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CO2 is not only the most important greenhouse gas but also an important resource of elemental
carbon and oxygen. From the perspective of resource and energy strategy, the conversion of CO: to
chemicals driven by renewable energy is of significance, since it can not only reduce carbon emis-
sion by the utilization of CO2 as feedstock but also store low-grade renewable energy as high energy
density chemical energy. Although studies on photoelectrocatalytic reduction of CO. using renewa-

Keywords: ble energy are increasing, artificial bioconversion of COz as an important novel pathway to synthe-

Carbon dioxide size chemicals has attracted more and more attention. By simulating the natural photosynthesis

process of plants and microorganisms, the artificial bioconversion of CO: can efficiently synthesize
chemicals via a designed and constructed artificial photosynthesis system. This review focuses on
the recent advancements in artificial bioreduction of COz, including the key techniques, and artificial
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Solar energy
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Chemical compound biosynthesis of compounds with different carbon numbers. On the basis of the aforementioned
discussions, we present the prospects for further development of artificial bioconversion of CO; to
chemicals.
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1. Introduction problems [2]. For sustainable development of human society,

there is an urgent need to develop new green technologies to

In 2017, the total world energy consumption was 13.5 bil-
lion tons (oil equivalent), of which 87.7% was sourced from
fossil fuels [1]. With the growth in the world population and
rapid industrialization of developing countries, the global en-
ergy consumption will continue to increase. A large consump-
tion of fossil fuels leads to a rapid increase in the CO2 concen-
tration in the atmosphere, causing serious environmental

realize the conversion and utilization of CO2 resources [3,4].
Although studies on photoelectrocatalysis reduction of CO2 by
using renewable energy are increasing, artificial bioconversion
of COz has attracted more and more attention as an important
novel pathway of synthesizing chemicals.

COz2 is an important substantive source for the photosynthe-
sis of plants and microbes on the earth. Organisms absorb CO2
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from the air and synthesize nutrients with the help of solar
energy. However, biological utilization of CO: is of low efficien-
cy and it is difficult to continuously convert CO2 into synthetic
fuels and chemicals on a large scale [5]. In recent years, re-
searchers have made use of microorganisms and enzymes to
form biological hybrid systems to absorb COz, and have used
renewable electrical energy and solar energy to produce bio-
chemicals and biofuels. In addition, the photosynthetic auto-
trophic microbes (cyanobacteria or microalgae) that possess
the ability to immobilize CO2 were modified to obtain efficient
carbon sequestration organisms through genetic engineering in
order to produce high-value target chemicals [6,7].

In general, thermocatalytic conversion of COz, i.e, COz hy-
drogenation, occurs under harsh reaction conditions such as
high temperatures and high pressures, which require large
amounts of energy to realize [8]. The source of the reactant
hydrogen is also an obstacle for thermocatalytic CO2 hydro-
genation. The biggest advantages of CO2 hydrogenation are the
relatively satisfactory COz conversion rate and the yield of the
product methanol. Different from the thermocatalytic conver-
sion of CO2, CO2 photoreduction, electroreduction, and biore-
duction can occur under mild conditions even at ambient tem-
perature and pressure when driven by renewable energy such
as solar light and renewable electricity. The efficiencies of the
photocatalytic and electrocatalytic reductions of CO2z are rela-
tively higher than that of COz bioconversion [9-15], as shown
in Table 1. The state-of-the-art biological hybrid system
Co-P|CoPi| R. eutropha exhibited the energy efficiency of 9.7%
[9]. More complicated and valuable compounds can be pro-
duced during COz bioconversion. Moreover, CO2 artificial bio-
conversion, which integrates the advantages of pho-
to/electrocatalysis and CO2 bioreduction, shows promise.

Until now, various chemicals have been synthesized by the
bioconversion of COz. This review summarizes the key tech-
niques for CO: artificial bioconversion and their basic princi-
ples, characteristics, etc. Furthermore, the typical chemicals
obtained by the aforementioned techniques are classified by
their carbon number and exampled. The prospects for further

Table 1
Energy efficiency comparisons of the various technologies for CO2 con-
version.

Energy
Technology System/Material Product efficiency Ref.
(%)
Artificial ~ Co-P|CoPi| R. eutropha Biomass 9.7 [9]
bioconver- Poly(3-hydroxy 7.6
sion butyrate)
C3-Csalcohols 7.1
CoPi|R.eutropha|NiMoZn/  Biomass 3.2 [10]
stainless-steel Isopropanol 0.7
Photocataly- GalnP/GalnAs/Ge pho- co 134 [11]
sis tovoltaics
Series-connected perov- co 6.5 [12]
skite cells
Electrocataly-  AgeS in ionic liquids CHa4, CO 58,5 [13]
sis Au nanoneedle|NiCoFeP co 64.0  [14]
Sn0Oz quantum wires HCOO™ 52.7 [15]

development of artificial bioconversion of CO2 to chemicals are
also presented.

2. Key techniques of CO: artificial bioconversion

Artificial bioconversion of COz is an important complement
to the CO2z conversion aided by renewable energy, besides the
CO2 electrocatalytic, photocatalytic, and photoelectrocatalysis
conversions. The highlight of CO: artificial bioconversion is the
combination of active biofeatures and physicochemical catalyt-
ic sites. Until now, the key techniques of CO2 artificial biocon-
version mainly include microbial electrosynthesis (MES), pho-
tosynthetic biohybrid systems, PSII (photosystem II) hybrid
system, and metabolic engineering.

2.1. Microbial electrosynthesis

MES is based on the use of specific microorganisms as bio-
catalysts in microbial bioelectrochemical systems, with elec-
tricity as the source of energy. Reducing COz to multi-carbon
compounds through biological reactions is one of the most
promising emerging technologies (Fig. 1 shows a typical MES
system for CO2 reduction) [16-19]. Enzymes are also suitable
for the biosynthetic processes in MES (also described in this
work) because they share the same function as microorganisms
of synthesizing a single product, with a selectivity of 100% [20].
MES needs electrical energy to provide electrons and to control
the electrode potential for CO2 reduction, while the external
power supply increases the cost of the whole synthesis process.
Previous studies have shown that the overall cost of MES
should be further reduced to achieve economic competitive-
ness and environmental sustainability [21,22]. Fortunately, the
electrical energy has a wide range of sources and can be regen-
erated from sustainable forms such as solar, wind, nuclear, and
water power, which make MES a green and sustainable CO:
conversion technique [23-26]. However, the widespread use of
these renewable energies is limited by their instability and
intermittency, which renders the storage and utilization of re-
newable electricity difficult [27]. The conversion of COz into
chemicals and biofuels in MES is still in its infancy, and there
are many technical and economic challenges that need to be
addressed, such as the high power demand and the low
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Fig. 1. Scheme of a microbial electrosynthesis system [18].
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productivity. Despite these challenges, the use of electricity or
solar energy as the driving force of biological carbon sequestra-
tion has two benefits: first, it can improve the efficiency of bio-
logical carbon sequestration; second, solar energy can be
stored sustainably in the chemical bonds of multi-carbon
products [28].

