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Abstract 

Artificial C-S bond formation plays a pivotal role in the preparation of drugs and their 

intermediates. Utilizing an electrochemical method powered by renewable energy 

offers a sustainable pathway to produce organosulfur compounds, but challenged by the 

low faradic efficiency (<6.8%) and production rate (< 10 µmol cm-2 hr-1). In this study, 

we developed an efficient electrochemical approach to build C-S bonds and prepare a 

broad range of C-S species in high yield by coupling biomass oxidation with an S-

containing nucleophile using commercial catalysts. Taking methanol as a representative, 

we successfully synthesized hydroxymethanesulfonate (HMS), sulfoacetate (SA), and 

methanesulfonate (MS). This system achieved a remarkable faradaic efficiency of over 

95% within a low current density below 10 mA cm-2. At commercial current densities 

ranging from 100-1000 mA cm-2, the faradaic efficiency remained consistently over 60% 

in a practical flow reactor and high production rates, with stable operation over 50 hours 

without significant voltage increases or yield decreases at 100 mA cm-2. Four reaction 

pathways, with *CH2O, *CH3, and *OHCH2CHO as key intermediates have been 

identified to facilitate the C-S bond formation. Impressively, this process can be 

effortlessly extended to synthesize a wide range of organosulfur and organonitrogen 

compounds from diverse feedstocks, achieving impressive production rates. Our 

approach promises to revolutionize the production of pharmaceuticals, textile 

chemicals, and agrochemicals. 
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Introduction 

Organosulfurs are pervasive throughout natural ecosystems and various living 

organisms.1 Over a thousand such compounds have been identified and extracted from 

terrestrial and aquatic sources, contributing significantly to the development of 

anticancer agents,2, anticonvulsants,3 and antibacterial agents.4 The market for 

organosulfur compounds is currently experiencing growth and is anticipated to continue 

its expansion at a notable Compound Annual Growth Rate (CAGR), encompassing both 

natural and synthetic varieties.5 As an example, methanesulfonate has a market of 50 

million USD and is projected to reach 72 million USD by 2032 with applications in 

electroplating, pharmaceuticals, and esterification.6 These compounds continue to be 

influential in the discovery of novel pharmaceuticals, underscoring their vital role in 

advancing medical science and other areas.7,8 

In light of their importance,9-12 continuous efforts are being made in the artificial 

synthesis of organosulfur compounds, with the sulfa-Michael addition reaction,13 14 

Diels-Alder reaction15,16 and allylic sulfonation,17,18 being examples of effective 

approaches. While these methods are able to create carbon-sulfur (C–S) bonds, they 

often require metal-ligand complexes or highly pre-functionalized precursors and are 

typically energy-intensive, relying on substantial fossil energy usage.1 Moreover, they 

utilize extracted substances like alkenes and ketenes as reactants, generating a 

significant amount of CO2 during the production process (Fig. 1a).19,20 Therefore, a 

critical task in the formation of C-S bonds is to streamline the reaction process in an 

environment-friendly way and reduce both energy consumption and overall costs. The 

electrochemical formation of C-S bonds using renewable energy sources offers a 

promising solution to this challenge.21,22 It was reported that electrochemically coupling 

S-containing nucleophiles with activated electrophilic intermediate (CHOH) from CO2 

reduction on a Cu-based catalyst is available for generating the C-S bonds (Fig. 1b).21 

However, the approach is constrained by a low faradaic efficiency (FE) of less than 6.8% 

and a consistently low production rate across various currents. Additionally, the lack of 

commercially viable catalysts and the limitation in extending the method to other 

carbon-based products further complicate the scalability of manufacturing C-S 
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compounds on an industrial level. 

