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A B S T R A C T   

This study introduces a novel approach for CO2 reduction to formate using the recombinant formate dehydro-
genase 1 (MeFDH1) from Methylorubrum extorquens AM1 as biocatalyst, addressing challenges in activity, pro-
ductivity, and long-term stability of enzyme. We demonstrate that immobilized MeFDH1 supported by 
electrochemical reaction system enhances formate production and stability, achieving over 1.7 M concentration 
with an initial rate of 20 mM/h and near-unity Faradaic efficiency for over 200 hours. In further, the reusability 
of immobilized MeFDH1 was obtained without significant declination of productivity and selectivity. The 
electrochemical study of MeFDH1 found the product inhibition in continuous CO2 conversion. To overcome this 
challenge and build efficient process, the integration of a flow reactor system and in-situ separation unit further 
improved the system’s performance and scalability. This advancement in enzymatic CO2 conversion suggests the 
potential of biocatalysis towards addressing global warming through sustainable chemical synthesis.   

1. Introduction 

Conversion of carbon dioxide (CO2) serves as a vital technology for 
its fixation and utilization of greenhouse gases in the production of 
various chemicals [1]. Formate has garnered interest due to its higher 
energy efficiency and technically straightforward production from CO2 
[2]. Presently, the annual production of formate exceeds 720,000 tons, 
with well-established applications in the chemical and agricultural in-
dustries [3]. Moreover, formate and formic acid are rising for bioavail-
ability as sole carbon source [4,5] to produce value-added biomaterial 
such as bioplastic [6], microbial proteins [7,8], and pharmaceuticals [9] 
as well as for promising hydrogen carriers owing to their condensed 
nature [10,11]. The electrochemical production of formate from CO2 is 
typically conducted using expensive noble (Pd, Bi) or post-transition 
(Pb) metal catalysts [12–14]. However, these catalysts are limited by 
high applied potential, low selectivity, and susceptibility to impurities 

from CO2 sources (e.g., SOx, NOx, and O2), while the excellent perfor-
mance of the reaction system enables CO2 reduction with high produc-
tivity reaching Ampere-scale [15–18]. These state-of-the-art 
electrochemical systems for CO2 reduction for formate have been vali-
dated for industrial applicability, and consumed electrolyzer electricity 
and separation strategies are emerging as key determinants of operating 
costs. [19,20]. Notably, Bi- or In-based catalysts achieved the highest 
current density with approximately 1 A/cm2 and > 90% of Faradaic 
efficiency (FE) as the industrial-scale performance, albeit requiring over 
− 1.6 V and − 2.5 V vs reversible hydrogen electrode (RHE), respectively 
[21,22]. Fan et al. developed an in-situ separation architecture of an 
all-solid-state reactor to produce highly pure formic acid through hu-
midified nitrogen gas flow. While this Bi-catalyzed reaction system 
successfully obtained over 15 M of pure formic acid, highly concentrated 
formic acid nearby the cathode led to significant declination of Faradaic 
efficiency up to 40% [23]. These findings implied that an efficient 
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separation strategy not only impacts operating costs to be lower but also 
maintains its selectivity, ensuring the high value of FE. In contrast, 
biocatalysts such as microbial metal containing formate dehydrogenase 
(FDH) exhibit higher turnover frequency, superior selectivity with 
near-unity Faradaic efficiency, and lower overpotential while requiring 
milder operating conditions. Consisting of proteins and inexpensive, 
abundant metal elements (e.g., Mo and W) found within microorgan-
isms, FDH emerges as a promising biocatalyst for electrochemical CO2 
reduction and inspired to develop other type of metal catalysts [24,25]. 
Despite these advantages, the progress of FDH-catalyzed formate pro-
duction has been slow and confined to the laboratory scale due to 
inherent drawbacks of most biocatalysts, such as rapid reverse reactions 
(formate oxidation) [26–28]. To date, only sub-millimolar scale formate 
or conceptual studies have been achieved using FDHs [29]. 

Previous studies on whole-cell biocatalysis and genetic engineering 
of Methylorubrum extorquens AM1 have demonstrated the pivotal role 
played by MeFDH1 in reducing CO2 into formate [30–32]. To produce 
this recombinant enzyme efficiently, microbial engineering of this strain 
was implemented. Firstly, a knock-out strain (Δfdh1ba) of M. extorquens 
AM1 was prepared to avoid complementary interaction between iden-
tical MeFDH1-encoding gene on the genome and recombinant expres-
sion system for the stability of the plasmid [33]. And, then its 
homologous recombinant expression plasmid with a methanol-inducible 
promoter (PmxaF) was applied [34]. 