The low efficiency of biocathodes seriously hinders the MES
productivity, which is mainly because of the barriers of charge
extraction and injection between the biological and abiotic
interfaces of the biological and electronic systems, namely the
low charge transfer efficiency across the biological-abiotic in-
terfaces, presenting an important obstacle to the efficient inte-
gration of biological and electronic systems [29]. Therefore, the
key to MES optimization is to enhance the electron exchange on
the cathode surface. At present, there has been a great im-
provement in understanding how organisms transfer electrons
to electrodes, but the mechanism of electron transfer from the
electrode to the microbe is still unclear. Although the improved
method for biomaterials may still be experiential to a large
extent, it works. At present, low-cost MES cathode materials
mainly include carbon cloth, carbon paper, carbon felt, stone
mill rod, glass carbon rod, and other carbon materials [30-35].
However, when a conventional electrode material is used as the
biological electrode, its poor compatibility with organisms and
small specific surface area are not conducive to full attachment
of microorganisms and charge transfer at a high efficiency. The
three-dimensional nanostructure of the highly conductive
nano-reticulated glass carbon (Nano Web-RVC) electrode en-
hances the current density of the MES system. Its layered pores
in this unique electrode structure can support a large number
of microorganisms and facilitate mass transfer [36]. In addition,
the material is inexpensive and easy to be popularized on a
large scale. Besides, a novel conductive microbial nanowire
electrode can promote the long-distance transfer of extracellu-
lar electrons and increase the conductivity [37]. The conductive
filaments can also be used to cultivate microbial strains with a
better electrical conductivity. Therefore, study of the interac-
tion between bacteria and nanostructures may improve the
MES systems that are dependent on extracellular electron ex-
change to obtain controllable interfaces between biological and
abiotic components [38]. Silicon nanowire arrays ensure a good
interaction between nanostructures and cell units. Silicon
nanowire arrays with a high specific surface area can promote
the reduction of CO2 and improve the performances of typical
low-density microbial catalysts [38,39]. Surface modification of
carbon materials by physical or chemical methods can also
improve the performances of electrode materials [30].

In addition to direct utilization of external power, it is also
possible to use the electricity generated via reverse electrodi-
alysis from the green and sustainable salinity gradient energy
as the driving force of MES to achieve efficient CO2 bioconver-
sion [40,41]. It has been reported that a microbial re-
verse-electrodialysis electrolysis cell (MREC) can help realize
this technology [42]. The salinity gradient is rich in energy and
exists in various environments, such as seawater and river
water; high/low salinity is produced by wastewater treatment.
Therefore, the system can not only make use of wastewater to

generate electricity, but also purify wastewater. However, this
kind of energy has not yet been effectively captured and stored,
and access to this energy requires the development of an effec-
tive energy conversion technology. This new technology can
produce biofuels and treat wastewater at the same time, which
reduces the sewage treatment cost, increases power genera-
tion, and also provides a potential technology platform for the
collection and storage of salinity gradient energy and COz emis-
sion reduction.

2.2.  Photosynthetic biohybrid systems (PBSs)

A PBS is a novel photo-driven device composed of bacteria
or enzymes that are immobilized on inorganic semiconductor
photocatalysts; it combines high-efficiency inorganic photo-
catalysts with enzyme catalysts or cellular organisms [20]. The
efficiency of selective fixation of COz is close to or higher than
that of natural photosynthesis or chemical catalysis [24,43].
Although the light absorption efficiency of inorganic semicon-
ductors is higher than that of natural photosynthesis, these
artificial photocatalysts do not display the high selectivity, low
energy consumption, self-replicating, and self-healing proper-
ties of natural catalysts. In addition, the incredible biosynthetic
ability can be used to not only reduce CO: but also obtain the
target products in a cost-effective and highly selective manner
under mild conditions and to synthesize long-chain hydrocar-
bons on a large scale.

The possible structure of PBSs is shown in Fig. 2. A PBS uti-
lizes the light-capturing performance of semiconductors to
obtain photogenerated electron-hole pairs that decompose
water into hydrogen and oxygen and then convert CO: into
value-added chemicals via the metabolic pathway in organisms
to obtain organic acids and methane [44-47]. It can also be
considered as a MES reactor that is powered by solar energy, or
a modified MES electrode that directly captures light energy,
thus effectively functioning as an artificial photosynthesis de-
vice that exhibits a higher solar energy efficiency than natural
photosynthesis [48]. Some of these systems have been demon-
strated in recent studies, and many methods have been pro-
vided to realize this concept. The high product selectivity also
proves the effectiveness of the combination of biological CO2
reduction and inorganic light capture technology. Silicon nan-
owires, n-TiOz nanowire/FTO, n*/p-Si, p-InP, metal sul-
fide/oxide nanoparticles (mainly CdS and TiOz), etc. have been
reported as light-capturing devices for inorganic biological
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Fig. 2. Scheme of a photosynthetic biohybrid system [20].
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hybrid systems.

PBSs are still in the early stage of development. In spite of
the possibility of achieving higher solar conversion efficiencies
(10% to 20%), several technical parameters still need to be
improved, and there is still a long way to go before they can be
widely implemented [49]. One of the main challenges is the
selection of compatible optical capturing systems and efficient
biological carbon sequestration units, as well as the seamless
integration of biological and non-biological components. In
other words, it is still a challenge to overcome the charge
transfer barrier at the cross-biological and abiotic interfaces
(mentioned in section 2.1). At this point, semiconductor elec-
trodes with high specific surface areas, such as semiconductor
silicon nanowire arrays, are ideal for obtaining high current
densities under illumination [30]. In the future, new electrode
materials with good electron active surfaces, low overpoten-
tials, high specific surface areas, good biocompatibilities, and
high electron transfer efficiencies need to be developed. The
cost of the material needs to be considered as well. At present,
electrode materials displaying the performance described
above are scarce, therefore, it is imperative to reform and de-
velop new electrode materials.

2.3.  PSIl composite system

The PSII composite system is one of the most recently pro-
posed artificial photochemical systems that consists of natural
PSII and artificial photocatalysts. Alternatively, PSII is used to
modify the MES electrode to facilitate the reduction of COz in an
artificial photochemical system [50,112]. Compared with that
of PBSs, the biological enzyme of the PSII complex system is
PSIL. The PSII complex system can reproduce the biological
characteristics of PSII, such as the excellent light collection abil-
ity. PSII can efficiently capture the energy of the visible solar
spectrum across all wavelengths, which can be used to drive
the decomposition of water to obtain hydrogen equivalent,
which is also a unique advantage, compared with an inorganic
photocatalyst.

PSII is a photoactive complex located on thylakoid mem-
brane (TK) in green plants, cyanobacteria, and microalgae
[51,52]. It can convert solar energy into chemical fuels and
provide the materials and energy for almost all living creatures,
including humans. The water-cleavage reaction is the origin of
the whole photosynthesis process. The information found re-
garding the structural determination of PSII has a significant
impact on the design of artificial catalytic systems that utilize
solar energy to release hydrogen equivalent from water. MnsCa
clusters in PSII are the only biocatalysts in nature that can use
solar energy to oxidize water efficiently and safely and release
oxygen, “high energy” electrons, and protons. It can be used in
visible-light-driven water photolysis. The resulting hydrogen
can be used directly as an energy source or used in photosyn-
thesis to reduce COz into other fuels, such as methane. It is con-
sidered to be the best hope of developing new technologies that
convert solar radiation into usable energy sources [4,50].

Some studies on visible-light-driven hydrogen production of
PSII have been reported. Further, artificial photochemical sys-

tems have been established to simulate the hydrogen produc-
tion of the active centers in PSII. These works are of signifi-
cance in further obtaining or optimizing the PSII composite
system to reduce COz [50,53-55]. Fig. 3 illustrates the charge
separation in PSII, the direction of electron flow, and the water
cracking reaction and the final CO2 reduction reaction. In PSI],
the light energy captured by the light-harvesting complex is
rapidly funneled into the chlorophylls bound in D1/D2 subu-
nits, resulting in charge separation and a series of electron
transfers that lead to Qs cofactor. The evolution of Oz and pro-
ton (H*) occurs on MnsCaOs clusters due to water oxidation.
CO2 may bind to the hydrogen equivalent released from PSII
and then be reduced by inorganic catalysts, enzymes, and mi-
croorganisms to formic acid, methanol, and other chemicals
[42].

There has been a lot of research on photovoltaic conversion
systems assembled on electrodes using PSII, and some initial
progress has been made. However, studies on CO2 reduction
are still very limited. In addition, in vitro purified PSII will re-
sult in irreversible photodamage under illumination, which
renders it highly unstable. The long-term anti-light stability of
PSII on the electrode is a serious problem affecting the use of
photovoltaic converters [56].