Herein, we developed an efficient electrochemical approach for constructing C-S 

bonds and synthesizing C-S compounds with extremely high yields by using 

commercially available catalysts. This was achieved by driving the oxidation reaction 

of biomass-derived feedstocks in an S-containing nucleophile electrolyte. By utilizing 

the CH3OH and SO3
2- as feedstock with the Ketjen Black (KB) as the catalyst, our 

method achieved over 95% FE for C-S species at a current density of below 10 mA cm-

2, and maintained over 80% FE at 75 mA cm-2. During the reaction, the electrophilic 

intermediates *CH2O, *CH3, and *OHCH2CHOwill be generated and rapidly react with 

SO3
2-, thus promoting the formation of various C-S compounds. Furthermore, the 

system is able to continuously produce C-S species in an industry-available scale with 

a high production rate of 6959.76 µmol cm-2 hr-1 for production at 1 A cm-2, and 

maintain a nearly 80% FE at an industrial current density of 100 mA. Importantly, this 

approach can be adapted to construct a diverse array of C-S and C-N species from 

various feedstocks (such as ethanol, acetate, isopropanol, glycolic acid, glycerol, and 

ethylene glycol) at considerably high production rates. Our findings hold the potential 

to significantly impact the production of these essential compounds, offering wide-

ranging benefits to the fields of pharmaceuticals, energy, and environmental science. 
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Fig. 1 | (a) Schematic representation of the traditional method, (b) electrochemical CO2-

reduction based approach, and (c) our approach (CH3OH oxidation as an example) for 

C-S bond construction. 

 

Result and discussion  

Reaction design and catalyst selection: 

Electrochemical construction of C-R bonds is a promising approach for 

synthesizing carbon-based chemicals, typically necessitating two feedstocks: An R-

containing nucleophile and a carbon-based activated electrophilic intermediate. Our 

approach for C-S bond formation leverages the in-situ generation of this electrophilic 

intermediate through the biomass oxidation process, facilitating its reaction with an S-

containing nucleophile within the electrolyte. To demonstrate the process simply, we 

first choose the abundant CH3OH as a representative reactant, which can be sourced 

not only from fossil fuels through the Fischer-Tropsch process but also from biomass 
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via thermocatalytic and biocatalytic methods.23-25 Additionally, it offers advantages 

such as low economic value, a straightforward oxidation pathway, and lower oxidation 

potential.26 As shown in Fig. 1c, the C-S coupling reaction occurred at the anode, and 

a hydrogen evolution reaction (HER) took place as the cathodic reaction. During 

electrolytic reaction, the CH3OH was oxidized and generated activated electrophilic 

intermediates such as *CH2O, and *CH3 at the catalyst surface. These intermediates 

can rapidly react with SO3
2-, resulting in the formation of C-S species. To drive the 

reaction efficiently and economically, commercially available catalysts are preferred. 

In our design, the commercial carbon, KB, was selected to drive the anodic C-S 

coupling reaction, and the commercial Pt was used as the cathode catalyst.  

 

Performance evaluation and optimization for C-S species production 

To prove the above concept, we first utilized a three-electrode cell to validate the 

C-S bond formation by conducting CH3OH oxidation in an S-containing nucleophile 

(here is SO3
2-) electrolyte. The KB catalysts with particle sizes of around 50 nm are 

uniformly coated on the TGP-60 carbon paper as the electrode (refer to Fig. 2a and 

Supplementary Fig. 1 for additional details). The linear sweep voltammetry (LSV) 

was conducted to evaluate the potential activity of the C-S bond formation reaction. As 

illustrated in Fig. 2b and Supplementary Fig. 2 in an electrolyte containing both 

Na2SO3 and CH3OH, a distinct electrocatalytic behavior at the anode was observed, in 

contrast to electrolytes containing only one of the mentioned species. Specifically, an 

onset potential of 0.9 V versus RHE was recorded in the electrolyte containing 0.2 M 

Na2SO3 + 1.0 M CH3OH, which falls between the onset potential observed with 0.2 M 

Na2SO3 alone (1.2 V vs. RHE) and with a mixture of NaOH and 1.0 M CH3OH (0.53 

V vs. RHE. PH = 10, match the 0.2 M Na2SO3 + 1.0 M CH3OH electrolyte). The low 

potential in NaOH + 1.0 M CH3OH indicates the occurrence of the CH3OH oxidation 

reaction, while the high potential in the 0.2 M Na2SO3 electrolyte corresponds to the 

SO3
2- oxidation reaction (SOR). The slightly higher onset potential observed in the 0.2 

M Na2SO3 + 1.0 M CH3OH mixture can be attributed to the blocking effect of SO3
2-, 

which suppresses CH3OH oxidation. This suppression is also observed, and even more 
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evident, in electrolytes containing other anions such as SO4
2-, CH3COO-, and HCO3

