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ABSTRACT: Transformation of CO, into high-value, long-chain carbon compounds is a long-term goal for CO; conversion and
utilization. Electrocatalytic CO, reduction can achieve C1/C2 products with a high formation rate, while biosynthesis can utilize
these C1/C2 species as substrates for carbon chain elongation. Coupling these two processes offers a promising avenue for efficient
CO, fixation via synergizing the advantages of both sides. However, it is still challenging to realize its widespread application
because of the poor compatibility between different modules. This review summarizes and discusses current developments in
electrocatalytic-biosynthetic hybrid systems for CO, upcycling. First, the recent advances of individual modules are introduced,
including conversion pathways, representative electrocatalysts and typical reactors for electrocatalytic CO, reduction process and
microbial synthesis and in vitro multi-enzyme cascade catalysis for low-carbon bio-conversion process. Then, key factors that
influence system coupling are discussed via analyzing the features of single modules and their cross-interference effects. Finally,
several construction strategies are proposed based on different integration scenarios, offering guidance for the design and
optimization of these hybrid systems.
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1. Introduction

The excessive emission of carbon dioxide (CO;) has led to a series of serious environmental issues, including
global warming, ocean acidification, and increased frequency of extreme weather events. Tackling this challenge
requires not only reducing emissions but also actively converting CO» into value-added products. Past decades have
achieved great progress in CO, transformation, including electro-, photo-, thermo-, and bio-approaches [1-7]. Among
them, the electrochemical route is particularly promising for practical applications due to its operation under mild
conditions and high product formation rates [7-9]. However, the major products of the electrocatalytic CO, reduction
reaction (ECO,RR) are C1 and C2 species, such as CO, methane, formic acid, methanol, ethanol, ethylene, and acetic
acid [10-13]. A long-term goal is direct CO, utilization to produce long-chain products, yet it is challenging due to the
high C-C coupling energy barrier. Biocatalysis can utilize C1/C2 species as substrates to produce long-chain carbon
products [14—17]. However, it is still difficult for high-efficiency fixation of CO, with direct bio-catalysis. One of the
fundamental challenges of CO, fixation is its thermodynamic stability. CO, is a highly oxidized, low-energy molecule,
and its conversion to more reduced forms (such as sugars, organic acids, or alcohols) requires a significant energy input.
Many biological CO, fixation pathways (e.g., the Calvin-Benson-Bassham cycle) operate close to thermodynamic
equilibrium, which leads to low driving forces and slow reaction rates. Key CO,-fixing enzymes such as RuBisCO,
formate dehydrogenase (FDH), or carbon monoxide dehydrogenase often suffer from poor kinetics, oxygen sensitivity,
or instability under industrial conditions [18,19]. For instance, most formate dehydrogenases such as CnFDH, EcFDH,
and RcFDH have low turnover rates and are prone to oxidation processes, which reduces carbon fixation efficiency
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[20-22]. In anaerobic systems, many COs-reducing enzymes are sensitive to O, posing challenges for operation under
ambient air conditions. Coupling electrocatalysis with biosynthesis for CO, fixation offers a powerful hybrid strategy
that combines the strengths of both systems to overcome the limitations of each. By integrating these two approaches,
the system enables stepwise carbon upgrading, improves overall energy and carbon efficiency, and expands the range
of producible compounds. Moreover, the modularity of this hybrid design allows for flexible operation, better adaptation
to intermittent renewable energy inputs, and the potential for carbon-negative production, making it a highly promising
solution for sustainable biomanufacturing and CO; utilization.

Till now, several kinds of products have been synthesized via electrocatalytic-biosynthetic hybrid systems, such
as glucose, fatty acid, bioplastics, and single cell protein [23-26]. Though remarkable achievements, the current
coupling systems still face common challenges like insufficient energy conversion efficiency and sluggish
transformation kinetics that are closely related to the compatibility and adaptability between different modules.
Therefore, a timely and comprehensive review devoted to electrocatalytic-biosynthetic hybrid systems for CO;
upcycling is beneficial to promote further development for CO; upcycling.

In this review, we focus on the latest advances in coupling electrocatalysis and biosynthesis for CO, fixation. We
aim to provide a better understanding of the compatibility and adaptability between electrocatalysis and biosynthesis
modules and guide the construction of electrocatalytic-biosynthetic hybrid systems. First, the progress achieved in each
individual module is outlined respectively. Then, the key factors that would affect the integration of electrocatalytic and
biosynthetic processes are discussed in detail via single-module and cross-interference analysis. Finally, several
coupling strategies are proposed to guide the construction of hybrid systems.

2. Electrocatalytic CO; Reduction to C1/C2 Products

Electrocatalytic CO» reduction is a process that uses electricity to convert CO; into valuable chemicals and fuels. It
possesses the advantages of high reaction rates, environmental friendliness, mild conditions, and ease of integration, showing
promising prospects in CO» catalytic conversion. In this section, we introduce the latest advancements in electrocatalytic CO»
reduction, mainly focusing on conversion pathways, representative electrocatalysts, and typical reactors.

