPy particles
surface are identified as schematized in Figure 13A. The dominant (111) facets, high-
index (311) and (211) facets, lattice oxygen and oxygen vacancies in Cu2O promoted
efficient adsorption and conversion of CO2 to form CO2. CO2 radical anion species. Wu
et al. reported that CO2 molecules are found to be adsorbed on the oxygen vacancies
and high-index facets of Cu2O that efficiently catalyzed the CO2 reduction. They noted
that changes in the oxygen vacancies at negative potentials generate OH- ions which
induce local pH changes close to the surface layer with active sites. The participation of
oxygen vacancies in CO2 reduction has also been explained by Kroger–Vink notation.
High-index (311) facets have greater kinks and steps than the low-index (111) facets,
which provide improved electrode/electrolyte contact and high surface energies. Because
of the improved electrode/electrolyte contact with the high-index (311) crystal facets in
Cu2O(OL-MH)/PPy, the energy barriers for diffusion and mass transport are low, leading
to a selective reduction of CO2 to form methanol as shown in Figure 13B. As revealed
from the XPS results, pyrrolic nitrogen atoms in PPy played a dominant role as active
sites. The high adsorption capacity of Cu2O(OL-MH)/PPy particles toward CO2 resulted
from increases in the CO2 local concentration due to the ability of pyrrolic nitrogen
atom of PPy to efficiently adsorb and concentrate CO2 on the electrode surface from the
bulk solution.
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Figure 13. (A) Mechanisms of formation of methanol and CO on the Cu2O(OL-MH)/PPy surface,
leading to high durability. (B) Schematic representation of diffusion and mass transport processes at the

Cu2O(OL-MH)/PPy particle coated LT paper in CO2 saturated KHCO3 solution [53, 54].

CO2 molecules having two lone pairs of electrons with (”-type bindings formed weak
bonds with the (”-electrons in the PPy shell. Since PPy had high CO2 permeability, high
CO2 transport, selectivity, and porosity, CO2 molecules readily diffused through the
thin PPy shell and adsorbed on the facets of Cu2O. Because of differences between the
CO2 molecules being adsorbed on the Cu2O surface and that in bulk solution, a
concentration gradient gradually builds near the interface, facilitating the diffusion of
CO2 molecules toward the surface. In addition, the PPy shell played several key roles in
the observed CO2 molecules having two lone pairs of electrons with (”-type bindings
formed weak bonds with the (-electrons in the PPy shell. Since PPy had high CO2
permeability, high CO2 transport, selectivity, and porosity, CO2 molecules readily diffused
through the thin PPy shell and adsorbed on the facets of Cu2O. Because of differences
between the CO2 molecules being adsorbed on the Cu2O surface and that in bulk solution,
a concentration gradient gradually builds near the interface, facilitating the diffusion of
CO2 molecules toward the surface. In addition, the PPy shell played several key roles in
the observed facets of Cu2O. The relationship between the CO2 reduction activity and
shape as well as the exposed low-index and high-index crystal facets of Cu2O was
investigated by using various spectroscopic, microscopic and electrochemical techniques.
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The Cu2O(OLMH)/PPy particles modified LT paper provided structure and facet-
dependent catalytic activity toward the reduction of CO2 at ambient conditions, with
durability and high flexibility. PPy coating increased the stability, conductivity, and
catalytic activity of Cu2O structures on LT papers. Fuels such as CO and H2 (syngas),
and useful products such as methanol were produced from the reduction of CO2 with
high selectivity. The pyrrolic nitrogen in PPy played a dominant role as active sites for
CO2. It efficiently adsorbed and concentrated CO2 on the electrode surface from the
bulk solution, which increased the CO2 local concentration, adsorption capacity, and
selectivity. In addition, dominant (111) facets favored hydrogen addition to the oxygen
atom in H3CO- adsorbate instead of a carbon atom, which resulted in high methanol
selectivity.