-, 

(Supplementary Fig. 3a-c). Beyond 0.9 V, we speculate that not only does CH3OH 

oxidation occur, but also C-S bond formation is initiated through the reaction between 

CH3OH oxidation intermediates and SO3
2-. In this process, the adsorbed CH3OH on the 

catalyst surface is converted to an electrophilic intermediate, which then reacts with 

SO3
2-. By increasing the CH3OH concentration to 8.0 M, the current density increased 

in the low potential range from 0.9 to 1.4 V vs. RHE, which indicates more 

intermediates are generated resulting from the high concentration of CH3OH. While at 

the high potential range of above 1.4 V, the high concentration of the CH3OH 

suppressed the SOR and thus a lower current density was exhibited compared with that 

in 0.2 M Na2SO3 + 1.0 M CH3OH anolyte.  

Although the aforementioned findings show the feasibility of C-S bond formation, 

direct evidence of this process remains absent. Therefore, we further employed the 2D 

1H-13C HSQC spectroscopy to directly ascertain the composition of the products. As 

shown in Fig. 2c and Supplementary Figs. 4-7, four different chemicals, namely 

hydroxymethane sulfonate (HMS, 4.44 ppm, 73.25 ppm), sulfoacetate (SA, 3.74 ppm, 

57.22 ppm), methanesulfonate (MS, 2.82 ppm, 39.22 ppm), and formate (HCOO-, 8.43 

ppm, 172.27 ppm), were detected in the solid products after evaporation of the reacted 

electrolyte. Note that HMS, SA, and MS are all high-valuable C-S species that have 

been widely used in the textile industry, atmospheric chemistry, pharmaceuticals, and 

as additives.21,27-29 To further verify the carbon sources of these products and determine 

the number of electrons transferred, isotope labeling experiments were conducted. As 

shown in Supplementary Fig. 8a-b, the 1H NMR spectra exhibited clear shifts and 

splitting patterns in the carbon peaks corresponding to formate, HMS, SA, and MS 

when using 13C-labeled methanol combined with 12C catalysts. These shifts were absent 

when 12C-methanol and 13C-labeled catalysts were used, providing conclusive evidence 

that the carbon atoms in all key products originate from methanol. Based on these 

results, we can know that the formation of HMS, SA, MS, and HCOO- involves 2e-, 6e-, 

2e-, and 2e- transfer processes, respectively. These products were further quantified by 

1H-nuclear magnetic resonance (1H-NMR, Supplementary Fig. 9), and other by-
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products such as CO, CO2, and the SO4
2- were also detected and quantified by gas 

chromatography (GC), CO2 meter and liquid chromatography-mass spectrometry (LC-

MS) (Supplementary Figs. 10-12). Over the range of measured current densities from 

5 to 200 mA cm-2, over 70% of the electrons were utilized to oxidize SO3
2- to SO4

2-, 

with the faradaic efficiency for C-S species (FEC-S species) initially increasing and then 

declining as the current density increased ((Supplementary Fig. 13)). Particularly at 

75 mA cm-2, the FEC-S species peaked at 20.72%, with HMS contributing 8.78%, SA 11.84% 

and MS accounting 0.10%, respectively. We observed that the FEMS remained 

consistently low, typically below 1%, across all current densities. Additionally, HMS 

accounted for the majority of the C-S species, reaching 68.4%, while SA and MS 

contributed 30.8% and 0.8%, respectively. The majority of HMS indicate that this 

approach has promising applications in the fields of bioculture and atmospheric 

monitoring.30,31 Considering the product rates of most C-S species, they modestly 

increased with higher current densities (Supplementary Fig. 14). At an industrial-

available current density of 200 mA cm-2, the production rate of C-S species can reach 

a high value of 420.4 μmol cm-2 hr-1, much higher than that of traditional 

electrochemical CO2 reduction approach with a rate of below 10 μmol cm-2 hr-1.  

