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REVIEWER COMMENTS

Reviewer #1 (Remarks to the Author):

In this study, a one-pot redox cascade electrosynthesis of gamma-butyrolactone (GBL) from furoic acid 

(FA) was developed by a Pt(+) | Ni(-) electrode pair in an undivided cell, which broadens the 

electrochemical paths to biomass-derived feedstock valorizafion. The authors have maken affords to 

demonstrate the feasibility of FA oxidafion to 2(5H)-furanone (2-FO) by Pt electrode and 2-FO reducfion 

to GBL by Ni electrode, respecfively, under different pH environments and reacfion temperatures. They 

combined the two redox reacfions in one cell under the same condifion. In the current version, however, 

the data is not sufficient, and the demonstrafion of the catalyfic mechanism is not solid. In addifion, the 

manuscript is not well prepared, many sentence errors are needed to be revised.

1. The authors need to provide detailed data for product quanfificafion using HPLC, including the 

calibrafion curves of different products and the retenfion fime curves of corresponding fime-resolved 

electrolysis. The detecfion of trace products also requires convincing data.

2. It is highly suggested that the authors elaborate the reasons (mechanisms) for the high reacfion 

selecfivifies of Pt and Ni electrode in corresponding electrode reacfions, compared with other metal 

electrodes. It would be befter to provide evidence, either theorefical or pracfical.

3. The following sentence errors and confusing expressions should be checked and revised.

(1) Line 50, “with formaldehyde 90-110 °C”.

(2) Line 87, what’s mean by “chemical significance”?

(3) Line 64, “but the required stoichiometric oxidants, such as H2O2 and peroxymonosulfate, in harsh 

reacfion environments, which called for a greener catalyfic approach”. Where is the “predicate”?

(4) Line 104, “FA did not reduce electrochemically but only oxidized to 2-FO”. It should be in the passive 

voice.

(5) Line 109, “transformafion. (Fig. S1a)”. The posifion of the parentheses should be checked throughout 

the manuscript.

(6) Line 137, “the electrode shifted from FA oxidafion to oxygen evolufion reacfion (OER)”.

(7) Line 147, “at 20, 40, 60, and 80 were”.

(8) Line 154, “the OER onset potenfials differences in the presence and absence of FA”. How can the 

authors make sure the onset potenfials are from OER?

(9) Line 270, “according to an earlier control experiment”. Where is it?

(10) Line 292, “While the Pt operated at +1.6 VAg/AgCl, the Ni cathode working potenfial reached -0.6 

VAg/AgCl”. How can the authors determine the working potenfials for anode and cathode 

simultaneously, with one reference electrode?

(11) Line 298, “between +1.8 – 2.0 VAg/AgCl”.

(12) Line 304, “Based on our LC analysis”. Where is it?

(13) Line 308, “all of which were detected”. Evidence it in this work.

(14) Line 318, “+2.0 Pt-VAg/AgCl”.

Reviewer #2 (Remarks to the Author):



Shengqin Liu et al describe paired electrosynthesis of gamma-butyrolactone (GBL) from furoic acid. GBL 

is very useful biobased plafform chemical and as such the process has a high potenfial for manufacturing 

of this chemical on industrial scale. Regarding the scienfific novelty - oxidafion of furnoic acid to 

hydroxyfurane (a tautomer of the proposed anodic oxidafion product (2(5H)-furanone) is known: see ref. 

49 ACS Catal. 2019, 9, 10305. Consequently, the novelty of this arficle is pairing the oxidafion with 

hydrogenafion at nickel cathode which seems insufficient for publicafion in nature comm. and would be 

appropriate for more specialized journal.

Addifional comments

1) Arficle contains unnecessary large amount of technical details which makes difficult to follow the 

essence.