In this study, we report a highly efficient enzymatic CO2 conversion 
to formate using a tungsten-containing MeFDH1 (formate dehydroge-
nase 1 from Methylorubrum extorquens AM1), addressing the limitations 
of prior approaches. Considering the kinetic analysis of MeFDH1 with 
respect to CO2 and electron mediator, it was demonstrated that high 
kinetic efficiency of recombinant MeFDH1 is promising for enzymatic 
CO2 conversion. Electrochemical reactor supplied the reduced ethyl 
viologen (EV•+) as electron mediator to convert CO2 into formate 
continuously for high concentration. For the enhanced applicability of 
MeFDH1, continuous flow reactor system was built to enable efficient 
modulation of each component in the process. The integration of in-situ 
separation unit allowed this flow reactor to be maintained initial pro-
ductivity for long-term operation. 

2. Materials and methods 

2.1. Instruments, biochemicals, and chemicals 

Unless stated otherwise, all chemical reagents for culture, protein 
purification, and enzymatic assays were purchased from Sigma-Aldrich 
and used without further purification. Wild-type Methylorubrum extor-
quens AM1 (ATCC 14718, GenBank accession No. CP001510.1) was used 
to develop a homologous recombinant expression host for the prepara-
tion of formate dehydrogenase 1 (MeFDH1, GenBank for alpha and beta: 
ACS42636.1 and ACS42635.1). pCM184 (GenBank: AY093429.1) and 
pCM157(Addgene, 45863), used for gene knockout in the genome of the 
strain, and pCM110 (GenBank: AF327718.1), used for methanol- 
inducible expression regulated by the promoter PmxaF, were obtained 
from Addgene (Watertown, MA, USA). The T4 DNA polymerase, re-
striction enzymes, and their buffers were acquired from New England 
Biolabs (NEB) and TaKaRa. For culture, the minimal salt medium con-
tained major nutrients (1.62 g/L NH4Cl, 0.2 g/L MgSO4, 2.21 g/L 
K2HPO4, and 1.25 g/L NaH2PO4•2 H2O), trace elements (15 mg/L 
Na2EDTA2•H2O, 4.5 mg/L ZnSO4•7 H2O, 0.3 mg/L CoCl2•6 H2O, 1 mg/ 
L MnCl2•4 H2O, 1 mg/L H3BO3, 2.5 mg/L CaCl2, 0.4 mg/L 
Na2MoO4•2 H2O, 3 mg/L FeSO4•7 H2O, and 0.3 mg/L CuSO4•5 H2O), 
30 μM disodium tungstate, 16 g/L disodium succinate hexahydrate as 
the sole carbon source, and 0.5% methanol for induction of the recom-
binant expression system [35]. The following antibiotics were applied at 
the stated concentrations to select transformants: rifamycin (50 mg/L), 
kanamycin (20 mg/L), and tetracycline (20 mg/L). Affinity chroma-
tography was carried out on a Ni-NTA resin (QIAGEN, Hilden, Germany) 

for protein purification. To quantify the concentration of the purified 
MeFDH1, the absorbance at 280 nm was measured on a Nanodrop in-
strument (Thermo Scientific, Waltham, MA, USA), and an extinction 
coefficient of 8.89 L•mg− 1cm− 1 for a 1% (i.e., 10 mg/mL) dilution was 
calculated by EMBOSS pepstats. All experimental data for kinetic, sta-
bility, and pH dependence analyses were obtained by means of UV/vis 
spectrometers (Cary 60 by Agilent, Santa Clara, CA, USA) in an anaer-
obic chamber and UV-1650PC by Shimadzu (Kyoto, Japan) in aerobic 
conditions equipped with a temperature controller. 