To further enhance the production rate of C-S species, optimization experiments 

were conducted by first adjusting the CH3OH concentration from 1.0 M to 8.0 M. The 

FE for HMS, SA, and MS obtained from different electrolytes were collected and 

analyzed at 5-200 mA cm-2 (Figs. 2d-f). For HMS production, it is clear that the FEHMS 

increases firstly and then decreases with increasing concentration of CH3OH. The 

optimized FEHMS reaches 15.30% in electrolyte with 4.0 M CH3OH at 75 mA cm-2. At 

a low current density of 5 mA cm-2, SA became the dominant product when the CH3OH 

concentration reached 8.0 M, with FESA peaking at over 92%, while the combined FE 

for HMS and MS remained below 3%. The high selectivity for a single product 

indicates the potential to deplete the reactants gradually, resulting in a product of higher 

purity over an extended reaction period. For MS generation, the FEMS positively 

correlates with methanol concentration, but the overall efficiency remains notably low, 

under 2.0% across all current densities (Fig. 2f), and the maximum molar proportion of 
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MS, approximately 5.4%, is attainable at 75 mA cm-2 in an electrolyte containing 8.0 

M CH3OH (Fig. 2g). The overall FE for C-S bond formation suggests that high 

methanol concentrations significantly promote C-S bond formation, while the main side 

reaction of the SOR was drastically suppressed, decreasing from nearly 80% to below 

10% (Supplementary Fig. 15 and Fig. 2g). Specifically, in an electrolyte containing 

8.0 M CH3OH (Fig. 2g), the overall FE for C-S species was over 75% at lower current 

densities ranging from 5-75 mA cm-2, peaking at 95.10% at 5 mA cm-2. Impressively, 

high FE values above 65% were also achieved at current densities between 100-200 

mA cm-2. Additionally, unprecedented production rates were observed at 200 mA cm-2: 

1177.72 µmol cm-2 hr-1 for C-S species overall, with 406.78 µmol cm-2 hr-1 for HMS 

and 716.78 µmol cm-2 hr-1 for SA (Fig. 2g and Supplementary Fig. 16). We also 

observed that adding 0.5 M NaHCO₃ to the electrolyte as a pH buffer did not 

significantly affect the overall product distribution across various current densities and 

methanol concentrations (Supplementary Fig. 17). 

The formation of C-S bonds depends on the reaction of generated electrophilic 

intermediates with S-containing nucleophiles. Therefore, the concentration of SO3
2- 

also plays a crucial role in affecting the production rate of HMS, SA, and MS. To 

maximize the overall electron utilization and production rate, the SO3
2- concentration 

was further optimized. As shown in Fig. 2h, at 100 mA cm-2, an increase in SO3
2- 

concentration leads to a reduction in HMS formation while enhancing SA production, 

without affecting MS production. Specifically, as SO3
2- concentration increased from 

0.1 to 0.5 M, the FE for HMS dropped from 30.70% to 0.32%, and the FE for SA rose 

from 40.67% to 61.12%. For all C-S species combined, the FE and production rate 

peaked at 72.04% and 838.14 µmol cm-2 hr-1, respectively, in a solution of 0.1 M 

Na2SO3 + 8.0 M CH3OH at 100 mA cm-2, aligning with efficient production standards 

suitable for industrial-scale currents. 
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Fig. 2 | Electrochemical performance of KB for C-S construction. (a) SEM images 

of the KB-coated carbon paper, the inset image shows the morphology of KB. (b) Linear 

sweep voltammetry (LSV) curves of KB in different electrolytes. (c) The 2D 1H-13C 

HSQC spectrum of the products obtained from the reacted electrolyte. The 1H and 13C 

patterns are shown on the horizontal axis and the vertical axis, respectively. The FEs of 

(d) HMS, (e) SA, and (f) MS in electrolytes with different concentrations of CH3OH. 

(g) FEs of different products were obtained at 5-200 mA cm-2 in 0.2 M Na2SO3 + 8.0 

M CH3OH, and the inset pie chart shows the molar ratios of different C-S products at 

75 mA cm-2. (h) FEs of HMS, SA, MS and C-S species for the electrolyte with different 

concentrations of Na2SO3 at 100 mA cm-2. All the tests were conducted without IR 

compensation. The error bars represent at least three independent tests. 
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Pathway for C-S bond construction 