2.4. Metabolic engineering

Metabolic engineering is an applied discipline in which cel-
lular metabolic pathways are reasonably designed according to
cellular metabolic networks, and molecular biological means
(such as recombinant DNA technology) are used to design and
regulate the existing metabolic networks and expression regu-
latory networks in organisms purposefully [57-59]. In order to
achieve more efficient biochemical transformations, energy
transfer, and accumulation of the target products, analysis of
the metabolic function of modified organisms is one of the core
technologies of metabolic engineering. At present, metabolic
engineering has been widely used in photosynthetic biological
carbon sequestration to further optimize the resource utiliza-
tion of COz to biomass or other organic compounds.

Photosynthetic autotrophic microalgae with COz fixation

1. inorganic catalysts

2. enzymes
3. microbes
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Fig. 3. Scheme of a PSII-catalyst hybrid system for solar-powered CO2
fixation [50].
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capacity can be grown on a large scale on non-cultivated lands.
Microalgae usually exhibit a higher photosynthetic efficiency
than other biomass such as trees. Microalgae biotechnology,
especially microalgae bioenergy, has emerged as a hot research
topic at home and abroad in recent years. Sustainable energy
production in the future could be achieved through a large
number of photoautotrophic microorganisms [60,61]. Re-
searchers used metabolic engineered autotrophic organisms
(such as cyanobacteria) or exotic organisms (such as Esche-
richia coli; E. coli) to introduce reaction pathways for target
chemicals into the body through metabolic engineering and
eventually synthesize fuels and chemicals from CO2 [62,63].
The relatively high yield of ethanol, which can be of the order of
grams per liter, shows the potential of bio-carbon sequestra-
tion [64]. It is also possible to utilize the carbon sequestration
pathway in organisms to construct an effective in vitro system
that can transform COz into value-added chemicals [65].

Low energy efficiency and low carbon sequestration rate are
two bottlenecks of natural photosynthesis. They are also the
major challenges in basic and applied research [66]. The mis-
match between the light reaction and dark reaction energies is
one of the key factors limiting the photosynthesis energy effi-
ciency and carbon sequestration rate [67,68]. The synthesis of
isopropanol, which consumes additional NADPH in cyanobac-
teria, can balance the reduction power of the biological system.
Thus, the photosynthetic efficiency of cyanobacteria can be
greatly increased, and the growth rate and biomass of cyano-
bacteria can also be significantly increased [69,70]. In addition,
the carbon fixation activity of microalgae can also be enhanced
by regulating the RuBisCO activator (ribulose-1,5-diphosphate
carboxylase) of oil-producing microalgae, thus greatly increas-
ing the biomass and oil yield of microalgae [71].

E. coli has emerged as one of the most important model
strains for studying artificial carbon sequestration in recent
years. The Calvin carbon fixation cycle was successfully con-
structed in E. coli to realize the synthesis of sugars and other
biomass, which is required for the growing demand due to CO2
[72,73]. RuBisCO, the key enzyme of photosynthetic carbon
fixation in E. coli, will be helpful in improving the efficiency of
carbon sequestration if it can be modified by mutation or other
ways and lays the foundation for the increase in the grain yield
[74,75].

By studying metabolic engineering, raising awareness, de-
signing and transforming the ability of the cell to metabolize
COz, a carbon sequestration pathway with low energy con-
sumption and high efficiency can be obtained, and the biologi-
cal carbon fixation industry will technologically progress,
which is an important development in this field.

3. Artificial biosynthesis of various compounds
3.1. (1 compounds

The most common C: compounds synthesized by MES are
carbon monoxide, methane, formic acid, and a small amount of

methanol. It is usually produced by the conversion of CO2 from
methanogenic cultures and some targeted dehydrogenase

Table 2
Reduction routes and the corresponding theoretical potentials of Ci
compounds synthesized by COx.

Reduction route Theoretical potential Series
E°(V vs. NHE) number
COz +e =CO2*~ -1.90 @8]
COz2+2e +2H*=CO + H20 -0.53 2
COz + 2e” + 2H* = HCOOH -0.61 3)
COz + 4e” + 4H* = H2CO + H20 -0.48 4
CO2 + 6e” + 6H* = CH30H + H20 -0.38 (5)
COz + 8e” + 8H* = CH4 + 2H20 -0.24 (6)

[76,77]. Equations (1)—(6) in Table 2 show the possible reduc-
tion routes and the corresponding theoretical potentials for the
synthesis of C1 compounds by COz (in aqueous solutions with
pH =7) [78-81].

In most research, the formations of C1 products are based on
reductive coenzymes, such as NADH, which provide the elec-
trons and hydrogen equivalent. In the presence of three dehy-
drogenases, namely, formate dehydrogenase (FDH), formalde-
hyde dehydrogenase (ALDH), and alcohol dehydrogenase
(ADH), for every two-electron reduction step of CO2, one NADH
molecule is oxidized to NAD+ in a three-step cascade. However,
this irreversible oxidation of NADH is expensive to realize be-
cause of the high cost of synthesis and regeneration, which
limits the application of enzymes in the reduction of CO2
[82-84]. Therefore, a proper replacement for coenzymes is
quite necessary, especially direct injection of electrons into the
enzyme, which has high application value [85].

The general formation mechanisms of the Ci products of
CO: artificial bioconversion process are first summarized. Car-
bon monoxide dehydrogenase (CODH) plays a key role in CO
formation from CO2, which is reduced on the nickel- and
iron-containing active sites of CODH [86]. At reducing poten-
tials, CO2 acts as a bridging ligand between the nickel and the
dangling iron atom to form a square planar arrangement
around the nickel; then, a OH unit forms on the iron and CO
species may be generated on the nickel sites. There are two
mechanisms for methane production by microbial reduction of
CO2: (1) the Hz produced on the cathode surface of MES is uti-
lized by the hydrophilic methanogenic bacteria attached to the
surface of the cathode to produce methane by binding with
COz; (2) the cathode-functional microorganism can directly
obtain the electron from the cathode surface to reduce CO: to
methane [86-88]. In the presence of three dehydrogenases,
including formate dehydrogenase, formaldehyde dehydrogen-
ase, and alcohol dehydrogenase, for every two-electron reduc-
tion step of CO2, one NADH molecule is oxidized to NAD+ in a
three-step cascade, as shown in Fig. 4 [89].

3.1.1. Carbon monoxide
CO is the raw material of various synthetic processes and

Formate Formaldehyde Alcohol
C02 Dehydrogenase HCOOH Dehydrogenase Dehydrogenase CH3OH
(formic acid) (formaldehyde) (methanol)
NADH NAD* NADH AD* NADH NAD*

Fig. 4. General reduction mechanisms of CO: artificial bioconversion
process [89].
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can be easily converted into liquid fuels such as methanol.
Woolerton et al. [90] built a PBS that reduced CO2 to CO under
visible light irradiation. The system used TiO2z nanoparticles
modified by CODH. The researchers utilized polypyridine ru-
thenium, which is sensitive to visible light, to reduce the CO:
overpotential. The principles are shown in Fig. 5A. Upon excita-
tion with visible light, RuP injects electrons into the conduction
band of TiOz. These electrons can then enter CODH through the
D-cluster and are transferred through a second [4Fe-4S] cluster
to the active site, where COz2 is reduced to CO by enzymatic
action through a two-electron reduction pathway. The meas-
ured turnover rate was around 0.14 mol CO produced (mol
CODH) -1s-1. The semiconductor acts as a scaffold for enzyme
and dye molecules: experiments in which TiOz was omitted
yielded no detectable CO. Secondly, the conduction band main-
tains the energy of the photoinjected electrons above a mini-
mum potential threshold, which is sufficient for CO2 reduction
by CODH. Fig. 5B presents the effect of other semiconductor
materials on the production of CO in the system. It was found
that the combination of a photosensitizer with ZnO was poor:
only around 60% of the 56 nmol RuP added was bound to ZnO
after 20 min adsorption period, compared with that of almost
100% for TiO2. They used o-phosphorylethanolamine (OPEA)
to modify the surface of TiO2. As shown in Fig. 5C, rather than
obtaining the desired effect, the modified layer decreased the
rate of catalysis; this is (at least in part) due to the lower uptake
of an enzyme when OPEA is added. The two-electron pathway
of the highly efficient and specific CO2 reduction model system
can avoid the thermodynamic barrier involved in the sin-
gle-electron activation pathway and provides a lot of infor-
mation and constructive insights into solar-driven reduction of
COz emissions [91].

