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Climate change caused by massive carbon dioxide (CO2) emis-
sions has implications for global economic and environ-
mental sustainability1. In that context, artificial recycling of 

CO2 into value-added products in a sustainable way offers tempting 
approaches for simultaneously alleviating the environmental prob-
lems and achieving a circular carbon economy2. Although remark-
able achievements have been made on catalytically converting CO2 
into C1 and C2 products3,4 (for example, carbon monoxide, formate, 
ethylene and ethanol) driven by renewable electricity or solar light, 
a long-term goal is the direct recycling of CO2 into long-chain 
products of higher energy density and market value, which has 
rarely been realized5. One interesting set of long-chain compounds 
are natural products, in particular glucose and fatty acids, which  
are natural energy storage compounds for living organisms and are  
commonly used in human nutrition and as flavours, pharmaceu-
ticals, food additives and commodity chemicals6,7. Mimicking the 
natural process of CO2 fixation to produce glucose or fatty acids 
could potentially revolutionize agriculture, reshape the bioeconomy, 
maintain biodiversity and minimize the carbon footprint8–10. In light 
of this, electrochemical–biological hybrids, which use electricity as 
an electron source to immobilize CO2, and use the energy storage 
of autotrophic microorganisms to produce value-added long-chain 
compounds, provide the possibility to target this goal11. Combined 
canonical model organisms with inorganics from electrochemical 
carbon fixation may provide advantages, such as increased effi-
ciency for target products. Furthermore, the well-studied biology 
of model organisms may provide access to genetic/analytical tools12.

While electro-biocatalysis (usually referred to as microbial elec-
trosynthesis) has been reported for CO2 upgrading13–15, a common 

approach was adopted by directly attaching the microbes to the 
photo/electro-cathode. However, microbial attachment suffers from 
several drawbacks. For example, this strategy is only accessible for a 
small group of organisms—mostly anaerobic microbes, which take 
the reductive acetyl-coenzyme A (acetyl-CoA) pathway—hence 
resulting in a restricted product spectrum (mostly acetate and meth-
ane)16,17. Another major concern is that such a design runs at very 
low current density (in the range of 1–10 milliamperes per square 
centimetre, while electrochemical production of electron carriers 
such as formate and acetate can operate at hundreds of milliamperes 
per square centimetre), which is needed so that microbial-cathode 
attachment systems are able to tolerate it17. Furthermore, a simple 
back-of-the-envelope calculation by Bar-Even et al. shows that these 
constraints in microbial electrosynthesis would be almost impossi-
ble to overcome, due to the disparities between the electrochemical 
system and the biochemical system, highlighting the potential value 
of spatially decoupling the two processes17. Schmid et al. have shown 
the possibility of converting CO2 into a butanol/hexanol mixture by 
coupling a CO2 electrolyser with a fermentation module in a spa-
tially separate manner, where the syngas from the CO2 electrolyser 
was used as the feedstock18. However, the low solubility of the gas-
eous feed limits the productivity of the system. On the other hand, 
they generated CO/H2 with mixed CO2 raw materials, where the 
CO2/H2 feedstock is very dilute in the CO2 stream. Thus, pure and 
concentrated liquid feedstocks from electrochemical CO2 reduction 
are generally believed to be an ideal substrate for bioconsumption.

Here, we describe a spatially decoupled electro-biosystem, includ-
ing CO2 electrolysis and yeast fermentation, that efficiently converts 
CO2 to glucose or fatty acids with both high titre and high yield. 
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Combining a nanostructured copper catalyst and a solid-electrolyte 
reactor, we upgrade CO2, powered by renewable electricity, into 
highly pure acetic acid (CH3COOH) with a partial current density of 
413 mA cm−2, avoiding the accumulation of concentrated electrolyte 
in generated feeds, which might quickly deactivate the microbes. The 
electrolysis is then followed by the microbial fermentation, where 
we delete all defined hexokinase genes in S. cerevisiae to enable the 
microbe growth on pure acetic acid and efficient release of glucose 
in vitro. The overexpression of heterologous glucose-1-phosphatase 
further improve the glucose titre. Such a platform can be eas-
ily extended to produce other long-chain compounds like fatty 
acids. Compared with the common microbial electrosynthesis, our 
designed electro-biosystem could circumvent the disparity between 
the two systems, break the limit of current density and also eliminate 
the mass transfer constraints of gaseous feedstocks. Very recently, a 
hybrid chemical–biochemical pathway has been demonstrated for 
starch synthesis from CO2 and H2 via 11 core reactions, although 
this was based on the construction of expensive enzyme catalysts19. 
We convert CO2 and H2O to glucose or fatty acids in a more con-
cise way by taking advantage of the highly editable and affordable  
S. cerevisiae, which has great potential for large-scale practical use. 
We anticipate our demonstration to be a starting point to realize 
artificial synthesis independent of light reactions, using CO2, of 
important organic products, thus opening the possibility of a manu-
facturing industry revolution driven by renewable electricity.