2.1. Conversion Pathways and Representative Electrocatalysts

ECO;RR occurs at the electrode-electrolyte interface and involves multiple proton—electron transfer steps.
Depending on the number of electrons transferred, a variety of reduction products can be obtained, including CO,
formate, methane, methanol, ethylene, and ethanol [7,12,27-29]. The typical reaction pathways and key intermediates
for the formation of C1 and C,: products are illustrated in Figure 1. There are two rate determining steps for CO
formation: (1) *COOH intermediate is formed via a concerted proton—electron transfer, and (2) the used electrocatalysts
have appropriate adsorption strengths for CO, allowing for easy desorption from the electrode surface. Gold (Au) and
silver (Ag) are commonly used as catalysts for CO production [30,31]. Different from CO, the common intermediate
for HCOOH formation is HCOO*, with two oxygen atoms binding on the surface of the electrocatalyst. Bismuth (Bi),
tin (Sn), and indium (In)-based catalysts are typically employed for formate/formic acid generation [10,32-34].
Compared to multi-electron transfer processes, two-electron products like CO and formate are more readily formed,
with selectivity up to 90% under industrial-level current densities [35,36].

Six electrons are needed to reduce CO; to methanol, for which *CO and *CHO are two key intermediates [29,37-39].
Cobalt phthalocyanine molecules anchored on carbon nanotubes can catalyse CO; reduction into methanol [29,39,40].
Improving stability in this reaction is a challenging requirement for practical application. Copper (Cu)-based catalysts
are the most extensively studied for the conversion of CO, into C,+ products such as ethanol, ethylene, and acetate [41-44].
The precise control of C-C coupling is one of the biggest challenges for ECO,RR due to the complexity of the
intermediates. It is generally believed that the binding strength of CO with the metal surface plays a key role in forming
C»+ products. Optimal CO affinity can promote the formation of key intermediates of *CO, *CHO and *COH, which
further polymerize to generate C,+ products [45—49]. At the current stage, the selectivity for Co+ products remains below
70% and typically results in mixtures of multiple species. A deeper understanding of electrocatalytic mechanisms and
the rational design of electrocatalysts are essential to improve overall performance in ECO;RR.
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Figure 1. (a) The typical conversion routes and key intermediates for C1 products. (b) The typical conversion routes and key
intermediates for C,+ products.

Energy efficiency (EE) is a key performance metric for practical implementation, defined as the ratio of the
chemical energy stored in products to the total electrical energy input. Recent years have seen substantial progress in
improving the EE of ECO,RR, driven by advances in catalyst design, electrode architecture, and system engineering
[50-55]. CO and formate production can now reach energy efficiencies exceeding 50%, while multi-carbon product
formation still typically falls in the 20—40% range due to greater overpotentials and lower selectivity. Continued
progress will rely on the co-development of catalysts, reactors, and integrated systems to achieve economically viable
and sustainable CO; electrolysis.

2.2. Electrocatalytic Reactors

There are typically four types of electrocatalytic reactors used for ECO,RR: H-cell, flow cell, membrane electrode
assembly cell (MEA) and solid-state electrolyte cell (Figure 2). The H-cell is a traditional three-electrode system
consisting of working and reference electrodes in the cathode chamber and a counter electrode in the anode chamber,
separated by an ion-exchange membrane. In this configuration, the substrate should be the dissolved CO; in the
catholyte. Due to the inadequate solubility of CO, with regard to the high electrocatalytic performance of the
electrocatalysts in aqueous solutions, the resulting current densities are typically moderate, making the H-cell more
suitable for fundamental mechanistic studies rather than practical applications. In contrast, flow cells use a hydrophobic
gas diffusion electrode (GDE) to separate the CO, gas from the catholyte, enabling the reaction to occur at the gas—
liquid—solid triple-phase boundary [56,57]. This configuration significantly alleviates the gas diffusion limitation,
allowing for higher current densities compared to H-cells. Water flooding of GDEs is one challenging problem in flow
cells. Polytetrafluoroethylene (PTFE) can be used to modify the GDEs to prevent electrowetting. Fang et al. reprocessed
the GDE using a PTFE emulsion every 200 h, which effectively suppressed water flooding [58]. The fabricated device
was stably operated for 5200 h at 2.2 V and a current density of 600 mA cm 2. MEA cells further improve performance
by using humidified CO, without requiring a liquid catholyte on the cathode side. This setup reduces internal cell
resistance and overcomes water flooding [59,60]. A low local pH can inhibit carbonate formation but accelerate H,
generation. Such trade-offs highlight the importance of balancing pH effects. In solid state electrolyte cells, ion-
conducting solid polymers are used to transport electrogenerated cations or anions to form electrolyte-free liquid
products, avoiding energy-intensive downstream separation [61-64]. Xia et al. employed a solid-state electrolyte in a
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ECO:RR system, realizing continuous conversion of CO; to pure HCOOH solution with concentrations up to 12 M [64].
Improving the conductivity of solid polymer is needed to decrease the cell voltage further and enhance the total energy
efficiency in solid state electrolyte cells.
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Figure 2. The schematic diagrams of electrocatalytic reactors for ECO,RR. (a) H-cell, (b) flow cell, (¢) membrane electrode
assembly cell and (d) Solid-state electrolyte cell.