3.1.2. Methane

Methanogens can reduce CO2 to methane with Hz [92]. Me-
thane is a good fuel that can be favorably separated because of
its low solubility. The direct conversion of CO2 to CH4 by using
synthetic catalysts is still a huge challenge because of its high
overpotential and low CHa/Hz selectivity. The Faraday efficien-
cies of the direct electrocatalytic methanogenic conversion of
two kinds of CO2z with high activity and selectivity to CHs were
61% and 76%, respectively, but the overpotentials (1) required
were 1.28 V and 1.52 V [93,94]. Cheng et al. [95] reported for
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the first time that CO2z can be reduced to methane by Methano-
bacterium palustre under the condition that the cathodic poten-
tial is less than 0.7 V (vs. Ag/AgCl). The continuous yield of me-
thane is 200 mmol-CH4 d-! m-2, and the electron capture effi-
ciency 96%.

Nichols et al. [96] used Methanosarcina barkeri (M. barkeri)
biocatalyst to reduce COz to CHa. Fig. 6A shows a general sche-
matic of the gastight, two-compartment electrochemical cell
that was specially designed for batch-mode electrolysis and
subsequent headspace analysis by gas chromatography. The
cell employs platinum or an earth-abundant substitute, such as
a-NiS, as the biocompatible hydrogen evolution reaction (HER)
electrocatalyst and M. barkeri as the biocatalyst for CO2 fixation.
In Fig. 6B, the variation in the applied current from 1 mA to 7.5
mA shows that the CHs generation is proportional to the ap-
plied current, suggesting that the system is operating in a hy-
drogen-limited regime. When the applied current is 2.5 mA, the
system displays high Faradaic efficiencies (of up to 86%) and a
low overpotential (1 = 360 mV). A slight decrease in the Fara-
daic efficiency is observed at higher current densities. The re-
searchers then replaced the expensive platinum with
nano-a-NiS, the electrocatalytic performance of which is pre-
sented in Fig. 6C and Fig. 6D. When the current is increased to
7.5 mA, the results obtained from experiments using a-NiS/C
are virtually indistinguishable from those obtained with plati-
num in terms of the daily and cumulative amounts of methane
generated; 4.24 mmol of CHa is produced over 7 days, with an
average Faradaic efficiency of 74%. In addition, photoactive
cathodes were prepared by sputtering a thin layer of nick-
el-molybdenum alloy atop TiOz-passivated n*/p-Si. At 2.5 mA
and only 175 mV overpotential, biological galvanostatic elec-
trolysis generated 0.692 mmol CHa, with the Faradaic efficiency
being 82%, which allowed more methane to be produced for a
certain amount of electricity. On the other hand, for the combi-
nation of n-TiOz photoanode and p-InP photocathode, CO2z can
be converted into CHs without being driven by light.

3.1.3. Formicacid

Song et al. [97] reported that two acetogenic bacteria,
Moorella heatacetica (Mt) and Foricoaceticum (Cf), can effec-
tively convert COz to formic acid below 0.58 V, with the current
efficiencies being 80% and 100%, respectively. Lee et al. [98]
reported the highly selective reduction of CO2 to formate on a
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tightly integrated bioelectrode. They used the multifunctional
polydopamine (PDA) membrane with biocompatibility and
good charge transferability as the substrate for the immobi-
lized enzymes NADH (C, NADH) and FDH (E, FDH), which acted
as the electron mediator and reaction catalyst, respectively
[99], as shown in Fig. 7A. This bio-hybrid system with na-
nometer thickness not only promoted electron transfer but also
kept the enzyme stable on the electrode for a long time (for
about two weeks) [100]. In Fig. 7B, the much lower capacitive
current of the EC-PDA layer in comparison to that of PDA indi-
cated that a denser and/or thinner film was formed when EC
was incorporated into the PDA film [99,101]. In addition, a
sustainable energy conversion system composed of
nano-porous COPI/BiVOs photoanode and EC-PDA biocathode
without an external bias was designed [102,103]. Fig. 7C shows
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Fig. 7. (A) Schematic illustration of the 3D structure and the proposed
formation mechanism of EC-PDA thin film-coated biocathode; (B) Cyclic
voltammograms of PDA and EC-PDA coated GCE; (C) Linear sweep
voltammogram; (D) Photocatalytic formate formation from COz gas as a
function of irradiation time [98].

the I-V curves of the EC-PDA double electrode structure under
light and dark conditions, which can be used to estimate the
difference in the open-circuit voltage between the light and
dark conditions as 400 mV. The open-circuit voltage increased
by 110 mV and the short-circuit current doubled, indicating
that CoPi is a good OER catalyst that can effectively reduce the
kinetic overpotential of the photoanode. For long-term stability
tests, the current density was monitored for 24 h at a constant
voltage of 0 V (vs. CoPi/BiVO4 photoanode), and the result is
displayed in Fig. 7D. The chronoamperometric current was low,
but stable at -0.1 pA cm-2, and was believed to result from the
fast kinetics at the cathode and dissolution of CO: into the
aqueous solution, as revealed in the inset of Fig. 7D. The
amount of formate produced increased linearly with the reac-
tion time, and 15 pmol L-1 formic acid was produced after 24 h.
HPLC analysis result clearly reveals that formate is the only
product of light-driven CO2 reduction by EC-PDA biocathode,
with the Faradaic efficiency being almost perfect at 100%.

Amao et al. [104] studied the preparation of TK assembled
on TiOz thin film electrode and its photocurrent conversion
function. By using PSII as the photocatalytic material for oxygen
production, a composite electrode with PSII function was pre-
pared. Oxygen evolution with PSII in TK/TiO2 occurs under
visible-light irradiation. Electron transfers from TK to the con-
duction band of TiOz and then from TK/TiOz to the
co-immobilized FDH-CH3V(CH2)9COOH cathode via the external
circuit. COz is then reduced to formic acid by FDH at the cath-
ode. Formic acid and oxygen are formed in the stoichiometric
ratio of 2:1.

3.1.4. Methanol

Formic acid is the main product in most studies, with trace
amounts of formaldehyde or methanol. One of the reasons is
the strong equilibrium of formaldehyde on methanol hydrate
[105,106]. Scientists often use the coenzyme NADH to produce
methanol. However, there have been few attempts at reducing
CO2 to methanol and few reports on methanol products. Yadav
et al. [107] reported selective methanol production for the first
time by visible-light-driven COz reduction in PBSs. In this study,
IP (isatin-porphyrin) chromophore covalently binds to chemi-
cally converted graphene (CCG) to form the visible light active
photocatalyst CCG-IP, as shown in Fig. 8A [108]. CCG acts as an
electron storage layer to transport multiple electrons. CCG-IP
exhibits efficient visible light capturing capability, providing
energy for efficient regeneration of NADH, which is an essential
condition for methanol generation from CO2 [109]. Fig. 8B
shows that CCG-IP linearly accumulates 38.99% of NADH
within 60 min. On the other hand, CCGCMAQSP (chemically
converted graphene coupled multi-anthraquinone-substituted
porphyrin) photocatalyst and IP chromophore regenerated
28.46% and 7.03% of NADH within the same time frame, re-
spectively. However, CCG failed to regenerate any NADH.
Methanol of concentration 11.21 umol L-! was obtained on
exposure to visible light over the subsequent 60 min when
CCG-IP was used as the photocatalyst. On the other hand, only
5.62 pumol L-1 of methanol was obtained upon the use of
CCGCMAQSP as the photocatalyst. The experiment with IP
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regeneration activity; (C) Production of methanol; (D) Photocur-
rent-time (I-T) profiles of FTO/IP and FTO/CCG-IP electrodes under
simulated solar light illumination [107].

chromophore afforded a trace amount of methanol, which
could not be quantified, while CCG failed to produce any meth-
anol, as observed in Fig. 8C. The result of transient photocur-
rent study in Fig. 8D shows that the prompt photocurrent re-
sponse of CCG-IP corresponds well with the ON/OFF cycles of
the simulated sunlight irradiation. It indicates electron transfer
from IP to CCG upon irradiation, which leads to regeneration of
the enzymatically active 1,4-NADH and subsequent methanol
formation [108].