results
Pathway design. CO2 is an energy-poor and stable linear molecule 
with a strong C=O bond (750 kJ mol−1)20, making it difficult for 
direct microbial utilization. We sought therefore to transform it into 
an energy-rich feedstock via electrolysis under ambient conditions, 
which can be used for cell growth. Acetic acid has been identified 
as one of the most promising carbon sources in industrial biotech-
nology to produce biofuels and chemicals, like 2,3-butanediol21 and 
phloroglucinol22, since it can be transformed into acetyl-CoA and 
has a relatively low cost, sufficient sources and price stability22. While 
electrocatalysts for the CO2-to-acetate process have been reported, 
they suffer from low acetate productivity and selectivity23–26.  

More importantly, the generated acetate always mixes with 
other products and concentrated electrolyte salts, for example,  
~1.0–2.0 M KOH27,28. The very dilute acetate in the concentrated 
electrolyte cannot be directly fed for microbial fermentation, in 
which a nutrient-deficient substrate will cause rapid apoptosis 
of microorganisms, thus subsequently necessitating energy- and 
cost-intensive downstream product separation and purification 
processes27,29,30. To this end, continuous generation of a pure and 
concentrated CH3COOH stream from CO2, which can be directly 
fed for microorganism fermentation, will impose a significant sci-
entific and economic impact but has rarely been studied before.

Electrochemical CO2 reduction to C2 products, for example, 
CH3COOH, starts with the formation of the CO intermediate, 
followed by the CO electroreduction process31. The low cover-
age of the CO intermediate always limits the C–C coupling step, 
resulting in poor C2 selectivity. With electrochemical CO2-to-CO 
conversion now well established, a subsequent electrocatalytic 
CO-to-CH3COOH step shows promise, in which use of CO feed-
stock boosts CO coverage on the catalyst surface. Thus, we sought to 
develop an electrochemical system to first convert CO2 to CO using 
our previously reported Ni–N–C single atom catalyst with nearly 
100% CO selectivity32, and then further reduce the generated CO 
feedstock into CH3COOH by an engineered copper (Cu) catalyst. 
Due to its proper binding strength with the CO intermediate33,34, Cu 
renders excellent C–C coupling and produces multi-carbon chemi-
cals in the electroreduction of CO; however, the selectivity towards 
any specific C2 product is low. A precious catalyst design is required 
to significantly boost the acetate selectivity.

In view of the above analysis, we therefore project a three-step 
pathway for synthesizing a long-chain compound from CO2 based 
on the spatially decoupled electro-biosystem (Fig. 1): CO2 is first 
electrocatalytically converted to CO, followed by further electrore-
duction to pure acetic acid, which is then directly fed for microbial 
fermentation to produce long-chain compounds.

Two-step CO2 electrolysis. We first convert the CO2 into CO in a 
membrane electrode assembly using a Ni–N–C single atom cata-
lyst we developed previously32. We achieve a CO Faradaic efficiency 
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Fig. 1 | Schematic illustration of the in vitro artificial sugar synthesis system. CO2 was first converted to pure acetic acid through two-step electrolysis; 
this product was then directly fed for microorganism fermentation in a bioreactor to produce long-chain compounds, for example, glucose.
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(FE) of nearly 100%, with an impressive current density above 
–154 mA cm−2 (Supplementary Fig. 1). As we demonstrated previ-
ously32, using a 10 × 10 cm2 modular cell, the overall current in one 
unit cell can easily ramp up to more than 8 A while maintaining an 
exclusive CO evolution with a generation rate of around 3.3 l h−1. 
The produced CO was then separated and collected for further 
CO-to-acetate processing (Supplementary Fig. 2). Recent works 
demonstrated that the acetate selectivity from CO electroreduction 
is significantly influenced by the surface geometry of catalysts and 
can be enhanced by constructing undercoordinated defect sites35–40. 
The step-defected Cu catalyst has shown effectiveness at regulating 
the reaction pathway towards acetate, with state-of-the-art acetate FE 
and a partial current density of up to 43% and 200 mA cm−2, respec-
tively38. Previous theoretical studies suggest that transferring a sin-
gle proton–electron pair to the excited state, CO*, forming HCO*, 
will enable kinetically fast C–C coupling to other CO*-derived 
intermediates41–43. Our theoretical simulations (Supplementary 
Fig. 3) predict that the grain boundary site delivers a lower bar-
rier for the CO* + H* reaction, compared with the sites of perfect 
planes, promoting the efficiency of CO conversion. Moreover, the 
formation of CHCHO* versus CH2CO* from the adsorbed CHCO* 
intermediate is the key branching point in determining selectiv-
ity towards C2+ alcohols versus acetic acid37. The lower Gibbs free 
energy of CHCHO* in the case of the Cu grain boundary (between 
Cu(100) and Cu(111)) implies an enhanced CO-to-acetate per-
formance (Supplementary Figs. 3–8 and Supplementary Table 1). 
Thus, we develop a grain-boundary-rich Cu (GB-Cu) catalyst for 
acetate production from electrochemical CO reduction.