3. Biosynthesis for Carbon Chain Elongation

Low-carbon biosynthesis, using short-chain carbon species as feedstocks and engineered biological systems as
biotools for material processing and manufacturing, is an effective mode for carbon chain elongation [65,66]. Multiple
products, such as biofuels, bioplastics and biomedicines, can be synthesized via this technology. In this section, recent
progress of low-carbon biosynthesis is discussed from two aspects: microbial synthesis and in vitro multi-enzyme
cascade catalysis.

3.1. Multi-Enzyme Cascade Reaction

A cascade of enzymatic reactions can be integrated into complex biochemical pathways to enable carbon chain
elongation, thereby enhancing the value-added potential of the final products [67—70]. Methanol can be synthesized
from CO; via a multi-enzymatic cascade reaction of FDH, formaldehyde dehydrogenase (FaldDH), and alcohol
dehydrogenase (ADH) [70,71]. In these processes, the conversion of HCOOH to HCHO is the rate-determining step
due to its unfavorable thermodynamics. Searching for high-activity FaldDH is still challenging at the current stage.
Similarly, dihydroxyacetone (DHA) can be achieved from CO, via cascading FDH, FaldDH, and formolase (FLS)
(Figure 3a) [67]. A 1.8-fold increase in yield was achieved via immobilization of the used enzymes in hydrogen-bonded
organic framework. Suitable immobilization can increase the local concentration of intermediates, improve mass
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transfer efficiency and enhance enzyme stability [71,72]. Seo et al. designed a three-enzyme cascade reaction to produce
3-hydroxypropionaldehyde from methanol and ethanol [73]. A novel soluble alcohol oxidase HpAOx was used to
convert methanol and ethanol into formaldehyde and acetaldehyde, which were subsequently condensed by 2-
deoxyribose-5-phosphate aldolase. Together with a hydrogen peroxide elimination system based on a catalase, 3-
hydroxypropionaldehyde was produced at a concentration of 18.3 mM from alcohols. Computational pathway design,
modular assembly and substitution, and protein engineering of bottleneck-associated enzymes are effective strategies
to enhance the performance of cascade reactions and achieve long-chain products [74,75]. Using these strategies, Cai
et al. constructed a chemical-biochemical hybrid pathway for starch synthesis from CO», consisting of 11 core reactions
[74]. Methanol obtained via thermocatalytic hydrogenation of CO; served as a substrate for enzymatic reaction units.
Lou et al. designed a non-natural in vitro multi-enzyme system for converting glycerol and CO; into L-aspartic acid
[76]. The system utilized eight enzymes to convert the raw materials into L-aspartic acid in one-pot coupled with NADH
and ATP regeneration. Under optimal reaction conditions, 18.6 mM of L-aspartic acid could be produced within 2 h at
a total enzyme addition of 4.85 mg/mL. Ding et al. constructed three non-natural multienzyme cascade pathways for
the synthesis of L-, D- and racemic lactic acid from renewable C1 methanol [77]. The methanol to lactic acid pathways
contain 5—6 enzymatic steps involving 7—8 enzymes. Through enzyme assembly, modification, and optimization, lactic
acid was produced from 100 mM methanol at a titer of 2.2—2.8 g/L.
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Figure 3. (a) Schematic illustration of conversion of CO; into dihydroxyacetone via a multi-enzyme cascade pathway [67].
Abbreviations: FDH formate dehydrogenase, FaldDH formaldehyde dehydrogenase, FLS formolase, PTDH phosphite
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dehydrogenase, NADH reduced form of nicotinamide-adenine dinucleotid. Copyright © 2023 Wiley-VCH GmbH. (b) The
reaction system to convert CO, and methanol into C2 glycine, C3 serine and pyruvate [78]. DTT is used to replace the function of
L protein. Abbreviations: T aminomethyltransferase, P glycine decarboxylase, L dihydrolipoamide dehydrogenase, H aminomethyl
carrier protein, A alcohol oxidase, S serine hydroxymethyltransferase, D L-serine deaminase. Copyright © 2023, The Author(s).