Schlager et al. [89] reported a method of direct CO2 reduc-
tion by MES that involves injecting electrons directly into the
electrode without the need for the expensive coenzyme NADH.
FDH, ALDH, and ADH are immobilized in matrices to ensure
high stability of the enzyme and high activity and reusability of
the biocatalysts, as shown in Fig. 9A [110]. Fig. 9B indicates that
a methanol peak appears at a residence time of 1.85 min after
electrolysis for 4 h. Around 0.15 ppm of methanol is detected in
the electrolysis experiment at a constant potential of 1.2 V (vs.
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Fig. 9. (A) Representation of the electrochemical CO2 reduction process
using enzymes, and electrons are injected directly into the enzymes,
which are immobilized in alginate silicate hybrid gel (green) on a car-
bon-felt working electrode; (B) Comparison of chromatograms ob-
tained by LGC [89].

Ag/AgCl), which corresponds to a Faradaic efficiency of around
10%. For the samples not subjected to electrolysis, where the
enzyme electrode is stored only in a saturated solution of CO2
or Hz, no methanol peak can be observed. This method pro-
vides the possibility of selective reduction of CO2 emission un-
der mild operating conditions.

Lian et al. [111] prepared a kind of photoelectric catalytic
cell with self-reducible CO2 by using PSII modified photoanode.
The system uses copper foam as the photoanode and p-silicon
nanowires (Si-NW) as the photocathode. Under sunlight irradi-
ation, PSII decomposes water to generate hydrogen and elec-
trons. Electrons transfer rapidly from PSII to the Cu foam, and
then, the Si-NW capture the electrons in an external circuit at
0.5 V bias. Its appropriate conductive band potential (of 0.6 eV)
makes it easier to reduce CO2z to methanol at the photocathode.

3.2.  Czcompounds

Generally, the generation mechanisms of Cz products from
COz artificial bioconversion are more complicated, and involve
C-C coupling in biological carbon sequestrations. There are
carbon sequestration pathways that can directly fix CO2. They
are Calvin cycle, (CBB), reductive tricarboxylic acid cycle
(rTCA), Wood-Ljungdahl pathway (W-L), and dicarbox-
ylate/4-hydroxybutyrate cycle. The first two pathways are
aerobic pathways, whereas the latter two are anaerobic path-
ways. The natural pathways for carbon sequestration with
substrate HCO32- are as follows: 3-hydroxypropionate cycle,
3-hydroxypropionate/4-hydroxybutyrate autotrophic path-
way, and dicarboxylate/4-hydroxybutyrate cycle [112].

3.2.1. Aceticacid

Obligate anaerobic acetogen can convert Hz and CO: into
various fuels and chemicals such as acetic acid (CH3COOH)
through the efficient and energy-saving Wood-Ljungdahl path-
way [100-102]. Acetic acid is the most studied C2 product at
present. Sporomusa ovata (S. ovata) is the most effective acetic
acid producing strain reported so far in pure culturing
[113,114].

One way to improve the reduction rate of COzin the process
of MES is to modify the cathode to improve the interaction be-
tween the microorganism and the electrode. Nie et al. [115]
used graphite electrodes coated with porous nickel nanowires
to increase the interface area and the interaction between the
cathode surface and the bacterial biofilm. The biological reduc-
tion rate was increased by 2.3 times. They were given 540 mg
L1 of acetic acid on day 8. A novel 3D graphene-nickel foam
(G-NF) cathode has been fabricated by hydrothermal approach
for the improvement of the microbially catalyzed reduction at
the MES cathode. The concentration of acetic acid obtained by
Song et al. [116] after 28 days of MES was 5.46 g L-1. They pre-
pared a novel 3D G-NF cathode by hydrothermal method. The
hierarchical porous G-NF cathode improved bacterial coloniza-
tion and the efficiency of mass, nutrient, and proton transfer
owing to its 3D composition. The graphene coating considera-
bly increased the effective surface area for microbial adhesion,
as well as the electron transfer rate of the biofilm in MES. An
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increase of 1.8 times in the volumetric acetate production rate
was obtained, compared with that for untreated nickel foam.

Bian et al. [117]. used porous nickel hollow fibers (Ni-PHFs)
coated on carbon nanotubes (CNTs) to form a new functional
Ni-PHF/CNT with high biocompatibility. The material was used
as the cathode to produce acetic acid through MES. Fig. 10A and
Fig. 10B are the scanning electron microscope images obtained
before and after the growth of S. ovata on Ni-PHF/CNT. The
Ni-PHF surface is covered with CNTs, which further improves
the surface roughness and pore density of the PHFs observed in
Fig. 10A. The surface of Ni-PHF/CNT exhibits a completely
bacterial structure in Fig. 10B. The 11.1 times higher CO; ad-
sorption obtained in the case of the Ni-PHF/CNT cathode is
possibly attributed to the deposited CNT layers, which show
strong physical interactions with CO2 molecules [118, 119]. In
addition, improved COz adsorption on the Ni-PHF/CNT can be
due to the large surface area and geometry of the CNTs, which
exhibit different regions and sites for adsorption [120]. The
HERs of Ni-PHF and Ni-PHF/CNT cathodes were characterized
by linear sweep voltammetry (LSV). The LSV curve of Fig. 10C
shows that when the voltage is —1.0 V, Ni-PHF/CNT displays a
good catalytic activity towards the HER, and the current densi-
ty is 1.66 times higher than that of Ni-PHF. The Tafel slopes
derived from LSV data are commonly believed to be an indica-
tion of the HER catalytic properties of electrode materials
[121]. In Fig. 10C, the Ni-PHF/CNT cathode exhibits 15% lower
Tafel slope (342 mV dec-1) compared to that of Ni-PHFs (393
mV dec-1), which suggests that Ni-PHF/CNT is a better HER
catalyst. Fig. 10D shows that the rate of acetic acid production
is 1.85 g m-2 d-1 and the Coulomb efficiency is up to 83% when
COz is directly transported through the pores of Ni-PHF/CNT
hollow fiber.

Liu et al. [44] developed a biologically compatible nanowire

array to realize a PBS. The semiconductors silicon and TiO2
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Fig. 10. (A) Scanning electron microscopy (SEM) images of
Ni-PHF/CNT cathode; (B) Ni-PHF/CNT cathode with S. ovata biofilm on
the surface of the cathodes; (C) LSV curves obtained for the Ni-PHF and
Ni-PHF/CNT electrodes; (D) Electron transfer, measured acetate pro-
duction, and current consumption of the Ni-PHF/CNT cathode [117].

were selected as the photocathode for hydrogen production
and as the photoanode for oxygen production, and ionic con-
ductive films were introduced between silicon nanowires and
TiO2 nanowires to realize macroscopical separation of Hz and
O2. In neutral pH, only solar energy was required to feed the
silicon nanowire array, and the nanowire-bacteria hybrids
were capable of reducing CO:z to acetate under continuous
sparging with an overpotential less than 200 mV at 0 V vs. re-
versible hydrogen electrode (RHE). Careful characterization in
the form of SEM (Fig. 11A) indicates that bacteria populate
quite uniformly in the array without apparent mass transport
issues. The cell loading of S. ovata within the nanowire array is
4.4 times that observed on a planar silicon electrode. From
classical electrochemical analysis of the case without solar il-
lumination (Fig. 11B), it was observed that the nan-
owire-bacteria hybrids are capable of reducing CO: to acetate
under continuous sparging with 20% C02/80% N2 with an
overpotential less than 200 mV at 0 V vs. RHE. Additionally, the
Tafel slope of bacteria-catalyzed CO2z reduction is distinctly
different from that of abiotic proton reduction, implying dif-
ferent reaction mechanisms. The overall system produced
about 0.3 mA cm-2photocurrent under simulated sunlight (AM
1.5G, 100 mW cm-2) and was stable for more than 120 h; acetic
acid was steadily produced with a product selectivity (Faradaic
efficiency) of 86%, as shown in Fig. 11C. The acetic acid titers
were ca. 1.2 g L-1 (20 mmol L-1) after 5 days and could reach
over 6 g L-1 (ca. 100 mmol L-1) in M9-MOPS minimal medium.
The resulting acetic acid can be activated to acetyl coenzyme A
by genetically engineered E. coli, and the acetyl coenzyme A can
be used as raw materials for various additional value chemicals
such as n-butanol, polyhydroxybutyrate, and three different
isoprenes [122,123].