2.2. Kinetic study of MeFDH1 

Kinetic analysis was conducted to determine kinetic properties of 
MeFDH1 for CO2 reduction. EV, an artificial electron mediator, was used 
to measure the rates of CO2 reduction catalyzed by MeFDH1 or RcFDH. 
Reduced EV (EV•+) was detected at 600 nm through UV/Vis spectros-
copy and had an extinction coefficient of 10.220 mM− 1cm− 1. Because 
EV•+ can be oxidized by oxygen molecules, all kinetic analyses using EV 
were implemented in an anaerobic chamber. The assay solution was 
composed of 200 mM-potassium phosphate, 3–100 mM potassium bi-
carbonate, and 0.015–0.12 mM EV•+. Potassium bicarbonate was used 
as the CO2 source and converted to dissolved CO2 due to the pH of 
enzyme assay at pH 6.3. The concentrations of aqueous CO2, bicarbon-
ate, and carbonate were calculated by Eq. 1a, Eq. 1b, and Eq. 1c with the 
total concentration of CO2 species (c) and the dissociation constants of 
pKa1 = 6.3 and pKa2 = 10.3 [36]. 

[CO2(aq)] =
c • [H+]

2

[H+]
2
+ [H+]•Ka1 + Ka1 • Ka2

(1a)  

[
HCO−

3

]
=

c • [H+]•Ka1

[H+]
2
+ [H+] • Ka1 + Ka1 • Ka2

(1b)  

[
CO2−

3

]
=

c • Ka1•Ka2

[H+]
2
+ [H+]•Ka1 + Ka1 • Ka2

(1c) 

Therefore, the concentration of aqueous CO2 was determined from 
the added bicarbonate concentration and the pH. A bicarbonate stock 
solution was prepared immediately before use due to its dissociation 
into CO2. EV was reduced by adding zinc metal at a 5-fold molar excess 
over EV [23]. Then, the remaining zinc metal was immediately elimi-
nated using a 0.2 μm syringe filter because excessive exposure would 
allow EV to dimerize in an inactive form. 

The kinetic parameters of MeFDH1 for CO2 reduction with EV were 
analyzed by Lineweaver-Burk plots and a two-substrate bi-bi mechanism 
model (Fig. S3) [37]. To determine the ratio of active FDH in this study, 
all turnover rates of MeFDH1 and RcFDH were normalized with the 
number of active site (W/Mo-bis-MGD), respectively. 

2.3. Electrochemical reactor for continuous CO2 reduction of MeFDH1 

The electrochemical CO2 reduction procedure was described in a 
previous paper [31]. The electrochemical reactor includes a 
three-electrode system consisting of carbon felt (2.0 cm × 1.5 cm, 
AvCarb G300A) and a reference electrode (Ag/AgCl, MF-2079, BASi) in 
the cathode section and a Pt wire for water splitting in the anode section. 
A 100 mM H2SO4 solution was used to generate electrons and protons on 
the Pt wire electrode. A Nafion® 115 membrane (0.005 in.) separated 
the anode section and cathode section and allowed only protons to pass 
through. The cathodic electrolyte was composed of 200 mM potassium 
phosphate (pH 7) and 10 mM EV purged by high-purity CO2 gas 
(99.999%) with a 30 mL working volume. Unless stated otherwise, 
purging gases were supplied to the electrochemical cell after oxygen 
removal with an Agilent BOT-2 O2 trap. Cyclic voltammograms were 
measured with 0.1 mM of EV and 60 U MeFDH1 under the following 
condition: potential range from − 0.5 V to − 0.8 V vs Ag/AgCl and a scan 
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rate of 20 mV/s. To investigate potential-dependent catalytic activity of 
MeFDH1, chronoamperometry was conducted at various potentials with 
10 mM of EV and 60 U of MeFDH1 after CO2 purging for 30 min. The 
formate concentration and Faradaic efficiency was measured after 
electrochemical CO2 reduction for 10 min. The electrode potential 
(-0.50 V to − 0.84 V vs. Ag/AgCl) was consistently controlled by a 
potentiometer (MultiEnStat3, PalmSens). For long-term operational 
stability in electrochemical CO2 reduction, MeFDH1 was immobilized 
on Ni-NTA agarose, and Ni-NTA agarose beads were added to the lysate. 
Ni-NTA agarose was loaded into an empty gravity flow column (Bio-Rad, 
Cat No. 7321010) and washed with binding buffer. The specific activity 
of MeFDH1 immobilized on Ni-NTA agarose was determined after the 
elution of MeFDH1 by elution buffer (50 mM MOPS/KOH and 300 mM 
imidazole at pH 7.0). A total of 250 U of immobilized MeFDH1 was 
equilibrated with 3-folds resin volume of cathodic electrolyte 
(200 mM-potassium phosphate buffer at pH 7.0) by flow-through 
washing and then used for electrochemical reduction of CO2 to 
formate. To verify the reusability of immobilized MeFDH1, beads were 
loaded into an empty column in an anaerobic chamber to wash away the 
electron mediator and formate to minimize undesired reactions of EV•+, 
such as the generation of reactive oxygen species. Intermittent addition 
of formate during CO2 conversion was implemented for demonstrating 
product inhibition. 6 M of potassium formate (pH 6.3) was prepared and 
purged CO2 before use. This solution was added at each 40 min intervals 
to increase the formate concentration in the cathode section for current 
measurements. 200 μL of electrolyte was collected to measure actual 
formate concentration before and after formate addition. To measure 
the concentration of formate produced by CO2 reduction, samples were 
quenched by 540 mM H2SO4 and analyzed using HPLC. This analysis 
was carried out using an Aminex HPX 87-H column and a refractive 
index detector (RID) with a mobile phase of 5 mM H2SO4 (flow rate: 
0.6 mL/min). 