The GB-Cu was synthesized via a pulsed electrochemical 
reduction process, with Cu2(OH)3Cl powders serving as pre-
cursors (Methods). X-ray diffraction patterns revealed that the 
as-formed GB-Cu possessed a pure metallic Cu crystal structure 
(Supplementary Fig. 9). Consistent with X-ray diffraction patterns, 
in situ X-ray absorption near-edge spectroscopy clearly showed 
the evolution of copper from Cu2+ species to metallic Cu species 
(Supplementary Figs. 10 and 11). High-resolution transmission elec-
tron microscopy (TEM) images indicated that the electro-reduced 
treatment introduced the abundant grain boundaries and other 
crystal defects (like lattice distortion) in GB-Cu (Supplementary  
Fig. 12). The CO-to-acetate performance of the GB-Cu was first 
evaluated in a typical three-electrode flow cell reactor using 1.0 M 
KOH aqueous electrolyte (Methods). As expected, GB-Cu exhibited 
a high acetate FE up to 52% at –0.67 V versus a reversible hydrogen 
electrode (versus RHE; Fig. 2a). Impressively, a high acetate current 
density (jacetate) of –321 mA cm−2 was achieved at –0.78 V versus RHE 
(Fig. 2a), while the acetate FE still maintained about 46%, superior 
to previously reported electrocatalysts for CO/CO2 electrochemical 
reduction (Supplementary Fig. 13). To confirm that the high ace-
tate selectivity of GB-Cu originated from grain boundary defects, 
GB-Cu was annealed under an argon atmosphere to reduce the crys-
tal defects. Subsequently, we compared the intrinsic CO-to-acetate 
performance on GB-Cu and annealed GB-Cu (A-GB-Cu) catalysts 
along with commercial Cu particles for comparison (Supplementary 
Figs. 14–16). We estimated the electrochemically active surface 
area of GB-Cu, A-GB-Cu and commercial Cu using cyclic voltam-
metry (Supplementary Fig. 17). We normalized the jacetate by the 
electrochemically active surface area to compare intrinsic activ-
ity (Supplementary Fig. 18) and found that, under optimal acetate 
conditions (–0.67 V at 52% acetate FE), the jacetate (normalized by the 
electrochemically active surface area) on GB-Cu was –1.8 mA cm−2, 
which was 3.0 and 6.5 times higher than that on A-GB-Cu and Cu, 
respectively. Such an improvement of intrinsic activity reveals the 
dependence of CO-to-acetate activity on the grain boundaries.

Since the CO reduction over the GB-Cu catalyst was conducted 
in 1.0 M KOH electrolyte, the obtained liquid products were 
inevitably mixed with electrolyte salts, requiring energy-intensive  

downstream separation and purification. To tackle this challenge, we 
employ a porous solid-electrolyte reactor we previously reported for 
the production of pure acetic acid solutions (Methods). As shown in 
the schematic in Fig. 2b, acetate ions (CH3COO−) generated from 
CO reduction, and protons (H+) generated from water oxidation 
driven by the electrical field, crossed the ion exchange membranes 
and combined into CH3COOH at the middle solid-electrolyte 
layer. The generated CH3COOH was then diffused away through 
the deionized water stream. In our 1 cm2 porous solid-electrolyte 
reactor integrated with GB-Cu, a maximal acetic acid FE of 46% 
was achieved with a jCH3COOH of –323 mA cm−2 under a deionized 
water flow rate of 50 ml h−1 (Fig. 2c). The jCH3COOH further increased 
to a peak of –413 mA cm−2 at an entire cell voltage of –3.34 V, cor-
responding to ~4,600 ppm acetic acid solution (Supplementary  
Fig. 19). The generated acetic acid reached the maximum relative 
purity of >90 wt% due to the migration of alcohol by-products from 
cathode to porous solid-electrolyte layer by concentration gradient 
and electroosmotic drag (Supplementary Fig. 20). To further purify 
the acetic acid from other alcohol by-products, we employed a thick 
anion exchange membrane in the porous solid-electrolyte reactor to 
slow down the crossover of alcohols from the cathode to the porous 
solid-electrolyte layer. As a result, we achieved an ultrapure ace-
tic acid solution with a relative purity of ~97 wt% (Fig. 2d), which 
could even be continuously and stably produced for 140 h under a 
current density of –250 mA cm−2 (Fig. 2e). Additionally, by tuning 
the operation current or deionized water flow rate, we eventually 
obtained a wide range of concentrations of pure acetic acid solution.