The high yield and production of C-S compounds motivate us to further explore 

the possible mechanism of C-S formation in our design, and the elucidation of key 

intermediates and reaction pathways is also crucial for enhancing production rates and 

promoting this method to prepare other C-related species. To this end, we integrated in-

situ experimental analysis with density functional theory (DFT) calculations to decipher 

the mechanisms of C-S bond formation.32,33 We first employed in-situ attenuated total 

reflectance surface-enhanced infrared absorption spectroscopy (ATR-SEIRAS) to 

monitor changes in intermediates and ions at the interface during the reaction in a 

solution of 0.1 M Na2SO3 and 2.0 M CH3OH, as shown in Fig. 3a. Additionally, to 

better distinguish the peaks, control experiments were performed by acquiring spectra 

in the absence of sulfite or methanol (Supplementary Fig. 18a-c). We observed 

multiple peaks that increased in intensity with higher potentials, indicating various 

chemical interactions. Peaks at 1520 and 1509 cm-1 are associated with surface-bound 

SO₃2- species, while peaks at 1699 and1540 cm-1 are indicative of surface sulfate 

species.34-39 These species indicate that a significant quantity of SO3
2- ions will be 

adsorbed onto the catalyst surface under positive potential, serving as a sulfur source 

for the formation of C-S bonds. Peaks at 1635 and 1684 cm-1 were linked to HCO3
- 

adsorption.40 Additionally, a peak at 1454 cm-1 was identified as CO3
2-,41 while peaks 

within the 1800-2000 cm-1 range were attributed to *CO.42,43 These species suggest that 

over-oxidation of CH3OH to CO2, which then reacts with OH- to form HCO3
- and CO3

- 

ions, contributes to the decreased yield of C-S products under high-current conditions. 

Additionally, certain prominent peaks were indicative of the formation of intermediates 

and products involved in the reaction process. The presence of peaks at 1320, 1716, and 

1770 cm-1 signaled the involvement of the *COOH intermediate peaks, indicating the 

formation of the formate and SA.44-46 A distinct peak at 1474 cm⁻¹ suggests the presence 

of *CH₂O, as previously reported.47 Additionally, a strong signal at 1750 cm⁻¹ is 

associated with *CHO species,48 resulting from the further oxidation of *CH2O.  

which arise from the further oxidation of *CH₂O. These activated electrophilic 

intermediates likely contribute to C–S bond formation. To elucidate the potential 



12 

 

pathways for C-S bond generation, we combined theoretical conjectures with 

experimental validation. 

The transformation of CH3OH to HMS involves a loss of 2 electrons, which also 

occurs during *CH2O formation, thus we speculate that *CH2O may serve as a key 

intermediate in HMS formation. To validate this hypothesis, we directly introduced 

formaldehyde (CH2O) into various solutions (Supplementary Fig. 19). The resulting 

1H NMR spectra demonstrated that CH2O spontaneously reacts with SO3
2- to form 

HMS, without SA detected. This suggests the involvement of intermediates other than 

CH2O in SA formation. Based on the above discussion, we propose mechanisms for 

HMS formation as elucidated by DFT calculations. As depicted in Fig. 3b, the process 

undergoes a sequence like *CH3OH→*CH3O→*CH2O→*HOCH2SO3
- (Equations 1-

5), with most steps occurring spontaneously, except for *CH3O formation and HMS 

desorption. Additionally, considering the kinetics, the *CH2O → *HOCH2SO3
- step 

exhibits a significantly lower energy barrier compared to the successive *CH2O 

oxidation step, further supporting the results (Supplementary Fig. 20). Beyond the 

reaction between *CH2O and *SO3
2-, we also investigated whether SA could undergo 

further oxidation, leading to C-C-S bond cleavage and the formation of HMS. However, 

the 1H NMR results shown in Supplementary Fig. 21 demonstrate that SA is highly 

stable and does not serve as a precursor for HMS formation 

CH3OH + * → *CH3OH                         (1) 

*CH3OH → *CH3O + H+ + e−                     (2) 

*CH3O → *CH2O + H+ + e−                       (3) 

*CH2O + SO3
2- → *CH2O/SO3

2-                    (4) 

*CH2O/SO3
2- + H+ → *HOCH2SO3

-                 (5) 

For SA formation, understanding the sequence of bond formation, specifically, 

whether the C-S or C-C bond forms first, is pivotal for elucidating the synthesis of 

multicarbon sulfides. To investigate the hypothesis that C-C bond formation precedes 