4.2.  Photocatalytic CO2 reduction to Methanol (CH3OH) on catalyst.

Methanol evolution required 6e- and 6H+ which is not easy chemical process compare with
CO evolution. A typical process of photocatalytic CO2 reduction on a semiconductor
photocatalyst. It consists of five sequential steps = light absorption, charge separation,
CO2 adsorption, surface redox reaction, and product desorption. The first step is the
absorption of photons to generate electron and hole pairs. Illumination of a photocatalyst
with the incident light excites electrons from the valance band (VB) to the conduction band
(CB), leaving an equal number of holes in VB. In order for these photogenerated electrons or
holes to be energetically favorable to reduce CO2 or oxidize water, photocatalysts should
possess suitable band structure. Their CB edge must be more negative than the redox potential
of CO2 reduction, and the VB edge should be more positive than the redox potential of
water oxidation (0.817 V vs SHE in pH 7.0 aqueous solution). In addition, photocatalysis
has the following two important performance metrics that are frequently cited in literature:
Apparent quantum efficiency (AQE) or external quantum efficiency (EQE): AQE or EQE is defined
as the number ratio of electrons transferred toward a certain product relative to incident
photons at a given wavelength [55]. They can be expressed as the product of the efficiencies
of light absorption, charge separation, and surface redox reaction. SFE is defined as the ratio
of converted chemical energy relative to the incident solar energy. It can also be understood
as the integral of AQE or EQE over the entire solar spectrum. The surface redox reaction is
crucial to the whole photocatalytic process. The determination of surface reaction rate is
based on reaction product types and reaction mechanisms. There are a great variety of
CO2 reduction products including methanol (CH3OH) [56], carbon monoxide (CO) [57],
methane (CH4) [58], and so forth. Among all products, CH3OH is called the new fuel of the
21st century on account of its high energy density and high security and is used as raw
material in chemical production widely [59]. Subsequently, CH3OH is chosen as the reaction
product. The reaction routine of CO2 to CH3OH is complicated, and there have been several
reaction pathways proposed so far including the formaldehyde pathway, the carbene
pathway, and the glyoxal pathway [60-63]. 

Single atom-based photocatalyst, RuSA–mC3N4 derived from mC3N4 was synthesized
as depicted in Figure 14i. Briefly, ruthenium salt (RuCl3*-7H2O), dicyanamide, P123 (PEG-
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PPGPEG, Pluronic P-123) and tetraethyl orthosilicate (Si source) were utilized as a
photocatalyst precursor, the monomer and the template, respectively [64]. In the initial
(Figure 14i, stage 1), the dicyanamide is well mixed with calcined SBA-15 for full absorption
to facilitate the entry of dicyanamide inside every pore of SBA-15 template and further
calcined and treated with HF to remove silica template to get the complete version of
mesoporous carbon nitride (mC3N4) (Figure 14i, Stages 2 and 3). Afterward, the harvested
mesoporous carbon nitride is employed as photoactive support for the dispersion of
ruthenium single atoms (Figure 14i, Stage 4). Aqueous solution of ruthenium (III) chloride
was added dropwise under sonication (30 min) to mesoporous carbon nitride followed by
microwave (MW) heating (LG, Power 1000 Watt; P/No MEZ66853207) 10–20 times run
(2 min each) in Millipore water solution (Figure 14i). By following the described protocol,
a single atom RuSA–mC3N4 photocatalyst was synthesized and the authenticity of single
atom formation was confirmed via dark-field scanning transmission electron microscopy
(HAADF-STEM), and X-ray absorption spectra.

Figure 14. (i) Schematic representation of the synthesis protocol for ruthenium single atom over
mesoporous C3N4. RuSA–mC3N4: Ruthenium single atom; mC3N4 : mesoporous carbon nitride; SBA-15:
Template, HF : Hydrofluoric acid. (ii) a) Wide-angle XRD pattern. b) Ru 3d high-resolution XPS spectra

of RuSA–mC3N4. c) Ru K edge Fourier transformation magnitude (solid lines) and imaginary part
(dashed lines) EXAFS of RuSA–mC3N4 (black) and RuO2 standard (blue), solid line: magnitude FT,

dotted line: imaginary part FT. d) Ru K edge XANES of RuSA–mC3N4 (black), RuO2 standard (blue),
RuCl3 standard (pink) and Ru foil (red). e) Raman spectra of RuSA–mC3N4. f) Schematic illustration of

the Ru coordination with nitrogen in the CN matrix of RuSA–mC3N4 photocatalyst (N, C, or O based on
the Raman spectra) [64, 65].
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To ascertain the structural properties, wide-angle XRD measurements were
conducted. Wide-angle XRD of the g-C3N4 shows a strong reflection at 27.4° attributed
to the interlayer distance of the carbon nitride sheets resembling the 002 reflection of
graphite (Figure 14ii a). The chemical and elemental composition of catalysts was
examined by XPS analysis. In the survey XPS spectrum, peaks at 530, 398, 288, and 287
eV corresponding to O, C, Ru, and N, respectively. The observed XPS results clearly
support the absence of metallic ruthenium. Along with ruthenium, the N1s signal band
of all the RuSA–mC3N4 was deconvoluted into three nitrogen configurations, including
pyridinic-N, pyrrolic-N, and graphitic-N respectively. The main N 1s peak at 398.9 eV is
attributed to the sp2-hybridized pyridinic-N bound to carbon atoms (C-N-C). In addition,
the peak at 400.2 eV is related to tertiary N atoms of graphitic-N bonded to C atoms in
the form of N-(C)3 and the peak at 401.4 eV can be assigned to the nitrogen linked to
hydrogen atoms known as pyrrolic-N referred to C-N-H respectively. The structural
changes in the CN scaffold after the Ru doping were also identified from the Raman
analysis (Figure 14ii e). The presence of bands in the range of 400–600 and 600–700 cm-1