Microbial fermentation. The successful generation of a pure and 
concentrated CH3COOH stream provides a sustainable feed for 
microbial fermentation. We therefore sought to artificially engi-
neer the microbes to selectively produce long-chain compounds, 
for example, glucose, as the proof of concept. Microorganisms 
are used in biological manufacturing because of their ability to 
regenerate themselves and transform renewable carbon sources 
into high-value chemicals with high specificity. Yeasts, such as  
S. cerevisiae, have long been cultivated as human food, and their 
biomass has certain advantages compared to plant, animal and other 
microbial sources, including rapid cell growth and accumulation of 
biomass, high protein content (up to about 50%), vitamin content, 
trace mineral content and so on44–46. S. cerevisiae has been widely 
used in the industrial environment because a large number of target 
metabolites have been obtained through genetic tools. It would be 
an excellent and preferred strain platform for cellular agriculture47. 
To generate soluble fermentative sugars from electrochemically 
generated feedstock, S. cerevisiae was selected for the engineering of 
the hybrid electro-biosystem. The yeast normally converts glucose 
into ethanol efficiently and then grows aerobically on the ethanol48. 
So, the commercial ethanol was used as the substrate during the 
strain construction to simplify the process due to the natural high 
growth ability of S. cerevisiae on ethanol49. Since ethanol and acetic 
acid are very similar feedstocks for yeast fermentation, with both of 
them first transformed into acetyl-CoA for further metabolism, we 
sought to simply replace the ethanol substrate using electrosynthe-
sized acetic acid feedstock from CO2 after strain construction based 
on the fact that pure acetic acid has sufficient sources and price sta-
bility, and is very easily produced from electrolysis.

To generate soluble glucose, S. cerevisiae was used as a chasis. 
S. cerevisiae has an inherent ability to break down glucose into its 
building blocks in many anabolic processes50. The process of break-
ing down glucose begins with the transportation of glucose into 
yeast cells by a facilitator. Once inside the cells, glucose first needs to 
be activated to the glucose-6-phosphate (G6P) before the molecules 
can undergo degradation through glycolysis. To convert glucose into 
G6P, yeast expresses hexokinase that attaches the phosphate to glu-
cose. S. cerevisiae contains five hexokinases (glucokinase-1 (Glk1), 
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hexokinase-1 (Hxk1), hexokinase-2 (Hxk2), hexokinase YLR446W 
(YLR446W) and glucokinase-2 (Emi2)), but YLR446W and Emi2 
are two putative hexokinases for this activity51. Therefore, hexoki-
nases appear to be viable engineering targets for the production of 
soluble glucose. To release glucose from S. cerevisiae, all defined 
hexokinases—Glk1, Hxk1 and Hxk2—were deleted to create a glu-
cose ‘leaky’ phenotype in S. cerevisiae (Fig. 3a). Any single gene 
deletion strain cannot accumulate any detectable glucose. A series 

of S. cerevisiae strains was constructed in this work (Supplementary 
Figs. 21 and 22 and Supplementary Tables 2–7). Three genes were 
deleted together, generating about 1.7 g l−1 glucose in a flask (LY027, 
Fig. 3b). This result indicates that the subsequent dephosphoryla-
tion is performed properly, presumably by an unknown or unspe-
cific phosphatase in yeast (Fig. 3a). And this LY027 strain (glk1△, 
hxk1△, hxk2△) also showed an impaired growth on a glucose 
plate (Fig. 3c), indicating the impaired activity of hexokinase in this 
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strain. To further avoid the potential phosphorylation of glucose, 
the two putative hexokinases, YLR446W and Emi2, were deleted, 
too. Consistent with the spot assay, we did not observe any improve-
ment of the glucose titre in strain LY028 (Fig. 3d).