C-S bond creation, we utilized an electrolyte solution of 0.2 M Na2SO3 and 8.0 M 

CH3OH. Following 20 hours of electrolysis at 5 mA cm-2, the predominant C-S species 

formed was SA, with negligible amounts of HMS and MS (Supplementary Fig. 22). 
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This suggests that C-C-S compounds can be synthesized even in the absence of 

significant C-S products, supporting the hypothesis of initial C-C bond formation. To 

investigate potential C₂ intermediates formed during the reaction, we employed 

differential electrochemical mass spectrometry (DEMS). As shown in Supplementary 

Fig. 23, a significant signal corresponding to the intermediate *HOCH2CHO (m/z = 60) 

was detected, indicating its formation through the coupling reaction of *CH₂OH and 

*CHO. Based on these findings, we propose a reaction pathway, depicted as the blue 

path in Fig. 3b (Path 3). In this pathway, *CH2OH and *CHO are first generated and 

subsequently combine to form a C–C bond (Equations 6–8), which undergoes five 

additional steps to produce SA (Equations 9–12 and Equation 1).  

*CH2O → *CHO + H+ + e−                              (6) 

*CH3OH → *CH2OH + H+ + e−                          (7)  

*CH2OH + *CHO → *HOCH2CHO                       (8) 

*HOCH2CHO + SO3
2-→ *HOCH2CHO/SO3

2-               (9) 

*HOCH2CHO/SO3
2- + H+ → *HOCH2CHOHSO3

-           (10) 

*HOCH2CHOHSO3
- → *HOCCH2SO3

- + H2O              (11) 

*HOCCH2SO3
- + H2O → *HOOCCH2SO3

- + 2H+ + 2e-       (12) 

Conversely, considering the possibility of C-S bond formation occurring first, 

we propose that HMS may undergo further oxidation and then couple with other 

intermediates to form a C-C-S bond. 1H NMR spectra show that HMS is not stable 

under high current density, as the C-S bond in HMS cleaves, producing small amounts 

of formate as the product (Supplementary Fig. 24). Moreover, when an electrolyte 

containing 0.2 M HMS and 8.0 M CH3OH was used, and electrolysis was conducted 

for 20 hours at a current density of 5 mA cm-2, methyl formate and formate were 

produced, with no detection of SA (Supplementary Fig. 25). This outcome aligns with 

the oxidation process of 8.0 M CH3OH alone (Supplementary Fig. 26), indicating that 

HMS may only function as a conductive ion, further suggesting that this proposed 

pathway is incorrect. 

The formation of MS presents an intriguing case when examining the valence 

states of the reactants (CH3OH, SO3
2-) and the product (CH3SO3

-), where the valence 
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of the carbon does not change. This observation raises the possibility that the reaction 

could be either a standard chemical reaction or a thermochemical reaction triggered by 

the heat from the electrical current passing through the catalyst. To evaluate our 

hypothesis, we introduced 2 M CH3OH into a 0.2 M Na2SO3 solution containing KB 

and subjected the mixture to varying temperatures ranging from 20-80 ℃ for 10 hours. 

We then employed 1H NMR spectroscopy to identify potential products in the different 

solutions. As shown in Supplementary Fig. 27, there is no MS detected in all the above 

solutions, indicating that MS formation likely necessitates electron involvement, thus 

characterizing it as an electrochemical process. It is also crucial to note that the 

production of MS is exceedingly limited, contributing to only about 1% of the total 

molar proportion of all C-S products. So we believe that during the formation of 

CH3SO3
-, CH3O is first produced through the oxidative dehydrogenation of CH3OH. 

Subsequently, CH3 and O are generated through homolytic cleavage of the radical. Then, 

*SO3
-, produced by single-electron oxidation, reacts with *CH3 via a radical addition 

reaction to form CH3SO3
-. Although the oxidation states of the elements in the reactants 

and products remain consistent, multiple high-energy steps are required to form the 

final product (Supplementary Fig. 28). We theorize that this reaction could result from 

the interaction of active *CH3 intermediates with *SO3
2- (Equations 13-15). However, 

the formation of the *CH3 intermediate appears to be highly challenging, leading to 

diminished MS yields. 