2.4. Architecture of flow reactor system of enzymatic CO2 conversion 

Overall process of flow reactor system was represented in Fig. 4a, S4a 
and S6. All units (e.g., MeFDH1-packed bed column, AIEX column, 
electrolyser) was connected by Poly Ether Ketone (PEEK) tubing (IDEX 
Health & Science LLC) with outer diameter of 1/16 and 1/8 inch. 
Peristaltic pump (BT100–1 L, Longer) allowed circular flow (5 mL/min) 
between MeFDH1-packed bed column and electrolyser to transfer 
reduced EV•+ and dissolved CO2 for continuous formate production. 
Due to wear, Tygon® tubing (E3603, Masterflex) was periodically 
replaced. 50 mL of electrolyte (200 mM-potassium phosphate at pH 7.0) 
was added into cathode section and 10 mM of EV was considered 

containing total volume of flow reactor system. 4 mL of MeFDH1 
(250 U) immobilized on Ni-NTA agarose beads was packed into com-
mercial plug flow column (HiScale 16/20, Cytiva). 45 g of Anion ex-
change resin (Ambersep 900® hydroxide form, Sigma-Aldrich) was also 
loaded on commercial column (XK 26/40, Cytiva) and distillated water 
was flowed to wash the resin. The assembly of electrolyser was coinci-
dent with that of batch system, and additional tubing for flowing elec-
trolyte was only installed. Flow-through cuvette with path length of 
0.01 mm and 0.1 mm (Hellma) was equipped in each side of MeFDH1- 
packed column, respectively and UV/Vis spectroscopy (UV5, Mettler 
Toledo) measured the concentration of reduced EV•+ in the cuvette. 
After all units was equipped in flow reactor system, CO2-saturated buffer 
was flowed to equilibrate the reaction system for 1 hour prior to reaction 
initiation. The reaction was initiated with applied bias as − 0.164 V vs 
RHE. The elution of produced formate from AIEX column was conducted 
after detachment from flow reactor system and distilled water of 350 mL 
(5 CV) with 3 mL/min was passed through the AIEX column at a flow 
rate of 3 mL/min, serving as an unbound washing step. Following the 
washing step, formate was then eluted using 1 N-NaOH of 380 mL (5.4 
CV) at the same flow rate. Each 5 mL of fraction was collected during 
this elution process and analyzed to determine the concentration of 
formate. 

3. Results and discussion 

3.1. Enzymatic kinetic and electrochemical analysis of MeFDH1 for CO2 
conversion 

Recombinant MeFDH1 was composed of α and β subunits, with the α 
subunit incorporating a C-terminal His tag (His6) for one-step purifi-
cation and/or immobilization, unlike other multi-step purification pro-
cesses (Fig. S1 and Table S1) [39,40]. This enzyme contains 

Fig. 1. Scheme of MeFDH1-catalyzed electrochemical CO2 reduction reaction. 
MeFDH1 (PDB ID: 7VW6) is composed of alpha (purple) and beta (yellow) 
subunits with cofactors. 