In these cascade reactions, cofactors such as NAD(H) and NADP(H) are usually added to supply the reducing
equivalents required for the reaction [70,71]. Regeneration and reuse of cofactor should be considered due to their high
cost. Enzymes like phosphite dehydrogenase (PTDH) and glutamate dehydrogenase (GDH) can be used for cofactor
regeneration [67,70,71]. Except for enzymatic methods, these cofactors can also be continuously regenerated at the
electrode surface using an external electric potential, which helps maintain a steady supply in enzymatic processes
[79,80]. Electro-regenerated cofactors are typically classified as direct electrochemical regeneration and indirect
electrochemical regeneration based on the mode of electron transfer between the electrode and the cofactor. For the
former, the cofactor is regenerated directly at the electrode surface, which needs to shorten the distance between the
electrode and the oxidation state of the cofactor. For the latter, a redox mediator is used to shuttle electrons between the
electrode and the cofactor, such as viologens, quinones, or ferrocene derivatives. The redox potential of the selected
mediator must match with that of cofactors. Wu et al. constructed an in vitro multi-enzymatic cascade based on the
reductive glycine pathway, which realized glycine synthesis with CO, and NH3 as the sole carbon and nitrogen sources
[81]. Through effective coupling and the optimization of electrochemical cofactor regeneration and the multienzymatic
cascade reaction, 0.81 mM glycine was yielded with the highest reaction rate of 8.69 mgL 'h™". Li et al. developed a
one-pot bioelectrochemical system featuring a rhodium-based catalyst which concurrently catalyzed gas-phase
reduction of CO; to formate and NADH regeneration [82]. The bifunctional Rh"™'-complex cooperated with enzymatic
cascades to produce dihydroxyacetone and L-erythrulose with yields of 2.63 and 1.93 mM, respectively. Similarly,
Luan et al. prepared ethylene glycol from CO, with a rhodium-based NADH regeneration electrode and a multi-
enzymatic cascade system [68].

Other forms of energy, such as optical energy and chemical energy, can also be used to regenerate cofactors
[68,78,83]. Ning et al. constructed a light-powered in vitro synthetic enzymatic biosystem to produce 3-
Hydroxypropionic acid (3-HP) through CO, fixation from acetate [83]. The system employed natural thylakoid
membranes (TMs) for the regeneration of ATP and NADP. Following optimization, production of 0.46 mM 3-HP was
achieved within 6 h from an initial 0.5 mM acetate, with a yield nearing 92%. Additionally, reducing equivalents of
cofactors can be replaced by chemical reductants due to their higher thermodynamic driving force. Liu et al. presented
an ATP and NAD(P)H-free chemoenzymatic system for amino acid and pyruvate biosynthesis by coupling methanol
with CO» (Figure 3b) [78]. Biocompatible chemical reduction of protein H with dithiothreitol was used to substitute for
the NAD(P)H-dependent L protein in the re-engineered glycine cleavage system, achieving the synthesis of glycine,
serine and pyruvate at the g/L level.

3.2. C1/C2 Assimilation via Microorganisms

Long-chain products can be efficiently synthesized through microbial pathways using short-chain carbon species
as substrates [14,17,66,84—87]. The major natural carbon assimilation pathways are illustrated in Figure 4. For instance,
formate can be assimilated via the Wood—Ljungdahl pathway (WLP) and the reductive glycine pathway (rGlyP), while
methanol and formaldehyde serve as suitable substrates in the serine cycle, the ribulose monophosphate (RuMP) cycle,
and the xylulose monophosphate (XuMP) cycle. Acetyl-CoA is usually a hub metabolite in these central metabolic
pathways. Realize the high-efficiency synthesis of Acetyl-CoA is of great importance. Compared to natural metabolic
pathways, synthetic metabolic pathways have the advantages of customizability and flexibility, which can meet specific
production goals and improve the flux of metabolites [15]. As a result, increasing attention has been directed toward
the design and construction of synthetic pathways [88-90]. Common strategies include pathway design, gene
engineering, expression tuning, and dynamic regulation to balance and enhance metabolic flux.
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Figure 4. The typical nature assimilation pathways of short-chain carbon species.