2) For the opfimizafion of both anodic process and cathodic process in unpaired mode the corresponding 

red or ox reacfions should be provided. It can be assumed that for anodic oxidafion a proton reducfion 

to hydrogen is a cathodic process. It remains unclear what is anodic process for reducfion of furanone 

(i.e. generafion of hydrogen for this process)

3) The process has been performed on relafively small scale. 150 mL volume. The amount of product for 

this scale is not provided in the experimental descripfion.

4) Minor comments:

a) The term “biochemical” typically refers to chemicals of living organisms, please replace

b) line 44. Crifical solvent is not a correct term

c) line 112: “...the highest possible pH was sfill preferred to maximize FA deprotonafion”I was not able to 

get sense of this sentence

d) line 188: what is meant by “b.p. of furan (radical)?

e) line 342: “It was also possible that part of the GBL yield was lost during the evaporafive 

concentrafion” I guess it is easy to be determined with an internal standard

f) References need to include recent reviews of paired electrolysis

Reviewer #3 (Remarks to the Author):

This arficle illustrates an electrochemical path to make gamma butyrolactone (GBL) from furoic acid (FA) 

in a single electrochemical cell by performing oxidafive and reducfive steps on each electrode. FA is 

oxidized to 25H-furanone (2FO) at the anode, which is then reduced to GBL at the cathode. It is overall a 

clever scheme and the yields are notably high. I have a few significant concerns, but believe they might 

be addressable in a major revision.

1) Control experiments need to be explicitly shown. It needs to be shown that the elevated temperature 

with contact with the electrode metals does not cause any thermal catalyfic reacfions. CVs also need to 

be shown befter illustrafing the low acfivity of the opposite electrodes toward each reactant — i.e., 

please show 2FO being cycled into high anodic potenfial and FA being cycled to low reducfive potenfial 

to clearly show their inertness toward side reacfions at relevant condifions.



2) NMR data is only shown for the isolated product. Please provide raw electrolysis NMRs with 

idenfificafion of all peaks.

3) Is the 2,5H furanone actually pure or is there also 2,3H furanone?

4) The quoted selecfivity should be based on conversion, not just detected products, as it makes it sound 

higher than it really is. All run data should also be compiled in an SI table (showing FE, carbon balance, 

Yield, reacfion condifions etc). It is hard to synthesize all the informafion when relayed in paragraph 

form. Faradaic efficiency and carbon balance should also be commented on in addifion to the 

yield/selecfivity of the products in the abstract.

5) Some comparisons of OER onset are made with organic present and absent (Fig S5 and related 

comments). In the presence of organic, how is OER disfinguished from the organic oxidafion when only 

current is measured?

6) The formafion of a furan “radical” is discussed, but this will not really be a radical if it is adsorbed to 

the surface. I would also change the phrasing to say this species is hypothesized — while the comments 

are plausible, there is no direct observafion of this species.

7) Comments around page 18 were confusing with regard to the experiments to evaluate inertness of 

electrodes toward reacfing with the wrong species — for example referring to posifive voltages that 

cause HER (when it is meant that these push the cathode toward a more negafive voltage to match the 

current, and that causes HER). Given my comment #1 about showing plain CV’s in wider voltage ranges, 

that whole discussion may likely change anyway.

8) There are no error bars or reproducfion of even the opfimized condifions. How dependable are the 

yields, FE, CB etc?

9) It was stated that Pt was chosen because it is stable. It was also stated that polymers likely accumulate 

on the surface, meaning that the metal itself may not be very important. Do other stable electrodes like 

Au give different results?

10) Most biomass processing routes are going to lead to furfural (FF) as a starfing point. It was found that 

the reactor concept in this paper doesn’t work well with FF because it is too reacfive with the cathode, 

and thus the authors start with FA instead. It is implied that pre-oxidafion FF->FA will be very easy, but I 

think this needs more discussion and qualificafion about what realisfic rates and selecfivifies would be 

achievable, and how the whole path would be integrated as a process.