Encouraged by the above results, we then explored whether 
we could improve the production of glucose by overexpress-
ing the enzymes performing the dephosphorylation on G6P or 
glucose-1-phosphatase (G1P; Fig. 3a). Two glucose-1-phosphatases, 
AgpP from bacterium Pantoea sp.52 and Yihx from Escherichia coli53, 
were introduced into strain LY028. Bacterium Pantoea sp. AgpP 
exhibits both glucose-1-phosphatase and glucose-6-phosphatase 
activities in vitro. But the expression of AgpP did not improve the 
glucose titre (Fig. 3d). The haloacid dehalogenase-like phosphatase 
4 (HAD4), Yihx, from E. coli, was reported to be catalyst specific for 
hydrolysing glucose-1-phosphate. Expression of Yihx resulted in the 
production of approximately 2.3 g l−1 glucose in LY029, which is about 
a 30% improvement compared with LY028 (Fig. 3d). Further improve-
ment in the glucose titre was achieved by the expression of both AgpP 
and Yihx in LY031. All the key strains show a similar growth speed in 
ethanol medium, and there were few by-products accumulated dur-
ing fermentation, except for a high level of glucose (Supplementary 
Fig. 23). The above results, taken together, demonstrate the impres-
sive glucose-producing ability of our engineered yeast.

As we mentioned before, acetic acid is one of the most promising 
carbon sources in industry biotechnology for biosynthesis since it 
can be transformed into acetyl-CoA. We first fed the titrated acetate 
from electrolysis with a fixed concentration to the strain LY031 to 
convert the CO2 carbon source into glucose (Methods). An aver-
age glucose titre of 1.81 ± 0.14 g l−1 was obtained in eight days using 
LY031 (Fig. 4a and Supplementary Table 8), equivalent to a high 
yield of 8.90 μmol per gram yeast per hour. By stark contrast, when 
the acetate in a mixture of KOH or KHCO3, synthesized from a 
flow cell, was used as the feedstock, we found that no glucose was 
obtained within the same period. This is probably due to the apopto-
sis of yeast by the concentrated electrolyte (Supplementary Fig. 24).  
Moreover, we also directly fed the electrocatalytically produced 
pure acetic acid to the strain LY031 (Methods), which showed a 
similar yield of glucose compared with pure acetate as feedstock 
(Fig. 4b). Our post-purification free CH3COOH or acetate shows 
great advantages as a fermentation feedstock compared with 
industrial-produced acetate (Supplementary Methods). The cur-
rent scale of manufacturing of CH3COOH is mainly practiced by 
the carbonylation of methanol, also called the Monsanto process. 
This process is catalysed by precious rhodium or iridium catalyst at  
150–200 °C and 30–60 bar, which is not cost effective and is energy 
intensive54. Moreover, due to the use of complex promoters, the 
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analysis was performed using a one-tailed Student’s t-test (*P < 0.05; **P < 0.01 and ***P < 0.001). For b and d, the error bars indicate standard deviation 
among values from three repeated measurements.
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produced CH3COOH usually contains toxic impurities such as 
heavy metals and so on, which may deactivate the yeast if used 
as the feeding stocks55. By contrast, the electrochemically gener-
ated CH3COOH shows high purity (Supplementary Table 9), in 
which only CO2 and water participated in the overall pathway. Even 
though the lower limit of overall energy efficiency of the described 
electro-biosystem is calculated to be ~0.65% for glucose produc-
tion (Supplementary Methods), mostly penalized by a high current 
density in the electrocatalytic part, the efficiency could be further 
improved by stack integration and engineering.

In addition, we showed that the platform is widely applicable and 
can be extended to produce other valuable products besides glu-
cose. Free fatty acids, a fat-soluble component of living cells and 
an important component in plants, animals and microorganisms, 
are valuable for a wide range of commercial applications. Thus, we 
chose free fatty acids as an alternative target. In our previous study, 
by integrated biological redesign, including metabolic rewiring and 
directed evolution, we reconstructed a heterologous fatty acid pro-
duction pathway in yeast48. As shown in Fig. 4c,d, using a similar 
design, the free fatty acids within, from C8 to C18, could be pro-
duced in vitro from electro-generated pure acetic acid by the engi-
neered strain LXJ015.

Conclusions
We have demonstrated a compelling platform, combining electroca-
talysis and microbial fermentation, for providing scalable, control-
lable and economical access to value-added products like glucose 
and fatty acids using CO2 as a carbon source. In our following work, 
we will focus on the mitigation of glucose depression, enhance-
ment of gluconeogenesis and tolerance improvement of acetic 
acid for practical large-scale fermentation, to further increase the 
level of long-chain products. This integrated process of converting 
CO2 into glucose or fatty acids does not depend on the photo/light  

reactions of biological photosynthesis. The electrical energy gen-
erated by photovoltaic cells, wind turbines or off-peak grid power 
supplies can be used for CO2 fixation. The results demonstrate the 
technical feasibility of the electro-biosystem for recycling CO2 into 
long-chain compounds, which, with further improvement, might 
also be economically viable. In a broader context, the strategy dem-
onstrated here can be easily extended to produce more advanced 
long-chain products from CO2 via synthetic biology, thus opening 
the possibility of an electricity-driven manufacturing industry.