Sakimoto et al. [124] reported the modification of
non-photosynthetic heterotrophic bacteria (Moorella thermo-
acetica, Mt) by using cadmium sulfide (CdS) nanoparticles to
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Fig. 11. (A) Cross-sectional SEM image of the 3D network in the nan-
owire-bacteria hybrid; (B) Tafel plots; (C) Nonzero photocurrent [44].
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construct a new PBS [125]. The researchers designed a bionic
system based on “Z-scheme” in series. In the system shown in
Fig. 12A, photoreduction and photooxidation were carried out
by CdS and TiOz nanoparticles loaded with Mn (II) phthalocy-
anine (MnPc), respectively. Furthermore, light of wavelengths
greater than 400 nm was successfully absorbed with the in-
crease in the MnPc content on TiO2. These two catalysts are
linked by cystine/cysteine (Cyss/Cys), a biocompatible redox
medium, which increases the electrical conductivity. On the cell
surface, photoexcitation of the electrons released by the CdS
nanoparticles produces a reduction equivalent [H]. Then, the
CO2 and [H] are reduced to acetic acid in the W-L pathway of
Mt, which is photoreduction; photooxidation involves TiO2 na-
noparticles loaded with MnPc, which restore Cyss to Cys and
oxidize water. The photoinduced holes are quenched by extra-
cellular Cys [126]. In Fig. 12B, the photosynthetic properties of
the Mt-CdS + TiO2-MnPc tandem systems were compared with
those of the control system, which produced more acetic acid.
The rate of acetic acid formation tends to stabilize after about 1
day in the case of Mt-CdS system. The acetic acid yields of
Mt-CdS and Mt-MnPc in the control system are both below the
stoichiometric limits set by Cys as a limit preparation (dotted
line, Cys-free optical regeneration). MnPc-free Mt-CdS TiOz and
CdS-free Mt + TiO2-MnPc series of systems display poor per-
formances in terms of producing acetic acid.

3.2.2. Ethanol

Mohanakrishna et al. [17] used five different concentrations
of enriched mixed homotype acetic acid-producing bacteria as
cathodic biocatalysts to perform MES for reducing CO: into
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Fig. 12. (A) Schematic of the Mt-CdS + TiO2-MnPc tandem system; (B)

Photosynthetic performance [124].

acetic acid and ethanol at a constant potential. With the in-
crease in the carbon concentration, improvements in the ace-
tate production rate and carbon conversion were observed. A
maximum acetate production rate of 142.2 mg L-! per day and
a maximum carbon conversion efficiency of 84% were
achieved at the HCO3™ concentrations of 4.0 g L-1 and 2.5 g L-1.
The pH changes caused by the interaction between HCOs3-
(substrate) and acetate (products) can produce buffer proper-
ties at the cathode, which control the pH and substrate specific-
ity during the MES process. At a higher concentration of acetic
acid, the conditions for the reduction of acetic acid to ethanol
can become more favorable, depending on the acidic pH envi-
ronment. The maximum ethanol production of 65 mg L-! was
observed at 4.0 g HCO3- L-1.

Hydrogen produced from water electrolysis is an important
medium for the electrochemical reduction of COz at the cath-
ode, and the supply of hydrogen also promotes the production
of ethanol. Blanchet et al. [113] found that the acetic acid pro-
duction of pure S. ovata culture grown under Hz and CO2 was
up to 2904 mg L-1. About 7 days later, ethanol production be-
gan and the acetic acid production plateaued. After 10 days of
cultivation, an ethanol yield as high as 1411 mg L-! was ob-
tained.

Li et al. [42] combined reverse electrodialysis technology
with MES to develop a MREC for the first time. The researchers
used the salinity gradient (composed of a high-concentration
NaCl solution and a low-concentration NaCl solution) as the
driving energy to realize the efficient biotransformation of CO2
to value-added chemicals. The concentration of acetic acid in-
creased gradually with time, reaching 7.33 mM, as shown in
Fig. 13A, and the maximum concentration of ethanol was de-
termined to be 39.1 mg L-1, as shown in Fig. 13B. No acetic acid
or ethanol was produced when S. ovata and the salinity gradi-
ent were not inoculated. In Fig. 13C and Fig. 13D, the injection
of S. ovata enhances the current at the cathode, and the mecha-
nism remains to be clarified. The cathodic potential stabilized
at 0.680 V after 5.5 days, then, the current began to decrease,
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reduction process.
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and the concentrations of acetic acid and ethanol reached the
highest levels on the 6th day, as shown in Fig. 13A and Fig. 13B.
After the reaction, the removal rate of COD and the Coulomb
efficiency in the anode chamber reached 85.26% and 37.82%,
respectively. This low Coulombic efficiency is possibly because
the COD of wastewater could also be removed by the
non-exoelectrogenic microorganisms present in wastewater.
These results indicate that MERC is an alternative method of
CO2 conversion into value-added chemicals and wastewater
treatment.

Biogenetic engineering is an efficient bioethanol production
technology that combines solar energy conversion, carbon se-
questration, and ethanol production [127]. Deng et al. [128]
proved that ethanol can be produced from absorbed CO2 by
photosynthesis through metabolic engineering. Synechocystis
sp. PCC 6803 is a heterotrophic cyanobacterium and is the first
fully sequenced and annotated photosynthetic autotrophic
organism [129]. Dexter et al. [130] reported the photoauto-
trophic Synechocystis sp. PCC 6803 that converted CO: into
bioethanol. The ethanol-producing pyruvate decarboxylase of
Zymomonas mobilis and ADH I genes were integrated into
the chromosome of Synechocystis sp. PCC 6803 by using a dou-
ble homologous recombination system. The ethanol concentra-
tion of the system reached 12 mM. Gao et al. [131]. used Syn-
echocystis sp. PCC 6803 to increase the yield of ethanol to 5.50 g
L-1.In 2017, Kopka et al. [132] systematically analyzed another
ethanol-producing cyanobacterium Synechococcus sp. PCC
7002. They established an additional biosynthesis pathway in
cyanobacteria host cells. The new ethanol-producing cyano-
bacteria engineering strain accumulated 0.25% (v/v) ethanol
after 30 days of culturing.

3.3.  Cz+ compounds

The mechanisms of the formation of C2+ products from CO2
artificial bioconversion are similar to those of the Cz com-
pounds, though much more complicated steps are involved.
The key step in these carbon sequestration pathways that cat-
alyze COz fixation to produce Cz+ compounds is the Calvin cycle.
COz and Hz can be immobilized by the Calvin cycle to produce a
variety of C3+ products, such as poly(3-hydroxybutyrate) (PHB)
and C3—Cs alcohols. The Calvin cycle could even be combined
with metabolic engineering to design reaction pathways for
specific products such as isopropanol.