Reviewer #1 (Remarks to the Author): 

In this study, a one-pot redox cascade electrosynthesis of gamma-butyrolactone (GBL) from furoic 

acid (FA) was developed by a Pt(+) | Ni(-) electrode pair in an undivided cell, which broadens the 

electrochemical paths to biomass-derived feedstock valorisation. The authors have maken affords to 

demonstrate the feasibility of FA oxidation to 2(5H)-furanone (2-FO) by Pt electrode and 2-FO 

reduction to GBL by Ni electrode, respectively, under different pH environments and reaction 

temperatures. They combined the two redox reactions in one cell under the same condition. In the 

current version, however, the data is not sufficient, and the demonstration of the catalytic mechanism 

is not solid. In addition, the manuscript is not well prepared, many sentence errors are needed to be 

revised. 

Response: Thank you for the positive and constructive feedback. We apologise that the submission 

draft did not contain sufficient data to clarify our scientific content. We have revised the manuscript 

substantially based on the reviewers’ comments. We have also hired an external editing agency to 

check for any grammatical errors and typos. 

 

1. The authors need to provide detailed data for product quantification using HPLC, including the 

calibration curves of different products and the retention time curves of corresponding time-resolved 

electrolysis. The detection of trace products also requires convincing data. 

Response: Thank you for the suggestion. The detailed data on product quantification using HPLC, 

including the calibration curves of different products and the retention time curves of corresponding 

time-resolved electrolysis, is now included in the revised supporting information (SI). The evidence 

for the detection of trace products is also provided in the revised SI. 
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Fig. R1 (Fig. S3). HPLC calibration curves of different products obtained from the photodiode array (PDA) and 

refractive index (RI) detectors. 

 

Fig. R2 (Fig. S14). HPLC chromatograms of (a) -PDA @ 210 nm and (b) -RI sample analyses collected 

periodically from a time-resolved electrolysis of 100 mM FA in 20 mL of 0.5 M pH 5.5 buffer at +2.0 VAg/AgCl 

referenced to the Pt anode paired with a Ni counter electrode at 80 °C. Note: MA: Maleic acid; HFO: 5-Hydroxy-

2(5H)-furanone; 2-FO: 2(5H)-Furanone; FA: Furoic acid; GBL: Gamma-butyrolactone; GHB: Gamma-

hydroxybutyrate; SA: Succinic acid. 
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Fig. R3 (Fig. S13). HPLC chromatogram from PDA @ 210 nm showing trace production of MA and HFO, 

collected from the ECH of 20 mM 2-FO in 20 mL of 0.5 M pH 5.5 buffer at Pt +2.0 VAg/AgCl paired with a Ni 

counter electrode after 300 coulomb charge passed at 80 °C. Note: MA: Maleic acid; HFO: 5-Hydroxy-2(5H)-

furanone; 2-FO: 2(5H)-Furanone; GBL: Gamma-butyrolactone.  

 

2. It is highly suggested that the authors elaborate the reasons (mechanisms) for the high reaction 

selectivities of Pt and Ni electrode in corresponding electrode reactions, compared with other metal 

electrodes. It would be better to provide evidence, either theoretical or practical. 

Response: Thank you for raising this suggestion. We also agree with the reviewer that elaborating 

on the high reaction selectivity of Pt and Ni electrodes is necessary. We would also like to take the 

opportunity to clarify why Pt and Ni showed great electrocatalytic activities in their corresponding 

electrode reactions. Here, we define selectivity as the production of 2-FO instead of other over-

oxidised or ring-opening products, such as maleic acid (MA), succinic acid (SA), or furanic 

polymer. Activity is defined as the catalytic performance of electrocatalytic oxidised FA. 

a) Pt’s high selectivity in producing 2-FO, contributed by temperature 

The high selectivity observed from Pt (oxidising FA to 2-FO) is actually due to the reaction 

condition at 80 °C and mildly acidic condition. In our reaction, FA undergoes electrocatalytic 

oxidative decarboxylation to yield a furan radical intermediate. The 80 °C reaction temperature 

promotes its thermal desorption from the electrode surface, allowing it to react with the water to 

yield 2-FO (Fig. R4c). In our revised manuscript, we have added an EPR study (Fig. 1d) that 

captured the presence of a carbon-centred radical species, which we deduced to be the furan radical. 