Gas substrates such as CO and methane can also be used for biosynthesis [91,92]. The low solubility of these
species in water is one of the major challenges to their utilization. Ma et al. developed a novel bioreactor configuration,
in which a hollow fiber membrane was used for efficient methane supply while microorganisms were growing in the
suspended form favourable for biomass harvest [92]. Under the optimal conditions, long-term experiments
demonstrated excellent single cell protein production, with yields of 1.36 g/g methane and high protein content of up to
67%. Compared to gas species, liquid substrates such as formate, methanol, acetate, and ethanol are more favorable for
utilization. Among them, methanol is a promising sole carbon source for microbial cell factories due to its high storage
capacity and the availability of regulatable metabolic pathways [88,93-95]. Zhao et al. synthesized cordycepin using
Pichia pastoris with methanol as a carbon source, achieving titers of 1.55 g/L in shake-flask fermentation and 8.11 g/L
in fed-batch fermentation [96]. Similarly, Niu et al. reprogrammed the metabolic network of P. pastoris to convert
methanol into the sesquiterpene phytoalexin zealexin Al [97]. Formaldehyde, a key intermediate in methylotrophic
microorganisms, can be generated through the reduction of formate or the oxidation of methanol [89,98]. However, due
to its instability and toxicity, formaldehyde is typically treated as a transient intermediate rather than a direct substrate,
emphasizing the need to finely balance its upstream synthesis and downstream conversion [98]. Formate is another C1
substrate that can be utilized by microorganisms [99]. However, native formate-assimilating strains generally exhibit
sluggish growth and limited efficiency, particularly when formate is used as the sole carbon source. Substrate co-
utilization has emerged as an effective strategy to enhance carbon fixation efficiency [90,100-102]. For instance, Tian
et al. engineered a Vibrio natriegens strain with a heterologous indigoidine biosynthetic pathway, achieving 29.0 g/L
of indigoidine and consuming 165.3 g/L of formate over 72 h through co-utilization of formate and glucose [102]. In
another study, Bernd et al. discovered and validated an oxygen-tolerant reductive glycine pathway capable of co-
assimilating methanol, formate, and CO» in the yeast Komagataella phaffii, highlighting the potential of industrially
relevant microorganisms for one-carbon fixation (Figure 5) [101]. C2 species such as acetate and ethanol can be
converted to acetyl-CoA in two to three steps and enter primary metabolism rapidly to serve as energy sources and
metabolic building blocks [24,84,86,103—108]. Feng et al. synthesized phenol from acetate using engineered
Escherichia coli [84]. Through fed-batch fermentation combined with in situ extraction, the phenol titer was raised to
2.01 g/L. Qian et al. reassembled the S. baicalensis 4'-deoxyflavone biosynthetic pathway in Pichia pastoris, producing
4'-deoxyflavones [108]. Synthetic transcriptional devices were designed to regulate the five splitting pathway modules,
enabling high-level de novo baicalein production.
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Figure 5. Scheme describing methanol and formate assimilation pathways [101]. Abbreviations: THF tetrahydrofolate, R5P ribose
S-phosphate, S7P sedoheptulose 7-phosphate, E4P erythrose 4-phosphate, Xu5P xylulose 5-phosphate, RuSP ribulose 5-phosphate,
FBP fructose bis-phosphate, DHAP dihydroxyacetone phosphate, GAP glyceraldehyde phosphate, BPG bis-phosphoglycerate, 2-
& 3-PG 2-& 3-phosphoglycerate, PEP phosphoenolpyruvate, H-Pyr hydroxyl-pyruvate, Acetyl-P acetyl-phosphate, Adh alcohol
dehydrogenase, Aox alcohol oxidase, Das dihydroxyacetone synthase, Hps 3-hexulose-6-phosphate synthase, Phi phosphohexose

isomerase, Gck glycerate 2-kinase, Pdc phosphoenolpyruvate carboxylase, Mtk malate-CoA ligase, Mcl malyl-CoA lyase.
Copyright © 2023, The Author(s)

4. Coupling of Electrocatalysis and Bio-Synthesis

Electrocatalytic-biosynthetic coupled CO; fixation is an emerging approach that combines electrocatalysis with
biological processes to convert CO; into valuable chemicals and fuels. Electrocatalysis provides a controlled, renewable
energy-driven CO; conversion process, while biosynthesis enables the production of complex, high-value compounds
with high selectivity. The combination enhances overall efficiency and product diversity, potentially leading to a
sustainable circular carbon economy. In this section, we focus on analyzing and discussing the key factors that influence
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effective integration, and based on the latest developments, we propose several potential strategies for constructing
integrated systems.

4.1. Key Factors for Effective Coupling

Only effective coupling can fully leverage the advantages of the electrocatalysis module and the biosynthesis
module, achieving efficient CO, fixation. Consequently, a thorough analysis and discussion of the key factors
influencing this hybridization is necessary. These potential influencing factors are summarized in Figure 6.

Electrocatalyst poisoning by Substrate tolerance
mineral ions ‘
Bridging ; # C1/C2 substrates
intermediate
-
|- ﬁ Primary
= metabolism
= -
| ® Secondary
’ ‘ metabolism
’ Electricity tolerance of strain
Electrolyte pH effect for strain growth Cn products
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stability Living contaminants from electrolyte  Substrate assimilation

capacity

Figure 6. The possible factors that have significant influence on coupling.