The aerobic microorganism R. eutropha without an organic
growth substrate can use Hz and CO2 as its sole energy and
carbon source and immobilize CO2 through Calvin cycle, which
is the main carbon sequestration pathway of the biosphere
[133,134]. The ability of the OER at low overpotentials has
been realized in the neutral pH range (6—8) with the develop-
ment of cobalt phosphate (CoPi) catalyst. The OER catalyst
shares many properties with the oxygen production catalyst in
PSII, including its structure, self-assembling ability,
self-repairing ability, low toxicity to bacteria, and good bio-
compatibility. More importantly, this kind of catalyst would not
produce reactive oxygen species (ROS), resulting in a signifi-
cant reduction in the voltage for water decomposition; the en-

ergy conversion efficiency is thus improved [19,135-137]. The
resulting hydrogen can bound to COz when the CoPi catalyst is
coupled with the HER catalyst, which lays the foundation for
the production of liquid and solid fuels [138].

331. PHB

Chong et al. [9] recently developed an efficient PBS consist-
ing of cobalt phosphate | cobalt-phosphorus | Ralstonia eu-
tropha (CoPi | Co-P | R. eutropha). At a low driving voltage, CoPi
can decompose water into molecular hydrogen and oxygen and
can store more than half of the energy of the input system in
the form of a COz reduction product. The products are PHB and
C3—Cs alcohols. Entries 1, 2, 3, and 5 show that nekec increases
with decreasing Eappi below 100% CO2z until Eappt < 2.0 V, as
shown in Fig. 14A. Below Eappl = 2.0 V (entry 8), a higher salt
concentration (108 entries for phosphate buffer) is required to
facilitate mass transport and the attendant current. However,
high salt concentrations are undesirable for R. eutropha metab-
olism. The results show that at the optimal phosphate concen-
tration of 36 mM and Eappl = 2.0 V, the highest biomass yield
was 54% (entry 5) for a duration of 6 days. This biomass yield
is equivalent to assimilating ca. 4.1 mol (180 g) of CO2 with 1
kWh of electricity. Enlarging the batch reactor volume by a
factor of 10 did not affect the efficiency (entries 4 and 6), indi-
cating that the system is scalable and that the reactor volume is
not limited. They found that the biomass accumulation scales
linearly with the amount of charge passed under pure CO2 at-
mosphere (Fig. 14B) or at ambient CO2 levels (Fig. 14C). The
biomass accumulation increases linearly with the increase in
the charge, and the linear growth conditions are similar, indi-
cating that the oxidation of hydrogen is the decisive step in the
bioelectrical-assisted synthesis process. R eutropha stops
growing in the dark cycle and resumes water cracking and con-
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Fig. 14. (A) nnetec values for the production of biomass and chemicals at
different values of Eapp and for various configurations; (B) Biomass
accumulation (ODeoo) and amounts of electric charges that were passed;
(C) Real-time monitoring of the biomass accumulation [9].
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tinuous reduction of COz in the light cycle after 12 h (Fig. 14C),
which indicates that the CoPi | Co-P | R. eutropha system can
adapt to the intermittency of solar energy. Coupled with the
existing photovoltaic system, the energy efficiency is about
50%, which can produce about 10% CO2 emission reduction
efficiency, which exceeds the energy efficiency of the natural
photosynthetic system.

To avoid the potentially toxic effect of ROS on cell growth,
Chen et al. [139] adopted a two-chamber bioelectrochemical
reactor, in which the R. eutropha in the cathodic chamber was
separated from the anodic chamber by a proton exchange
membrane (PEM). Thus, the ROS produced in the anodic
chamber could not penetrate the PEM, which prevented its
entry into the cathodic chamber that can poison the cells. To
improve the efficiency of CO2z reduction to formate, the re-
searchers constructed an enzyme-assisted NR-mediated MES
system by incorporating FDH, which offered two advantages
over indium foil cathode for formate formation. On one hand,
the cathode potential was only —0.6 V (vs. Ag/AgCl), which was
much higher than the —1.6 V (vs. Ag/AgCl) for the system of
inorganic electrocatalysts. Thus, the electrical power consump-
tion could be tremendously reduced at such a low overpoten-
tial. On the other hand, the electron transport from the cathode
into R. eutropha was increased, since NR played the role of an
electron shuttle and formate acted as an electron carrier. The
reduced NR diffused directly into R. eutropha through pathway
I (electron transfer mechanism mediated by NR), thus increas-
ing the level of intracellular reduction equivalents and further
improving the efficiency of MES. NR also promoted the extra-
cellular regeneration of NADH and effectively promoted the
reduction of CO: to formic acid, catalyzed by FDH, in the cath-
ode chamber. Formic acid then transferred to R. eutropha via
pathway II (formic acid-mediated electron transfer mecha-
nism) as an electron carrier, and an efficient CBB cycle devel-
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Fig. 15. (A) Schematic of FDH-assisted MES to reduce CO: to synthesize
PHB; (B) PHB yields in WT R. eutropha and RuBisCO-overexpressed R.
eutropha; (C) Enhancement in PHB production with gradual optimiza-
tion of the MES process [139].
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oped by the heterologous expression of RuBisCO to synthesize
PHB, as shown in Fig. 15A [140]. 485 mg L-! of PHB was syn-
thesized by the RuBisCO overexpressed R. eutropha, while only
383 mg L-! of PHB was synthesized by WT R. eutropha (Fig.
15B). In Fig. 14C, 0.05 mm NR was added to MES; WT R. eu-
tropha produced 226 mg L-1 PHB. However, when R. eutropha
was introduced into RuBisCO, only 156 mg L-! of PHB accumu-
lated. With the incorporation of FDH, 485 mg L-1 of PHB could
be synthesized by R. eutropha in the FDH-assisted MES system.
383 mg L-1 of PHB was synthesized by WT R. eutropha.

3.3.2. Isopropanol

Torella et al. [10] designed an integrated inorgan-
ic-biological hybrid system to achieve an overall efficiency
comparable to or exceeding that of a natural system at low
overpotentials. In this work, the system has been engineered
based on the CoPi water-splitting anode, with NiMoZn or stain-
less-steel (304 mesh 60) as the cathode, to generate Hz by elec-
trolysis of water. The biosynthetic process of isopropanol
((CHs)2CHOH) is shown in Fig. 16A; R. eutropha H16 oxidizes
Hz with hydrogenases to produce NADPH and ATP. Then, CO2 is
reduced to 3-phosphoglycerate (3PG) by Calvin cycle. The 3PG
is rapidly converted to PHB by acetyl-coenzyme A as follow. In
the synthesis of PHB, the strain Re2133-pEG12 was destroyed
and four genes that redirected acetyl-coenzyme A to synthesize
isopropanol were expressed. Plasmid pEG12 expressed genes
from ketosulfide (phaA*) and acetic acid-CoA transferase (ctf)
of R eutropha, as well as acetoacetic acid decarboxylase and
ADH from Clostridium sp. Through the action of these enzymes,
3PG is transferred to isopropanol in Re2133-pEG12 (Fig. 16B).
The yield of isopropanol was 216 mg L-! after 5 days, and the
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Fig. 16. (A) Engineered pathway for isopropanol production; (B)
Growth and isopropanol production in Re2133-pEG12 grown at 3.0 V
[10].
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byproducts pyruvate (17 mg L-1) and acetone (10 mg L-1) were
also produced, with the maximum bioelectrochemical efficien-
cy being 3.9%.

3.3.3. Acetone

Ketones are important organic compounds. Acetone, as the
simplest ketone, is widely used as a solvent or precursor of
industrial chemicals. Zhou et al. [141] reported a biological
process using COz to produce acetone (CH3COCH3). An exoge-
nous COz synthesis pathway was introduced into Synechocystis
sp. PCC 6803 to construct the modular synthesis pathway of
acetone biosynthesis. In this work, 36.0 mg L-1 acetone could
be produced. Li et al. [142] designed a kind of R. eutropha H16
in the electro-bioreactor that can fix CO2 through genetic engi-
neering. The produced fuel yield was more than 1.4 g L-1 (~846
mg L-1isobutanol and ~570 mg L-! 3-methyl-1-butanol).