At low temperatures, e.g., 20 °C, the furan radical retained well on the electrode and polymerised 

(Fig. R 4b), and thus produced more polymer on the Pt surface, which was observed in the ex-situ 

ATR-FTIR study (Fig. 1c).  

 

 



b) Pt’s high selectivity in producing 2-FO, contributed by pH 

The mildly acidic environment at pH 5.5 was also important to enhance selectivity, as it promotes 

the deprotonation of FA, which can enhance anodic adsorption. The adsorption mode was supported 

by in-situ FTIR analysis and DFT calculations. 1,2 At pH 1, the conversion of FA reached 100%, but 

the 2-FO yield decreased to 28.3% ± 1.8% and the HFO yield increased to 14.7% ± 2.6% (from 

11.6% ± 1.3% at pH 2) (Table R1). The decreased yield of 2-FO may be attributable to weak furan 

ring-directed adsorption of FA, which promoted its overoxidation and mineralisation (Fig. R4a). 

This would have increased the HFO yield and the oxidative mineralising activity, as indicated by 

the low carbon balance (CB). To solve this problem, we used a pH of 5.5, at which FA was nearly 

entirely deprotonated, as indicated by an ultraviolet-visible spectroscopy analysis (Fig. S5). At pH 

5.5, the CB was 89.0% ± 1.6%, whereas at pH 1, it was only 46.1% ± 3.1% (Table R1). The 

carboxylate form of FA, i.e., furoate anion, tended to adsorb in a bidentate manner and upright 

orientation onto the Pt surface (Fig. R4c),1,2 and promoted the ECO of the carboxyl group. The linear 

sweep voltammetry (LSV) analyses show a greater current density difference (with and without FA) 

at pH 5.5 than at pH 1, indicating a stronger furoate inhibition on Pt at pH 5.5, and thus confirming 

the enhancement of surface adsorption of the furoate anions at greater pH. (Fig. R5). 

 

Table R1. (Table S1) Electrocatalytic oxidation of FA 

Entry WE pH Conversion (%) 
Yield of products (%) 

Sel of 2-FO (%) CB (%) 
HFO MA 2-FO 

1 Pt 1 100 ± 0.0 14.7 ± 2.6 3.2 ± 1.3 28.3 ± 1.8 28.3 ± 1.8 46.1 ± 3.1 

2 Pt 5.5 88.9 ± 3.0 1.3 ± 0.5 3.0 ± 0.5 74.8 ± 4.4 84.2 ± 2.4 89.0 ± 1.6 

3 Au 5.5 8.4 ± 3.6 0.8 ± 0.6 0.4 ± 0.2 6.5 ± 2.7 77.3 ± 4.0 92.2 ± 4.1 

Reaction conditions: 10 mM FA in 10 mL of 0.5 M buffer at +1.8 VAg/AgCl referenced to the WE (working anode) 

paired with a Pt counter electrode at 80 °C. 

 

c) 2-FO production activity contributed by metal catalyst 

In terms of activity, we compared the electrocatalytic oxidation performance of FA between Pt and 

Au. We found that using gold (Au) electrodes afforded a poor yield of 2-FO (6.5% ± 2.7%) (Table 

R1). Density functional theory (DFT) calculations suggested that the Au surface was more 

susceptible than the Pt surface to being ‘poisoned’ by upright furoate, thereby hindering furoate 

decarboxylation or oxidation steps.3 



 

Fig. R4 (Fig. 2). Various anodic interface events at pHs 1 and 5.5 above and below 40 °C, respectively 