corresponds to Ru–N/C and Ru–O vibration respectively, which further confirms the
presence of ruthenium bonded to two different sites. Other bands in Raman spectrum
are characteristic C–N, D bands, and G bands of graphic nitrides. However, the broad
nature of bands (D and G) suggests a defective structure of the carbon matrix (Figure
14ii e).

Figure 15. (i) Fabricated photo fuel cell-1. The figures show the different components (A) and a
photocatalytic test with flowing moisture + He (balance) (front side) and circulating CO2 + He (balance)

(rear side) (B). A1 depicts photo fuel cell-1 at the center of B. A2 and A3 depict components of the
photocathode and photoanode, respectively. A4 is a view of the window of photo fuel cell-1. A5 depicts

the assembled quartz window, silicon gasket, C electrode plate, C paper, silicon gasket, and WO3–
Nafion–LDH1 assembly. (ii) Fabricated photo fuel cell-2. The figures show the different components

(A) and LDH1 mounted onto Cu foil and WO3 mounted onto water-repellent C paper (B, left to right).
The smaller cell-2 was also used in which the LDH1 side (right) was circulated with CO2 gas (C) [65].
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CO2 conversion tests using photofuel cell-1 = The fabricated photofuel cell-1 was
further tested for its CO2 conversion efficiency. As the first step, all solvents included in
the Nafion dispersion solution were removed by flowing N2 gas at a rate of 100 mL min-1

through a water bubbler maintained at 343 K, independently to WO3 and LDH1 for 10
h. Subsequently, WO3 in the system was purged with He gas at a rate of 50 mL min-1

through the water bubbler at 323 K. CO2 (3.5%) with the remaining He gas (total 101
kPa) was circulated in a glass line at a rate of 450 mL min”1 through LDH1 (Figure 15i).

Design of photofuel cell-2 = another designed photofuel cell-2, as shown in Figure
15ii. Photofuel cells were compared for their performance. For the fabrication of photofuel
cell-2, 95 mg of WO3 was suspended in 5% of Nafion dispersion solution (0.24 mL) and
1-propanol (0.16 mL) and mounted onto water-repellent C paper in an area of 4 cm2.
WO3 mounted onto the C paper was then covered with a Kapton film (200H, Dupont)
of thickness 50 nm and pressed using a tabletop press (SA-302) by applying a pressure
of 2.0 MPa at 393 K for 10 min. Then, the Kapton film was carefully removed to obtain
the WO3/C photoelectrode (Figure 15ii B, right).

Figure 16. a) TEM image at 20 nm. b) TEM image at 50 nm. c) HAADF image TEM. and d–h) STEM
elemental mapping images showing O, C, N, Ru individually and Ru, N, C together (40 nm) and i)

STEM image at 2 nm displaying the ruthenium single atom formation over mC3N4 [64].

Table 3. Comparison of photocurrents generated during the CO2 conversion tests
using the photo fuel cells designed in this study.
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Table 4. Comparative study of methanol formation performed under varying reaction
conditions (Reaction condition: RuSA–mC

3
N

4
 (50 mg) photocatalyst, DMF + water (7

mL+1 mL) purged with CO
2
 for 30 min for saturating the solution with CO

2
).