Methods
Chemicals. Copper(II) chloride dihydrate (CuCl2·2H2O), isopropanol (>99.7%), 
propylene oxide (>99.5%) and ethanol (>99.7%) were purchased from Sinoreagent. 
Commercial Cu (>99.5%, 60–80 nm) was purchased from Sigma-Aldrich. All the 
chemicals were used without further purification.

Materials synthesis. GB-Cu catalyst. For the synthesis of Cu2(OH)3Cl powder 
precursors, 515 mg of CuCl2·2H2O was first dissolved in 2 ml of isopropanol in a 
vial. Under bath sonication, 2 ml of propylene oxide and 0.2 ml of H2O were then 
successively added, forming a green gel. The green gel was aged for 1 day and 
dried at 60 °C under vacuum overnight. GB-Cu catalyst was then in situ formed 
by reducing the precursors under pulsed electroreduction with a 1 s pulse of 
jcathode = −300 mA cm−2 and 1 s pulse of janode = 100 mA cm−2 for 1,000 s in a standard 
three-electrode flow cell system, with 0.5 M KHCO3 as the electrolyte.

A-GB-Cu. A-GB-Cu was synthesized by annealing GB-Cu at 400 °C under an Ar 
atmosphere for 2 h.

Electrochemical measurements. All the electrochemical measurements 
were conducted at room temperature. A CH Instruments electrochemical 
workstation was employed to perform the electrochemical measurements. For 
the aqueous electrolyte test in a flow cell, precursor inks were airbrushed onto 
a gas diffusion layer (Sigracet 35 BC) as the cathode electrode with a mass 
loading of ~0.5 mg cm−2. A piece of Ni foam was adopted as the anode for water 
oxidation. The two electrodes were placed on opposite sides of two 1-cm-thick 
polytetrafluoroethylene (PTFE) sheets with 1-cm-wide by 1-cm-long channels  
such that the catalyst layer interfaced with the flowing electrolyte. A Nafion  
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Fig. 4 | Glucose and free fatty acid generation via microbial fermentation. a, Engineered strain S. cerevisiae LY031 produced 1.81 g l−1 glucose on the acetate 
derived from electricity and CO2. Acetate was the titrated form of acetic acid synthesized from a solid electrolyser in this study; acetate_KOH (Ac_KOH) 
and acetate_KHCO3 (Ac_KHCO3) were two controls, synthesized from a flow cell reactor with 1 M KOH or 1 M KHCO3, respectively, as the electrolyte. 
b, Electro-generated pure acetic acid as the direct feedstock for engineered strain S. cerevisiae LY031 to produce glucose. c, Growth curve of engineered 
strain S. cerevisiae LXJ015 on the electrochemically derived acetic acid. The genotype of LXJ015 is MATa ura3-52 can1::cas9-natNT2 TRP1 LEU2 HIS3 faa1Δ 
faa4Δ::(CCW12p-tesA) pox1Δ::(TDH3p-ACC1) (TDH3p-FAS1) (TDH3p-FAS2). To improve the tolerance to acetic acid, a high initial optical density measured 
at a wavelength of 600 nm (OD600) was used. d, Engineered strain LXJ015 produced about 500 mg l−1 saturated free fatty acids with carbon chain length 
C8 to C20 on the acetic acid. C8:0, octanoic acid; C10:0, decanoic acid; C12:0, dodecanoic(lauric) acid; C14:0, tetradecanoic(myristic) acid; C16:1, cis-
9-hexadecenoate acid; C16:0, hexadecanoic(palmitic) acid; C18:1, oleate acid; C18:0, octadecanoic(stearic) acid. For a–d, the error bars indicate standard 
deviation among values from three repeated measurements.
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115 film (Fuel Cell Store) was sandwiched by the two PTFE sheets to separate the 
chambers. On the cathode side, a titanium gas flow chamber supplied 30 s.c.c.m. 
CO (monitored by an Alicat Scientific mass flow controller). In addition, the 
anode and cathode were circulated with 1.0 M KOH at a flow rate of 50 ml h−1 
during CO reduction. A Ag/AgCl electrode was used as the reference electrode. 
All potentials measured against Ag/AgCl (EAg/AgCl) were converted to the RHE 
scale in this work using ERHE = EAg/AgCl + 0.197 V + 0.0591 × pH. Solution resistance 
(Rs) was determined by potentiostatic electrochemical impedance spectroscopy at 
frequencies ranging from 0.1 Hz to 200 kHz. All the measured potentials using a 
three-electrode set-up were manually compensated.