 

Fig. R5 (Fig. S6). LSV study at pH 1 and pH 5.5 with or without 50 mM FA. Reaction conditions: Scan rate 50 

mV/s; 80 °C; WE: Pt; CE: Pt. 



d) GBL production selectivity contributed by metal catalyst 

The high C=C ECH efficiency can be explained by the d-band model devised by Nørskov et 

al.4. According to this model, a short distance between a d-band centre and a Fermi level enhances 

the binding energy between a metal surface and absorbents (Table R2). Among the top five most 

active metal catalysts, the binding energy of 2-FO followed the trend of Ni < Pd < Pt < Cu < Au, 

which closely aligned with the GBL yields observed in the experiment (Fig 3a). Delbecq et al.5 

reported that a decrease in the d-band width increased the interaction between the C=C bond and 

the metal surface, resulting in increased selectivity for C=C hydrogenation over C=O reduction. Ni 

possessed the narrowest d-band among the five metal catalysts, consistent with our experimental 

observation for C=C hydrogenation. To verify the electrocatalytic reduction activity for 2-FO 

hydrogenation, we performed CV analysis of all of the cathode materials (Fig. R6). Only the CVs 

of Ni displayed an observable difference in current with and without 2-FO, respectively, aligning 

with the aforementioned d-band width model of the C=C adsorption of 2-FO onto Ni. [Line 282 – 

302] 

Table R2. The d-band centre and width of different metal catalyst 

 
d-band centre (eV) d-band width (eV) 

Ni −1.29 3.0 

Pd −1.83 4.1 

Pt −2.25 5.8 

Cu −2.67 3.0 

Au −3.56 5.7 

 



Fig. R6 (Fig. S9). Cyclic voltammograms (CVs) in the presence and absence of 20 mM of 2-FO in 20 mL pH 5.5 

electrolyte at 80 °C using different working electrodes (a) Ni; (b) Pd; (c) Cu; (d) Pt; (e) Pb; (f) Au; (g) CC; (h) 

Mo; (i) Zn as WE, respectively. 

3. The following sentence errors and confusing expressions should be checked and revised. 

(1) Line 50, “with formaldehyde 90-110 °C”. 

Response: Thanks for your reminder. We have rewritten this sentence in [Line 52]. 

 

(2) Line 87, what’s mean by “chemical significance”? 

Response: Thank you for the question. Chemical significance meant “how did the chemical 

intermediate participate in the reaction?”, as in what were their significant roles in this chemical 

reaction. We have changed this sentence to “We systematically investigated the influence of various 

reaction parameters on reactants and key intermediates to maximise the desired product selectivity 

from the respective electrodes and integrate redox reactions in an undivided cell.” in the revised 

manuscript in [Line 107 – 110]. 

 

(3) Line 64, “but the required stoichiometric oxidants, such as H2O2 and peroxymonosulfate, in harsh 

reaction environments, which called for a greener catalytic approach”. Where is the “predicate”? 

Response: Thanks for your kind reminder. We have rewritten this sentence to “However, although 

these methodologies have provided valuable mechanistic insights into the conversion of FAL or FA 

to GBL, they require stoichiometric oxidants, such as H2O2 and peroxymonosulfate, and harsh 

reaction conditions.” in the revised manuscript in [Line 68].  

 

(4) Line 104, “FA did not reduce electrochemically but only oxidised to 2-FO”. It should be in the 

passive voice. 

Response: Thanks for the advice. We have rewritten this sentence to “Control experiments using 

cyclic voltammetry (CV) analysis and bulk electrolysis confirmed that FA could not be 

electrochemically reduced and could only be oxidised to 2-FO, which, in turn, could only be 

hydrogenated to GBL (Fig. S1).” in the revised manuscript in [Line 126 – 129]. 

 

(5) Line 109, “transformation. (Fig. S1a)”. The position of the parentheses should be checked 

throughout the manuscript. 