The high-resolution transmission electron microscopy (HRTEM) and TEM images
further demonstrate the absence of any ruthenium-based nanoparticles on the surface
of mC

3
N

4
 sheets (Figure 16a). Furthermore, the HAADF-STEM image of RuSA–mC

3
N

4

revealed the individual ruthenium atoms were atomically dispersed, and the
corresponding EDS mapping images disclosed the distribution of Ru over the entire
mesoporous mC

3
N

4
 structure (Figure 16a–i). It seems to have more Ru moieties on the

edges that could be due to the presence of comparatively easily accessible uncondensed
-NH

2
 groups of mC

3
N

4
. The Ru single atoms are highlighted in white dotted circle in

high magnified image (Figure 16i). The presence of all key elements was also confirmed
by EDX analysis. Table 3 expressed the comparison of photocurrents generated during
the CO

2
 conversion tests using the photo fuel cells designed in this study. On comparing

the photocurrent generated in photofuel cell-1 and photofuel cell-2 with the same types
and amounts of photocatalysts, it was observed that photofuel cell-2 generated a higher
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photocurrent. This suggests that proton diffusion in the HCl solutions (pH 4) of photofuel
cell-2 (Table 1c, d) is sufficiently high and that the diffusion of protons in 50 ìm-thick
Nafion film is relatively critical. In addition, Table 4shows the comparative study of
methanol formation performed under varying reaction conditions (Reaction condition:
RuSA–mC

3
N

4
 (50 mg) photocatalyst, DMF + water (7 mL+1 mL) purged with CO

2
 for

30 min for saturating the solution with CO
2
).

Scheme. (a) Possible schematic representation of photocatalysis mechanism over RuSA–mC3N4 surface
under visible light irradiation. (b) Schematic illustration of the flow of materials and electrons during

photocatalytic CO2 conversion in reverse photo fuel cell-1 consisting of WO3 and LDH1 [64, 65].

Above scheme illustration shows the possible chemical reaction onto the catalyst
surface and the charge transition during the CO

2
 reduction process. A possible schematic

representation of photocatalysis mechanism over RuSA–mC
3
N

4 
surface under visible

light irradiation is shown in Scheme a. In this material, Ru is bounded to sites through
Ru-C/N (and or Ru-O) bonds as evidenced by the Raman, EXAFS, and XANES analyses.
These sites might be working as a bridge to facilitate the faster electron transfer and
enhancing the charge density on Ru thus reducing the photocarrier transfer barrier and
enabling the augmented photocatalytic activity of RuSA–mC

3
N

4
 for the aqueous

reduction of CO
2
 to methanol (in Scheme a) using water as an electron donor. It is well

known that the mechanism underlying the photocatalytic splitting of water using WO
3

under UV irradiation is via the following equation. WO
3
 exhibited constant oxygen

generation upon irradiation by UV-visible light in the presence of a sacrificial oxidant
(Ag+). The potentials for the photoreduction reactions, e.g., H

2
 formation, are beyond

the bandgap energy of WO
3
. Thus, the protons generated in this process transferred to

LDH1 via Nafion film in the case of photofuel cell-1, and via the acid solution and
Nafion film in the case of photofuel cell-2. On the other hand, the electrons generated in
this process transferred to LDH1 via the external circuit (Scheme b).
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5. Conclusion

In conclusion, the photocatalytic performance, crystal structure and charge transfer
properties of the photocatalyst are depends on the synthesis method. The synthesis
method is divided into 6 ways and each method has specific advantage side. The
photocatalyst material highly used for the photocatalytic reduction of CO2. Principle
side of photocatalytic CO2 reduction like thermodynamics, mass transfer, and selectivity
and reaction mechanism have been deliberated. To further enhance the CO2 reduction
performance, improvements can be possibly made from the following two directions.
Seeking new material compositions and structures would continue to be at the heart of
electrocatalytic and photocatalytic CO2 reduction research. For photocatalytic
CO2 reduction, the exploration of new materials and structures can also be greatly
accelerated by borrowing knowledge from photocatalytic water splitting. Photocatalytic
CO2 reduction and photocatalytic water splitting only differs in their surface reaction
step. If strategies (such as incorporation of proper cocatalysts) can be undertaken to
significantly shift the cathodic reaction selectivity away from HER to CO2RR, essentially
all existing photocatalysts for water splitting can be transformed to those for
CO2 reduction. The efficiency of the photocatalytic reaction depends greatly on the
efficiency of electron transfer and charge transfer from metal/metal oxide to graphene
(carbon material). On the other hand, the photocatalytic carbon dioxide (CO2) reduction
in aqueous media provides a potential and convenient way for fulfilling increasing fossil
energy demand and relieving global warming problems. In conclusion, the combination
of semiconductor with graphene, the charge transfer properties, bandgap, the
recombination coefficient and the condition of reduction process are the main factors
for the photocatalytic reduction of carbon dioxide. CO2 electrochemical reduction is a
process involving transfer of multiple electrons and protons. Because of the low solubility
of CO2 in electrolytes, how to deliver CO2 effectively to the cathode surface becomes the
key to achieve a high current density and a high CO2 reduction selectivity simultaneously
in a practical CO2 electrolyzer.
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