Fig. 2. MeFDH1-catalyzed electrochemical CO2 reduction. (a) Cyclic voltam-
mograms demonstrate that CO2 is converted into formate by MeFDH1 using 
reduced EV•+. (b) Electrochemical properties of free MeFDH1 for CO2 reduction 
to formate. 
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tungsten-bis-(molybdopterin guanine dinucleotide) (W-bis-MGD), 
iron-sulfur (Fe-S) cluster, and flavin mononucleotide (FMN) as cofactors 
[41]. The reduction of CO2 to formate by MeFDH1 was investigated 
using ethyl viologen (EV) as an electron mediator and carbon felt as the 
cathode in an H-type cell (Fig. 1). Cyclic voltammetry (CV) analysis 
revealed that, in the absence of both MeFDH1 and CO2 purging (Fig. 2a), 
the electron mediator (EV) displayed a pair of reversible peaks corre-
sponding to a one-electron redox transition at approximately − 0.106 V 
versus the reversible hydrogen electrode (RHE). The half-wave potential 
of EV was marginally more negative than the standard reduction po-
tential for CO2 to formate (-0.053 V) [42]. The reversible CV profile of 
EV even in the presence of dissolved CO2, indicates its exclusive function 
as an electron mediator without reactivity for CO2 within a potential 
range. Additionally, the significantly reduced profile of MeFDH1 with 
CO2 and EV demonstrates that MeFDH1 catalyzes CO2 reduction using 
supplied electrons from reduced EV•+, in accordance with the reaction 
system designed in Fig. 1 (Fig. 2a, red line). The initial formate pro-
ductivity escalated from 2.43 (± 0.15) mM/h at − 0.014 V to 20.17 (±
2.03) mM/h at − 0.214 V, representing a considerably high productivity 
via bioelectrocatalysis (Table S2) [43–45]. Further increases were not 
observed at more negative potentials, possibly due to limited solubility 
and mass transport of CO2 in the electrolyte solution (Fig. 2b). 

The exceptional formate yield achieved through the utilization of 
MeFDH1 highlights its superior efficiency in catalyzing the reduction of 
CO2 to formate compared to the majority of other reported FDHs [46, 
47]. Notably, the Faradaic efficiency of the formate synthesis process 
maintained at approximately 100% across all applied biases, ranging 
from − 0.014 to − 0.364 V. This contrasts significantly with traditional 
inorganic catalysts, often engage in undesired side reactions, leading to 
the production of hydrogen (H2) and/or carbon monoxide (CO) [48,49]. 
The unique tunnels structures for CO2 and formate, along with the 
intriguing metal coordination of the active site (W-bis-MGD) [50] may 
explain its superior performance in terms of activity levels, operational 

voltages, and Faradaic efficiency. 
The kinetic efficiency for CO2 reduction (keff ) [37] was calculated by 

considering both turnover rates and substrate affinities to CO2 and 
electron mediators. ICP-OES results for enzyme metal content refined 
this kinetic analysis of MeFDH1 and RcFDH, providing a precise deter-
mination of turnover activity at the active site involving W- or 
Mo-bis-MGD (Table S3). The keff value of MeFDH1 was approximately 
4.02 × 106, which is remarkably higher than that of most reported FDHs, 
ranging from 1.8- to 1011-folds between RcFDH and CbFDH (Table 1) 
[36,38]. The high turnover rate and the strong affinity with reduced 
EV•+ contributed to this exceptionally favorable keff for CO2 reduction. 
The turnover rates of MeFDH1 for CO2 reduction (kcat) were 370.2 
(±10.9) s− 1 and 740.5 (± 21.8) s− 1 for dissolved CO2 and reduced EV•+, 
respectively (Fig. S2 and Table 1). The Michaelis-Menten constants (KM) 
for dissolved CO2 and reduced mediator (EV•+) were 3.903 (± 0.475) 
and 0.017 (± 0.002) mM, respectively, indicating that MeFDH1 effi-
ciently catalyzes CO2 reduction into formate with a strong affinity to the 
reducing mediator, despite its comparatively lower affinity to dissolved 
CO2. 