3.34. Butyric acid

Ganigué et al. [143] demonstrated for the first time the bio-
electrochemical synthesis of butyric acid (CH3(CHz2)2COOH) by
using COz as the sole carbon source. The maximum concentra-
tion of butyric acid was 20.2 mMC, and the maximum yield 1.82
mMC d-1. Production of bioethanol (ethanol and butanol) from
COz was also observed. In 2017, Batlle-Vilanova et al. [144]
used the tubular bioelectrochemical system and mixed cultured
microbial community to increase the yield of butyric acid. The
authors suggested that chain extension with acetic acid and
ethanol as the main raw materials was the main hypothesis for
the production of butyric acid. The maximum yield of butyric
acid was 7.2 mmol L-1 d-1, and the concentration of butyric acid
was up to 252.4 mmol L-1. when tested at a fixed cathodic po-
tential of —0.8 V (vs. SHE). The yields of other products (acetic
acid, ethanol, and butanol) were low.

3.3.5. Isoprene

Isoprene (CH2C(CH3)CHCHz) is an important component of
synthetic rubber, which is produced entirely from petrochemi-
cal raw materials. Previous studies on metabolic engineering
mainly focused on the heterologous expression of metabolic
pathways [145-147]. In order to directly produce isoprene
from COz Gao et al. [148] developed the methylerythritol
phosphate biosynthesis pathway for isoprene in cyanobacteria
in 2016. The isoprene synthetase with a high activity from
plants was used to improve the production activity of isoprene.
The engineering strain orientated about 40% of the photosyn-
thetically fixed carbon to the isoprene biosynthesis pathway
and produced 1.26 g L-1 of isoprene from COz>.

4. Conclusions and perspectives

This paper summarized the recent progresses in CO: artifi-
cial biotransformation. The key techniques, including microbial
electrosynthesis, photosynthetic biohybrid systems, PSII hybrid
system, and metabolic engineering, were introduced. The vari-
ous chemicals synthesized from these techniques were dis-
cussed in detail from the aspects of hybrid systems and the
possible mechanisms.

On the basis of the current status of CO: artificial bioconver-
sion, we present several future prospects and directions for
possible applications.

(1) The electron transfer mechanism involved in the process
of COz artificial biotransformation has not been confirmed, and
this process has not been understood clearly and in-depth. Only
by mastering these core disciplines and reaction mechanisms
can we design and construct an efficient artificial biotransfor-
mation system for COz. Only then can we really promote the
research of sustainable energy production and solve the envi-
ronmental problem associated with COz.

(2) COz is a very stable molecule and its activation is a fun-
damental challenge because the carbon atom in the molecule is
in the highest oxidation state, that is, it is in the lowest energy
state. The process of converting inorganic carbon to organic
carbon requires a lot of energy and reducing power. According
to the standard redox potential shown in equations (1)—(6) and
the multi-electron reduction steps of CO2, the products of CO:
reduction can be transformed to different compounds and tar-
get products with different carbon chain lengths can be ob-
tained.

(3) We should fully develop efficient catalysts that are com-
posed of earth-abundant elements. These catalysts should dis-
play the advantages of low cost, good biocompatibility, high
conductivity, high specific surface area, and generality. This is
an important prerequisite to realize large-scale conversion and
utilization of CO2 with renewable energy.

(4) By understanding the diversity of carbon sequestration
organisms and their metabolic pathways in nature and discov-
ering efficient carbon sequestration elements, microorganisms
can be modified with various metabolic pathways to realize the
design of a carbon sequestration pathway of converting CO2 to
target products.

Research on artificial biotransformation of COz has been
growing, and great breakthroughs have been made in related
fields. This important technology will make use of the most
extensive renewable resource on the planet, COz, to address the
environmental and energy problems efficiently and in a green
fashion. In the future, biocompatible solid-state nano-devices
can be combined with living systems, and the acetic acid ob-
tained through artificial bioconversion of CO2 can continue to
be activated to acetoacetyl-CoA by downstream genetically
engineered E.coli and used as a building block for a variety of
value-added chemicals such as n-butanol, PHB polymer, and
three different isoprenoid natural products.
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R, BAES, B A, RPN, 40 RS RER B f
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‘BB AEMEAFE G HARE R, £#§201210

WE: CO i FE MR = AK, 2 EE MR A TR, M BIERIRE IR e ks £ B, ) AR 5 B m] A R IR B COLF 1k &
FRAL 2 i, B S CO, B YR AR F RN T FE A= B % A A7 o fb 22 RESR AU IOR 1)k e s [), BT K= . H AT, R AT F AR g
I HLAE AL COL T AL FI FH BRI 50 77 DR 3L, TN T AW 5% A COL A Sy B B2 1 B A 2 it B il 42t 52 B ORI 22 11 G . it
PR AR T A R A 2 0 B AR A E R R, b A N TR B iR &R, aT N T AEP 40 CO, LUTE N Rk 7
R CO B . N TAEMEALCOL & Bl 2 it AL . JEHEAL ARG AL CO SR R I B 2R 78, AR
WIS . NG A R Y8, PSITE AR R A TRESE R R .

WA W) HBL A il (microbial electrosynthesis, MES)/& 7EAE 4 AL 22 22 0 b R ARE 8 I AR DV A e AL 7, DAFBREAE
RERHI N, I8 IS AR W) R COLE I 2 B & ) B B A T BT S BR 2 —. F T MES I 4H B AN 2L 45 5 LR — P2
Ihie, X T& B H R BB 100%ME R E. DORFHAE . XBESEAR 5 B o] P28 fi BB A A LIRS e, T fEMES By — Fil
AR RESE I CO L B AR . MESH CO, % Ak i I INME AL 27 i RVAE RIS A T W5 B B, 5 1F 2 AR FI & 5F Pk
TR, WK RS =R AR COFE L.

TEML-AE 21k 6 & 44 Z (photosynthetic biohybrid systems, PBSg)F2 H 2 B ml i [& 52 78 oL S e f Ak 70) 20 B ()38
R EIR A% B, = SO A 775 A A 77 sl 4 M A WL 45 B TR, DA BRI AR e A 1 B A 24 A TR 3L
RIEFEVEHLE 2 CO,. PBSsPIFEI AN A T URAS 2o e R 77 sC e B VE SRS H AR =9, 3F H B A & oK E KBk 7 111
877, %% B AT DU AR N AR MES S B 28 LK FH 8 A 30 77, 8O MES HAREAT oo, 48 BB % B Beam O6 E, WA 2
BN — R LE R AR e A VB B B R BHRE AR N TOR A E 2 . PBSs H AR AT R IR IGWI KN B, BEAR W] LASRAS 5
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15 K BH BB B 4 85056 (10%—20%), {HIEAT SEBR R A AN D W A, AR = ZERIBRERTE T IR 5 T e 2 6 R4 R G = 3L
AT, LUK AEREEA Y o T S8 SR R, BV EE S IRES AR AN AR AR ) ST b %) W A A A o B

PSITE &1 £ 2 Sl 3 SR i —Fb B R AR & 5248 — (photosynthetic system IT, PSITN)FT A TG HEAL 774 i), B HPSTT
XTMES HUAREBEAT 215, Fli BIMESXT CO,IE J5 N Tt 22k 5. 5PBSsHHLL, PSITE &4 R 1A VG 2 PSIL, 7 AP HLPSIT
B AEPREAE AR TS B G R EE B8 77, PSITAT LAy RCH 3R v IR BH GG Fr g i K I Be =, 3 LA S50 FH % e s 3K 37K 43
FEA, X NI B R 35, #7055 R I PSTTZR 25 76 s il b (e AR B R Gt 4T 7 K& A, FH6 M
M TCO b 34 %, H i IS8 it .
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PRIRAGRI . A TRR B AT, S A il B A& A AU COL I RE T, AT SRR RERE 1 23R 1 Bl i 42, 41
BEDE i Tl ARG
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