In the electrocatalysis module, the selection of appropriate bridging intermediates is crucial. Compared to gaseous
products such as CO and methane, liquid products are more suitable for subsequent biosynthesis, as they avoid the
limitations associated with low gas solubility. From a technological maturity standpoint, ECO,RR for formate
production is currently the most feasible for industrial-scale applications, owing to its significantly higher selectivity
and formation rates compared to C,+ products. Other liquid products, such as methanol, ethanol, and acetate, possess
higher energy content and are also advantageous for biological utilization. However, improving their selectivity and
yield remains an urgent challenge. Another critical factor is the stability of electrocatalysts. Biosynthetic processes
typically require tens to hundreds of hours to complete a single production batch. Most reported electrocatalysts for
ECO;RR fail to maintain performance over such extended periods, which poses a significant barrier to practical
application, particularly in ready-to-use systems. Strategies such as surface modification, alloying, support engineering,
and optimization of operating conditions have shown promise in enhancing electrocatalyst stability [10,109,110].

Substrate tolerance and substrate assimilation capacity are two key points in biocatalytic module. The former
determines the upper limit of substrate concentration in biosynthesis, while the latter determines the lower limit of
substrate concentration. Excessive accumulation of substrates such as formaldehyde and methanol may poison the
enzymes or cells, even leading to cell death; likewise, when substrates are too scarce, the enzymatic reaction may not
occur, and the microorganisms may stop growing or even die. Adaptive laboratory evolution is an effective approach
to enhance the substrate tolerance of strains. Using this strategy, an evolved strain of Vibrio natriegens was capable of
growing in the presence 140 g L™ sodium formate [102]. Metabolic engineering can be used to improve the metabolic
efficiency of substrate assimilation pathways. Common strategies include optimization of pathway gene expression
levels, engineering of key pathway enzymes, blocking of competing pathways, reconstruction of cofactor regeneration
systems, and modular optimization of metabolic pathways. Wang et al. introduced a bacterial ribulose monophosphate
(RuMP) pathway in addition to the native xylulose monophosphate (XuMP) pathway of P. pastoris, creating a hybrid
network that significantly improved erythritol production and reduced pentitol byproduct formation [95]. Tan et al.
engineered a channel-modulating helix of formolase to fine-tune the shape of the substrate/product channel [111]. The
activity of the best variant was enhanced by 27.3-fold at 20 mM formaldehyde and 86.5-fold at 40 mM formaldehyde
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compared to the starting point, which increased the availability of substrate formaldehyde to promote the formation of
C3 product 1,3-dihydroxyacetone.

Cross-interference effects between electrocatalytic and biocatalytic modules are the most critical factors limiting
their effective integration. When the culture medium is directly used as the catholyte, the mineral ions it contains, such
as Ca®" and Mg”" ions, may lead to electrocatalyst deactivation during electroreduction; the electric field in the
electrocatalysis module may kill strains or enzymes with low electrical tolerance; electrocatalysts typically exhibit
higher activity under strongly alkaline conditions, but excessively high pH can impair the activity of biocatalysts;
primary or secondary metabolites might react at the electrode surface, decreasing the titer of final products; the
electrocatalysis module operates as a semi-open system, which may introduce contamination risks when integrated with
the biological module. Only when these cross-interference issues are resolved can we achieve the ready-to-use state of
bridging intermediates; otherwise, a spatiotemporally separated coupled system is required.

4.2. Achievements in Electrocatalysis-Biosynthesis Hybrid Systems

With advances in both ECO,RR and biological C1/C2 utilization, electrocatalytic—biosynthetic hybrid systems for
carbon fixation have emerged and achieved notable progress (Table 1) [23-25,112—-114]. For example, Zheng et al.
developed a hybrid electro-biosystem that couples spatially separated CO, electrolysis with yeast fermentation to
efficiently convert CO; into glucose [23]. Pure acetic acid was produced from CO, via a two-step electrocatalysis with
a solid-electrolyte reactor. Saccharomyces cerevisiae was engineered to produce glucose in vitro from electro-generated
acetic acid by deleting all defined hexokinase genes and overexpression of heterologous glucose-1-phosphatase.
Similarly, Hann et al. developed a hybrid inorganic-biological artificial photosynthesis system for energy-efficient food
production [112]. Gong et al. achieved succinic acid from CO, via combining processes of ECO,RR and microbial
synthesis [115]. In their system, Cu-organic framework catalyst was first synthesized for electrocatalytic conversion of
CO; to ethanol via a solid-state electrolyte cell. Subsequently, an engineered E. coli was used to assimilate the CO,-
derived ethanol to produce succinic acid. After engineering optimization, the succinic acid titer reached 53.8 mM with
a yield of 0.41 mol/mol, 82% of the theoretical yield. Liu et al. coupled photovoltaics-powered electrocatalysis with a
five-enzyme cascade platform engineered through genetic mutation and bioinformatics (Figure 7) [116]. This system
realized the conversion of CO» to L-sorbose with a solar-to-food energy conversion efficiency of 3.5%.

Table 1. Key performance metrics for representative coupled electrocatalytic-biosynthetic systems.