3.2. Continuous CO2 conversion of immobilized MeFDH1 

To enhance the long-term stability of biocatalytic CO2 reduction, 
MeFDH1 was immobilized on agarose beads modified with nickel- 
nitrilotriacetic acid (Ni-NTA) by using a C-terminal His-tag on 
MeFDH1α (Fig. 3a). With free MeFDH1, formate rapidly reached 0.64 M 
at − 0.164 V within 96 h; however, no further increase was observed 
thereafter (Fig. 3b). This was supposedly attributed to the denaturation 
of free MeFDH1 by shear stress caused by CO2 bubbling [51]. In 
contrast, the immobilized enzyme enabled a steady increase in formate 
concentration up to 1.74 M for at 216 hours. Moreover, the immobili-
zation did not exhibit any significant impact on the catalytic properties 
of the enzyme (Fig. S3). These results suggest that immobilization 

Fig. 3. Long-term stability of MeFDH1-catalyzed CO2 conversion in batch system. (a) Scheme of immobilization of recombinant MeFDH1-His6 on Ni-NTA agarose. 
(b) Long-term operation of electrochemical CO2 reduction by MeFDH1: free vs. immobilized MeFDH1 (open vs. closed symbols). (c) Reusability of immobilized 
MeFDH1. All the electrochemical reactions were performed at − 0.164 V at pH 6.3. (d) Recent progress of enzymatic CO2 conversion compared with MeFDH1- 
catalyzed CO2 reduction. Reaction type: electrochemistry (orange) and cascade enzyme reaction (green). The in-detailed characteristics of each reaction system 
are listed in Table S2. 
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considerably enhances the stability of MeFDH1 for long-term applica-
tions [52]. Upon immobilization, MeFDH1 was readily recycled three 
times for repeated CO2 reduction without any significant performance 
degradation in productivity or selectivity (Fig. 3c). Despite remarkable 
selectivity of enzymes, their insufficient stability and total turnover 
number have been noted as critical drawbacks [52,53]. Accordingly, the 
operating time and formate concentration of other FDH-catalyzed re-
action systems utilizing electrochemical reactor or cascade reactions 
were compared with those of the present work. The reaction 

performance and stability of immobilized MeFDH1 expanded the 
applicability of enzymatic CO2 conversion to formate on both activity 
and stability (Fig. 3d and Table S2). This comparison provides evidence 
for the breakthrough approach of enzymatic CO2 conversion, demon-
strating suitable reducing power and enzyme characteristics are critical 
molar-scale formate production over long-term period. 

Fig. 4. Flow cell system of enzymatic CO2 conversion with Anion-exchange resin (AIEX) column as in-situ separation unit. (a) Schematic representation of flow cell 
system with in-situ separation unit. (b) Current profile for formate production in the presence (orange line) and the absence (black line) of AIEX column. (c) The 
formate concentration in flowing electrolytes during long-term operation: Formate concentration measured in flowing electrolyte of cathode section ( ) and esti-
mated by current data (orange line). (d) Elute fractionation for formate desorption from AIEX column. 

Table 1 
Kinetic parameters of FDHs for CO2 reduction.  

FDHs Substrates kcat (s− 1) KM (mM) kcat/KM(s− 1mM− 1) keff
a 

MeFDH1 Dissolved CO2 370.2 (± 10.9) 3.903 (± 0.475) 94.87 (± 11.89) 4.02 ×106 

Reduced EV•+ 740.5 (± 21.8) 0.017 (± 0.002) 42393 (± 4931) 

RcFDHb Dissolved CO2 67.00 (± 5.49) 0.250 (± 0.028) 268.0 (± 37.2) 2.24 ×106 

Reduced EV•+ 134.0 (± 11.0) 0.016 (± 0.002) 8375 (± 1252) 

CnFDHc [36] (ReFDH) Dissolved CO2 11 (± 0.4) 2.7 (± 0.3) 4.07 (± 0.60) 9.73 ×102 

NADH 11 (± 0.4) 0.046 (± 0.004) 239 (± 29) 

TsFDHd [38] Bicarbonate 0.318 (±0.051) 9.23 (±3.98) 0.034 (± 0.020) 4.08 ×10− 2 

NADH 0.318 (±0.051) 0.264 (±0.076) 1.2 (± 0.5) 

CbFDHe [38] Bicarbonate 0.015 (±0.005) 31.28 (±8.05) 4.795×10− 4 (± 2.04×10− 4) 1.39 ×10− 5 

NADH 0.015 (±0.005) 0.512 (±0.186) 0.029 (± 0.020) 

a Kinetic efficiency for CO2 reduction, keff =
(
kcat,CO2 or bicarbonate/KM,CO2 or bicarbonate