For the two-electrode cells with the solid proton conductor for pure acetic 
acid solution production56, an anion exchange membrane (Dioxide Materials and 
Membranes International) and a bipolar membrane (Fuel Cell Store) were used 
for ion exchange, to separate the solid proton conductor from the cathode and 
anode, respectively. Around 0.5 mg cm−2 Cu loaded on the Sigracet 35 BC electrode 
(1.0 cm2 electrode area) was used as a cathode, and IrO2 loaded on a titanium mesh 
as an anode. The cathode side was supplied with humified 30 s.c.c.m. of CO gas. 
The anode side was circulated with deionized water at 4 ml min−1. The porous 
styrenedivinylbenzene sulfonated copolymers were used as solid ion conductors57. 
The cathode and solid proton conductor deionized water was used to release the 
produced acetic acid within the solid-state electrolyte layer, and the flow rate was 
kept at 50 ml h−1. All the measured potentials using the two-electrode set-up were 
manually compensated. For the production of about 2 M acetic acid as feedstock 
for the fermentation, the solid-electrolyte reactor (4.0 cm2 electrode) was operated 
under a current density of –500 mA cm−2, where 100 ml of deionized water was 
cycled through the solid electrolyte for 24 h.

The anion membrane electrode assembly (MEA) test of CO2 to CO was 
conducted according to the methods reported in our previous work32.

CO reduction product analysis. To quantify the gas products during CO 
electrolysis, pure CO gas was delivered into the cathodic compartment at a 
constant rate and vented into a gas chromatography instrument (Shimadzu GC-
2014) equipped with a thermal conductivity detector and Molsieve 5Å column 
and a flame ionization detector. The electrolyte after electrolysis was collected and 
analysed using a 400 MHz NMR spectrometer to quantify the liquid products. 
Typically, 600 μl of electrolyte after electrolysis was mixed with 100 μl of D2O 
(Sigma-Aldrich, 99.9 at.% D) and 0.05 μl dimethyl sulfoxide (Sigma Aldrich, 
99.9%) as the internal standard.

Density functional theory calculations. The CO electroreduction on Cu with or 
without grain boundaries was optimized by periodic density functional theory plus 
U (on-site Coulomb repulsion) calculations (U = 6 eV for Cu) using the Vienna 
Ab initio Simulation Package. The Perdew–Burke–Ernzerhof functionals were 
selected for the calculations. The ion–electron interaction was described using the 
projector-augmented plane wave approach, with a cut-off energy of 400 eV. The 
van der Waals interactions were described using the empirical density functional 
theory plus D3 method. The 4 × 4 slabs with four-layer thickness (in total, 64 Cu 
atoms) were constructed for Cu(100), Cu(111) and their mixed surfaces with 
grain boundaries. The vacuum space along the Z direction was ~15 Å to avoid the 
interactions between periodic slabs. The Brillouin zone was sampled by a 3 × 3 × 1 
k-points mesh. The bottom two layers were fixed while the remaining layers 
including the adsorbates were relaxed until the maximum force on the movable 
atoms was less than 0.02 eV Å–1.

The Gibbs free energy change is defined as ΔG = ΔE + ΔZPE – TΔS, with the 
change in potential (ΔE) obtained from density functional theory calculations, 
ΔZPE indicating the corrections in zero-point energies and TΔS indicating the 
contribution of entropy (S), where T is temperature. It is assumed that S = 0 for 
all the adsorbed species. According to the model of the computational hydrogen 
electrode, at U = 0, the free energy change of proton-coupled electron transfer is 
equivalent to the hydrogen production, namely H+ + e– = 1/2 H2.

During the protonation process, the transition states are searched using the 
climbing image nudged elastic band method58 and confirmed by the vibrational 
frequency analysis.

Strains and culture conditions. All strains used in this study are listed in 
Supplementary Table 2. Lab001 (MATa ura3-52 can1Δ::cas9-natNT2 TRP1 
LEU2 HIS3) was used as the parental strain. Gene disruption and integration 
were performed according to a previously described method48. The promotor, 
terminal and homologous arms were amplified from Lab001 as a template, 
with the corresponding primers listed in Supplementary Table 4. Glucose-
1-phosphatase Yihx and AgpP were synthesized and heterologously expressed in 
yeast. Competent yeast cells were prepared in YP medium (10 g l−1 yeast extract 
and 20 g l−1 peptone) supplemented with 20 g l−1 glucose (YPD) or 2% (v/v) ethanol 
(YPE). The synthetic complete medium without uracial (SE-URA) contains a 
6.9 g l−1 yeast nitrogen base without amino acids, a 0.77 g l−1 complete supplement 
mixture without uracil and 2% (v/v) ethanol. Also, 20 g l−1 agar was added for 
plate transformant selection. The URA3 marker was removed and selected 
against on SE plates that contained 0.8 g l−1 5-fluoroorotic acid. Shake-flask batch 
fermentation for glucose secretion was carried out in minimal medium containing 