Number ECO:2RR Process Biosynthetic Process
Products Electrocatalyst FE EE: Strain/Enzyme Products Ff;;;r)/ Pm((;;llfg:;lty/ EE: T}(;);;a !
1[23] aceticacid ~ Tisingleatom 0 6.52% S. cerevisiae glucose 1.81 0.009 10%  0.65%
catalyst/Cu
2[112] acetate Ag/Cu 57% 39.37% C. reinhardtii algae 0.29 0.0015 41.75 16.4%
3[115] ethanol Cu-MOF 84.7% E. coli succinic acid 6.35 042
4[116] formate Bi-nanowire 82.2% Multi-enzymes * L-sorbose 9.6 0.1 22.6%
5[24] Cos Cu 24.9% 13.6% P. putida PHA "/biomass 0.56 0.023 21.9% 3%
6 [25] formate Cu/Cu,0 55% 19.3% P. communis SCP ¢ 2.6 0.06 47.7% 9.2%
7[114] formate Sn catalysts 66% C. necator PHB ¢ 0.69 0.006

Notes a: the used enzymes include formaldehyde dehydrogenase, phosphite dehydrogenase, aldolase, D-fructose-6-phosphatase
aldolase, and A129S mutant of aldolase. b: PHA is polyhydroxyalkanoates. c: SCP is single cell protein. d: PHB is poly-3-
hydroxybutyrate.
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Figure 7. Electrocatalytic—biocatalytic flow system, in which CO, was first converted into formate by photovoltaics-powered
electrocatalysis, followed by direct injection of produced formate into designed tandem bioreactors for food production [116].
Copyright © 2024, The Author(s)

Once the cross-interference issues between the electrocatalytic and biocatalytic modules are resolved, fully
integrated, ready-to-use systems can be established [24,25,117]. For example, installing an anion exchange membrane
on the electrocatalyst surface can effectively separate mineral ions from the culture medium, minimizing their
interference. Additionally, employing a two-chamber design with a filter membrane in the biosynthesis module can
protect microbial cells from the adverse effects of electrocatalysis. Zhang et al. utilized these strategies realizing
production of PHA from CO, (Figure 8a) [24]. In their system, Cu was used as electrocatalyst to produce ethanol and
acetate, which served as intermediates for Pseudomonas putida utilization. Cui et al. coupled an ECO,RR to formate
module with a formate assimilation module, achieving single cell protein with CO; as the sole carbon source (Figure
8b) [25]. Strain adaptability investigation and equipment upgrading were carried out to guarantee effective integration.
The growth rate and electrical energy conversion efficiency were reached up to 0.114 OD h™' and 9.2%, respectively.
Chen et al. designed an electro-biodiesel route via integrating ECO,RR and bioconversion through biocompatible C,+
intermediates [117]. Bioenergetic and metabolic limits in C,+ intermediate utilization were revealed through simulations
and metabolomics, guiding the synthetic biology design to achieve reductant balance, more ATP production, efficient
lipid conversion, and higher lipid yield. Lim et al. reported the integration of CO, electrolysis with microbial
fermentation to directly produce PHB [114]. This biohybrid system comprised electrochemical conversion of CO; to
formate on Sn-based catalysts and subsequent conversion of formate to PHB by Cupriavidus necator cells in a fermenter.
After system optimization, PHB was accumulated in C. necator cells with a content of 83% of dry cell weight.



Synthetic Biology and Engineering 2025, 3, 10010 12 of 19

(a) ot “OH
Ethanol o)
O | — (| — | —
CO, I )J\SCOA
h Acetyl-CoA
Acetate PHA
L _ _Tesi&2 _ _ |
DD | | . Sp—————— I
__________ Terd _ _ _ _
i Foq‘nate
Serine
cycle |
9 : TCA
Catholyte in stabolism SYC'e |

Ni FoamJ

o

Anolyte in / Protein

Figure 8. (a) The schematic illustration of four-tier design for polyhydroxyalkanoates production [24]. Copyright © 2022 The
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4.3. Strategies for Devices Design

Selecting appropriate devices to construct a coupling system is crucial for overcoming mismatches between
different modules and enhancing overall carbon fixation efficiency. We systematically analyzed the factors affecting
the coupling process through both single-module and cross-interference evaluations. Based on these insights, we
propose several coupling strategies, as illustrated in Figure 9.

For the electrocatalytic module, a single membrane flow cell system—where a cation exchange membrane
separates the cathode and anode chambers—is suitable when electrocatalyst has high compatibility with the biosynthesis
module (Figure 9a). That is, the electrode surface exhibits high anti-pollution capacity, which is not easily polluted or
poisoned by microorganisms or mineral ions in the culture medium. Adding a cation exchange membrane on the surface
of the cathode catalyst can effectively suppress the interference of cations in the culture medium with the
electrocatalyst’s activity, making it suitable for systems where the culture medium is directly used as the catholyte
(Figure 9b). Solid-state electrolyte cells can produce pure liquid products that can be directly fed into the biosynthesis
module (Figure 9c). However, the relatively low conductivity of solid-state electrolytes results in reduced energy
conversion efficiency. Further optimization of solid-state electrolyte performance could significantly enhance the
overall energy efficiency.