)(
kcat,EV•+ or NADH/KM,EV•+ or NADH

)

b-e Formate dehydrogenases (FDHs) from Rhodobacter capsulatus, Ralstonia eutropha (Cupriavidus necator) HF210, Thiobacillus sp, and Candida boidinii, 
respectively.  
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3.3. Flow reactor system of MeFDH1-catalzyzed CO2 reduction with in- 
situ separation unit 

Building upon the enhanced stability achieved through immobili-
zation, we designed a flow reactor system integrating a plug flow reactor 
(PFR) with immobilized MeFDH1 to expand the potential for long-term 
stability and operational flexibility. This system not only lessened 
dependence on electrolysis performance but also provided the benefit of 
independent modulation and efficient integration of extra operational 
units, such as separation processes, facilitating a significant improve-
ment in overall system performance. Without a separation unit, the flow 
reactor system achieved a formate concentration of 1.7 M, which pla-
teaued after 500 hours, maintaining a nearly perfect Faradaic efficiency 
of 100.3% (Fig. S4). To investigate the saturation profile, formate con-
centrations ranging from 0 to 0.99 M were deliberately introduced 
during the electrochemical batch reaction system. Intriguingly, the 
current declined from − 42 to − 15 mA proportionally across this range 
(Fig. S5), which implies that MeFDH1 is subject to product inhibition 
during CO2 reduction reaction, resulting in the gradual decrease of CO2 
reduction rate. These findings suggested in-situ separation of product 
from flowing electrolytes to repress product inhibition during enzymatic 
CO2 conversion. 

MeFDH1-packed plug flow reactor with an in-situ separation unit 
was prepared by positioning an anion exchange (AIEX) column between 
the MeFDH1-packed PFR and the cathode cell to separate the formate 
generated by MeFDH1 immediately (Fig. 4a and S6). Anion exchange 
resin (AIEX, Ambersep 900®) was chosen for the separation unit, as it 
enables selective adsorption of the negatively charged product from the 
positively charged electron mediator (EV•+/EV2+). While the current of 
the flow reactor without an AIEX column declined steadily from − 20 to 
− 5 mA, the flow reactor equipped with an AIEX column demonstrated 
the ability to maintain its initial current (Fig. 4b). Real-time monitoring 
of reduced EV•+ concentration in the flowing electrolytes revealed an 
immediate increase of up to 21 hours at both the inlet and outlet of 
MeFDH1-packed PFR, followed by stabilization in accordance with the 
current profile. (Fig. 4b and S7). To assess the adsorption efficiency of 
the AIEX column during actual formate production, the concentration of 
formate in the electrolytes was determined using high performance 
liquid chromatography (HPLC). It was observed that approximately 24% 
of the expected formate concentration based on the current remained in 
the electrolytes, despite the utilization of a sufficient quantity of AIEX 
beads loaded to adsorb formate within the anticipated range of pro-
duction (Fig. 4c). Considering bicarbonate generated from CO2 purging 
as a potential candidate for competitive adsorption, it may interfere with 
the selective adsorption of formate due to its negative charge. Hence, 
further study will be necessary to optimize the selective adsorption of 
formate. After a long-term operation of enzymatic CO2 conversion of 
400 hours, the AIEX column was detached from the flow reactor system 
to verify the recovery efficiency of the produced formate. With the 
eluent of 1 N-NaOH through the AIEX column, a distinct and sharp peak 
of elution was observed in the eluate fractionation (Fig. 4e). Eventually, 
a total of 107.7 mmol of formate was obtained from the long-term 
operation of enzymatic CO2 conversion, with a recovery efficiency of 
99.5% (Table S4). This study on flow reactor system clearly suggests that 
produced formate is separated by the adsorption on AIEX resin from 
flowing electrolyte and highly concentrated formate could be effi-
cienclty recovered by the elution step of an AIEX column after the end of 
long-term operation of CO2 conversion. 

4. Conclusion 

To summarize, we demonstrate that employing MeFDH1 can over-
come three major challenges in CO2 reduction to formate using bio-
catalysts: low activity, low productivity, and low long-term operational 
stability. As a result, more than 1.7 M of formate was produced at an 
initial rate of approximately 20 mM/h with near-unity Faradaic 

efficiency for over 200 h. Furthermore, its flow reactor system presented 
scalability and applicability of enzymatic CO2 conversion, including a 
noteworthy strategy for product separation with sufficient efficiency. 
This discovery lays the foundation for an efficient CO2 reduction process 
that could potentially address the pressing issue of global warming in the 
future. 
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