*CH3O → *CH3 + *O                           (13)  

* + SO3
2- → *SO3

- + e-                           (14) 

*CH3 + *SO3
- → *CH3SO3

-                       (15)  
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Fig. 3 | Mechanism investigation for C-S bond construction on KB catalysts. (a) 

ATR-SEIRAS spectra during C-S bond formation in 0.1 M Na2SO3 + 2.0 M CH3OH 

electrolyte. (b) The Gibbs free energy diagrams for possible routes to C-S bond 

formation.  

 

Continues electrosynthesis C-S species in a practical flow reactor 

To continue the production of C-S species in a practical way, a membrane electrode 

assembly (MEA) reactor was assembled by coupling HER and C-S bond formation 

reaction. As shown in Fig. 4a, the reactor comprises a cathode (KB) and an anode (Pt/C), 
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separated by a Nafion-117 proton exchange membrane. The DI water was continuously 

supplied in the cathode side for HER, while the anode side was fed with a 0.1 M Na2SO3 

+ 8.0 M CH3OH solution. The I-V curve, covering a current density range of 10-1000 

mA cm-2, is depicted in Fig. 4b. The steep increase in current density with rising cell 

voltage suggests that mass limitations were minimized in this flow reactor, even at 

industrial current densities. In addition, at 100 mA cm-2, the overall cell voltage was 

only 3.08 V, achieving an FE for C-S species of over 80% and a high production rate of 

871.67 μmol cm-2 hr-1 (Fig. 4c). When the current densities exceeding 300 mA cm-2, 

the FE for C-S species slightly decreases to 70%, driven by the increasing prevalence 

of the SOR side reaction, along with the enhanced production of formate and gases (CO 

and CO2). Nevertheless, the production rate of C-S species remains at a high value of 

over 1921.19 μmol cm-2 hr-1, sufficient for industrial needs. Impressively, a production 

rate of 6959.76 μmol cm-2 hr-1 was achieved at a current density of 1000 mA cm-2 (Fig. 

4d), which is approximately 818.79 times higher than those reported for CO2-based 

systems (Supplementary Fig. 29). Moreover, this reactor can be steadily operated for 

over 50 hours for continuously producing C-S species, maintaining an FE of nearly 80% 

at 100 mA cm-2 without obvious decay (Fig. 4e), which is promising for industrial-scale 

production requirements. 

The unprecedented performance of the flow reactor has led us to consider its 

industrial viability through a cost-benefit analysis, benchmarked against the most 

advanced existing electrochemical methods. To this end, an extensive techno-economic 

analysis (TEA) was conducted, factoring in both CO2-based systems and our system. 

The electrochemical data for the CO2-based system using Cu nanopowder as a catalyst 

is presented in Supplementary Fig. 30. Due to the difficulty in detecting C-S species 

signals, possibly resulting from low FE, we opted to use data from reference 21 for 

additional TEA calculations. The CO2 reduction-based system indicates a baseline cost 

exceeding $2500 per ton for C-S species production at current densities ranging from 

20 to 100 mA cm-2, nearly 5 times the cost of our system, as shown in Fig. 4f. In addition, 

we acknowledge the limitations of using the initial proof-of-concept work (ref 21) for 

comparison, as it may not fully capture the potential of CO2 reduction technologies, 
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which continue to advance. Here, we have presented TEA results based on optimized 

conditions with various parameters for C-S bond formation in the CO2-reduction 

system (Supplementary Fig. 31). Our system demonstrates a comparable production 

cost to CO2-reduction systems with optimized cell voltage and faradaic efficiency (FE 

= 80%, cell voltage = 3.0 V, current density = 0.1 A). Furthermore, we have provided 

the levelized cost of HMS and SA production as a function of faradaic efficiency and 

current density at different cell voltages to offer forward-looking insights into 

performance targets for future development (Supplementary Fig. 32 and 

Supplementary Fig. 33). To reduce the production cost below $500 per ton of C-S 

species, the cell voltage should be decreased to below 2.5 V, or alternatively, the FE 

should be improved to over 80% at higher current densities (>200 mA cm-2). 