7.5 g l−1 (NH4)2SO4, 14.4 g l−1 KH2PO4, 0.5 g l−1 MgSO4·7H2O, 2% (v/v) ethanol, 
vitamin solution and trace metals, where carbon feedstock was added; uracil  
(60 mg l−1) was supplemented if needed.

Yeast cells for the spot assay were precultured in YPE medium. After being 
twice washed by double-distilled H2O, yeast was serially diluted (1, 10−1, 10−2, 10−3, 
10−4), and 5 μl of each diluted cell were spotted on synthetic complete medium 
(SC-agarose) that contains a 6.9 g l−1 yeast nitrogen base without amino acids, a 
0.77 g l−1 complete supplement mixture and 2% (w/v) agarose, 2% (w/v) glucose; 
the strains were then incubated at 30 °C for three days.

Flask-shaking fed-batch fermentation. To test the yield of glucose or free fatty 
acids in the engineered strains by using acetic acid, flask-shaking fed-batch 
fermentation was carried out in this study. Yeast strains were precultured in 
YPE medium, washed twice in double-distilled H2O and then inoculated into 
minimal medium with 2% (v/v) ethanol with an initial optical density measured 
at a wavelength of 600 nm of 0.1. After being inoculated at 30 °C for four days, 
cells were harvested and washed twice in double-distilled H2O, and all cells were 
transfered to minimal medium with carbon sources. The electro-generated 2 M 
acetic acid was titrated with the same equivalent of sodium hydroxide flakes to 
form the pure and concentrated sodium acetate, which was used for the fed-batch 
fermentation. The carbon source was added to the culture medium every two 
days, and the total input amount of acetate was about 30 g l−1 for eight days of 
fermentation. The fermentation with pure acetic acid as feedstock is similar  
to the process of acetate fermentation, with the titrated acetate replaced with  
pure acetic acid.

Metabolite analysis. Cell growth was determined by measuring the absorbance 
at 600 nm using a Ultrospec 10 Cell Density Meter (Biochrom). For flask 
fermentation and flask-shaking fed-batch fermentation, samples were taken every 
24 hours and 48 hours, respectively. Extracellular metabolites were determined by 
a high-performance liquid chromatography system (Agilent Technologies 1260 
Infinity II SFC), which was equipped with an Aminex HPX-87H column (Bio-Rad) 
and G1362A RID (Agilent Technologies 1260 Infinity II). The 1260 Infinity II 
Diode Array Detector WR was used to detect pyruvate. The column was eluted 
with 5 mM H2SO4 at a flow rate of 0.6 ml min−1 at 50 °C.

Free fatty acids in whole-cell culture (only free fatty acids were measured  
in this study) were quantified following previously published methods48. 
Additionally, the extracted methyl esters were resuspended in 150 µl hexane 
and then analysed by gas chromatography using a J&W HP-5ms Inert gas 
chromatography column (30 m, 0.32 mm, 0.25 μm) and a DSQII mass  
spectrometer (Agilent8890-7000D).

Statistical analysis. Statistical analysis in this study was performed using the 
one-tailed Student’s t-test (*P < 0.05, **P < 0.01 and ***P < 0.001). The mean ± s.d. 
for three biological replicates in a representative measurement is shown.

Characterizations. TEM images were taken on a Hitachi H-7650 transmission 
electron microscope operating at an acceleration voltage of 100 kV. X-ray 
diffraction patterns were recorded using a Philips X’Pert Pro Super diffractometer 
with Cu-Kα radiation (wavelength, λ = 1.54178 Å). High-resolution TEM images 
were carried out on a JEOL ARM-200F field-emission transmission electron 
microscope operating at an acceleration voltage of 200 kV using Cu-based TEM 
grids. X-ray absorption fine structure spectra of the Cu K edge were obtained at 
the BL14W1 beamline of S5 Shanghai Synchrotron Radiation Facility operated at 
3.5 GeV in ‘top-up’ mode with a constant current of 260 mA. The X-ray absorption 
fine structure data were recorded in fluorescence mode. The energy was calibrated 
according to the absorption edge of pure Cu foil.

Data availability
The data that support the findings of this study are available from the 
corresponding authors upon reasonable request. Source data are provided  
with this paper.
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