For the biosynthesis module, it is essential to fully consider the factors such as voltage, pH, temperature and salt
tolerance of the biocatalysts. During electrocatalysis, the electrode surface usually possesses higher pH and temperature
than the bulk solution, especially when running under high voltage. The local high pH and temperature may lead to
inactivation of biocatalysts. High voltages can lead to the formation of reactive oxygen species such as superoxide
anions, hydrogen peroxide, and hydroxyl radicals. These species can oxidatively damage proteins, lipids, DNA, and
other cellular components, leading to loss of enzymatic activity or cell viability. Strong electric fields can disrupt the
tertiary and quaternary structures of enzymes, altering the configuration of their active sites and resulting in irreversible
loss of function. In microbial systems, high voltage can compromise cell membrane integrity, leading to leakage of
cellular contents, disruption of ion gradients, and eventual cell lysis. Several strategies can be attempted to mitigate
these issues. Redox mediators facilitate electron transfer between electrodes and biocatalysts, allowing operation at
lower voltages that are less damaging to biological components. Embedding enzymes or microbes in protective matrices
can buffer them against electric fields and reactive oxygen species. Modifying electrode surfaces with biocompatible
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coatings can reduce local electric field intensity and reactive oxygen species production. When the biocatalysts are
highly compatible with the electrocatalysis module, a single-chamber synthesis module can be directly integrated with
the electrocatalysis module (Figure 9d). If the strain has low tolerance for voltage, pH and temperature, a dual-chamber
fermenter can be used to separate the microorganisms from the electrocatalytic module via a filter (Figure 9¢). In cases
where there is strong cross-interference between the electrocatalytic and biosynthesis modules, a fully spatially
separated fermentation system may be employed (Figure 9f). For example, when primary/secondary metabolites
decompose at the electrode surface, this fully spatially separated system is needed.

When the metabolic rate of microorganisms surpasses the rate of electrochemical production—as in the case of
methanol production and utilization—two strategic approaches can be considered. The first involves developing highly
efficient electrocatalysts and designing electrochemical stack systems in series or parallel configurations to enhance
methanol yield through ECO,RR. The second strategy focuses on ensuring an adequate methanol supply by coupling
electrocatalytic hydrogen production with thermocatalytic CO, hydrogenation. Both technologies are advancing rapidly
and show strong potential to meet the demands of methanol utilization.
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Figure 9. Possible routes for constructing electrocatalysis-biosynthesis coupling systems. (a—c¢) The schematic illustration of
possible devices used in electrocatalytic module. (a) Single membrane flow cell, (b) double membrane flow cell, and (¢) solid state
electrolyte cell. (d—e) The schematic illustration of possible tanks used in biosynthetic module. (d) Single chamber coupling tank,

(e) double chambers coupling tank, and (f) separated biosynthesis tank.

5. Conclusions and Perspectives

Coupling ECO,RR with biosynthesis is a promising strategy for CO, upcycling. However, mismatches between
the electrocatalytic and biosynthetic modules hinder efficiency. In this review, we systematically analyze factors
affecting this coupled process through single-module and cross-interference evaluations. Based on our analysis and
discussion, we propose several coupling strategies: a single membrane flow cell with a single chamber tank suits
systems with minimal cross-interference; a double membrane flow cell helps mitigate mineral ion effects on
electrocatalysts; a dual-chamber tank with a filter isolates microbial strains from voltage interference; and a solid-state
electrolyte cell delivers pure solutions directly to bioreactors, enabling spatiotemporally separated systems.

Although significant progress has been made, such investigations are still in their infancy, with many challenges
yet to face. In the electrocatalytic module, the current energy efficiency is relatively low, with full-cell energy
efficiencies generally below 50%. This is one of the main reasons for the low energy efficiency of the coupling systems.
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The issue is directly related to the excessively high reaction over-potential. Accelerating proton-coupled electron
transfer via optimizing the structure and composition of electrocatalysts is a potential strategy to reduce the over-
potential. In the biosynthesis module, the slow growth and limited metabolic capacity of native C1/C2-utilizing strains
are key bottlenecks hindering high-efficiency coupling. Laboratory adaptive evolution and metabolic engineering
tailored to specific strains can enhance their substrate assimilation capacity. At the system integration level, overcoming
cross-interference between different modules is crucial. Artificial intelligence modeling and thermodynamic
simulations can help to predict potential coupling conditions, which facilitate optimization of system integration,
thereby improving overall performance.
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