Additionally, current stability remains a challenge for industrial production, and 

developing high-stability catalysts with enhanced selectivity and activity will be a key 

focus moving forward. 
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Fig. 4 | Continues electrocatalytic production of C-S species practically. (a) 

Schematic illustration of a cell configuration for C-S species production. (b) The I-V 

curve of the C-S species production in the flow cell. (c) FE of different products 

obtained at different current densities by using the flow cell. (d) production rate of C-S 

species obtained at different current densities by using the flow cell. (e) 

Chronopotentiometry experiment profile and FE at a current density of 100 mA cm–2 

for long-term stability. (f) Production cost comparison between the electrochemical 

CO2 reduction-based and CH3OH oxidation-based ways. (g) A radar plot comparison 

of different C-S bond constructing technologies. The error bars represent at least three 

independent tests. 
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General approach for electrochemical production of diverse C-R species  

Our electrochemical approach provides a new route for effectively creating C-S 

bonds and producing C-S organic molecules at a high production rate. Specifically, the 

use of commercially available catalysts and the cost-effective feedstocks derived from 

biomass and industrial waste motivate us to expand this technology for the synthesis of 

various other C-X materials. Therefore, using a similar design, we explore the 

possibility of using a diverse range of biomass-derived chemicals as alternative 

feedstocks. 

Employing biomass-derived ethanol, acetate, isopropanol, glycolic acid, glycerol, 

and ethylene glycol as the activated electrophilic intermediates generation sources, 

various organosulfurs including the HMS, SA, MS, isethionate (SI) and 1,2-ethane 

disulfonate (EDS) have been obtained with a considerable high production rate and FE 

(Figs. 5a-g and Supplementary Figs 34-36). It is noteworthy that all catalysts employed 

were commercially available and were directly used without further treatment before 

using. For example, the SI, which is wildly used in the production of soaps and 

shampoos,49 was synthesized through a Pt-catalyzed ethanol coupling reaction, 

achieving a production rate of 108.99 μmol cm-2 hr-1. The EDS, which has been 

explored as a linker in the synthesis of MOFs,50 can be generated with the system based 

on acetate, reaching a production rate of over 800 μmol cm-2 hr-1. In addition, for the 

HMS production, we observed a sixefold increase in production rate in the glycerin-

oxidation system compared to the methanol-oxidation system (Fig. 5i), indicating 

strong potential for industrialization. Switching SO3
2- to S2O6

2- also resulted in the 

production of similar compounds (Supplementary Fig 37). Moreover, this approach 

proved effective for constructing C-R bonds; using NH3 as a feedstock led to the 

formation of formamide, which is traditionally produced from CO and NH3 under high-

temperature and high-pressure conditions (Supplementary Figs 38 and 39).51 In 

experiments that utilized glycerol as a carbon source, as shown in Fig. 5h, a high 

production rate of formamide, 300.52 μmol cm-2 hr-1, was also achieved.
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Fig. 5 | General approach for electrochemical C–R bond construction, R is the 

atom of S, and N. Schematic representation of using various feedstocks for C–R bond 

formation, employing (a) methanol, (b) glycerol, (c) ethanol, (d) isopropanol, (e) 

acetate, (f) glycolic acid, and (g) ethylene glycol as C sources, and (h) ammonia as the 

N source. (i) The production rate of C-R bond formation at 100 mA cm-2 by using 

different electrolytes.  
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Conclusion 

We have developed an efficient and environmentally friendly strategy for 

constructing C-S bonds through electrochemical upgrading of biomass derivatives 

using commercial catalysts. Using CH3OH as the feedstock, we achieve a high 

efficiency for C-S bond formation, nearly reaching 100% below 10 mA cm-2 and 

exceeding 60% over a wide current density range from 100 to 1000 mA cm-2. An 

industry-available production rate has been achieved, with 871.67 µmol cm-2 hr-1 at 100 

mA cm-2 and 6959.76 µmol cm-2 hr-1 at 1000 mA cm-2, respectively. Furthermore, our 

system exhibits excellent long-term durability, showing stability for over 50 hours at a 

commercial current density of 100 mA cm-2 in a practical flow reactor. Different 

pathways for HMS, SA, and MS formation were identified, and the intermediate 

including *CH2O, *CH3, and *OHCH2CHO were proved to be effective in C-S bond 

formation. Remarkably, our approach demonstrated its flexibility and versatility in 

creating different C-S bonds from a variety of feedstocks (such as ethanol, acetate, 

isopropanol, glycolic acid, glycerol, and ethylene glycol) and in forming other types of 

bonds, such as C-N bonds, making it a promising method for industrial applications in 

the production of diverse carbon-based compounds. 
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