Response: Thanks for your suggestion. The whole manuscript has been revised with the suggested 

format. 

 

(6) Line 137, “the electrode shifted from FA oxidation to oxygen evolution reaction (OER)”.  

Response: Thanks for the reminder. We rephrased this sentence to “because electrocatalytic 

oxidation shifted from FA oxidation to the oxygen evolution reaction (OER)” in the revised 

manuscript in [Line 172].  



 

(7) Line 147, “at 20, 40, 60, and 80 were”. 

Response: Thank you for the reminder. We have revised the clause accordingly in the locations 

where it appears. [Line 177 and 190] 

 

(8) Line 154, “the OER onset potentials differences in the presence and absence of FA”. How can the 

authors make sure the onset potentials are from OER? 

Response: Thank you for this question. We agree that in the presence of an organic substrate, part 

of the OER onset current is convoluted with organic oxidation. However, the Faradaic current 

resulted in organic oxidation is negligible compared to the OER because of the rapid scan rate of 50 

mV s-1, and the mass transport of fresh reductant, namely the FA, is relatively slow in the non-stirred 

environment of LSV experiments. Therefore, the observed sharp rise in current is OER. A 

comparable example measuring the OER onset potential change due to organic adsorptive inhibition 

(Fig. S8) is also commonly seen in the Kolbe electrolysis study, where volatile fatty acids adsorption 

shifted the OER onset potentials to more positive values.6 

 

(9) Line 270, “according to an earlier control experiment”. Where is it? 

Response: Thank you for your reminder. It is in Fig. S4 and we have added “(Fig. S4)” at the end 

of this sentence in the revised manuscript in [Line 314]. 

 

(10) Line 292, “While the Pt operated at +1.6 VAg/AgCl, the Ni cathode working potential reached -0.6 

VAg/AgCl”. How can the authors determine the working potentials for anode and cathode 

simultaneously, with one reference electrode? 

Response: Thank you for the question. We recorded the cathode potentials using a multimeter 

(measured between the cathode and reference electrode) while the electrochemical workstation 

monitored the working potentials for the anode. To make the manuscript concise, we moved the 

discussion of this part to the SI in Fig. S12. 

 

(11) Line 298, “between +1.8 – 2.0 VAg/AgCl”. 

Response: Thank you for the kind reminder. We changed it to “between +1.8 – +2.0 VAg/AgCl” in the 

revised manuscript in [Line 331]. 

 

(12) Line 304, “Based on our LC analysis”. Where is it? 

Response: This was evidenced by HPLC and we quantified the concentration of GHB with 4.4 ± 

0.7 % yield and added this data to Fig. 3e in the revised manuscript. GHB was produced through 

GBL ring-opening hydrolysis, a side reaction commonly at pH >2.7 

 

(13) Line 308, “all of which were detected”. Evidence it in this work. 



Response: These overly oxidised products, such as HFO and MA were detected by HPLC (Fig. R7). 

 

Fig. R7 (Fig. S13) HPLC chromatogram from PDA @ 210 nm showing trace production of MA and HFO, 

collected from the ECH of 20 mM 2-FO in 20 mL of 0.5 M pH 5.5 buffer at Pt +2.0 VAg/AgCl paired with a Ni 

counter electrode after 300 coulomb charge passed at 80 °C. Note: MA: Maleic acid; HFO: 5-Hydroxy-2(5H)-

furanone; 2-FO: 2(5H)-Furanone; GBL: Gamma-butyrolactone.  

 

(14) Line 318, “+2.0 Pt-VAg/AgCl”. 

Response: Thanks for your reminder. In the revised manuscript, we changed this to “+2.0 VAg/AgCl 

set to the Pt anode” in [Line 354]. 

 

  



Reviewer #2 (Remarks to the Author): 

Shengqin Liu et al describe paired electrosynthesis of gamma-butyrolactone (GBL) from furoic acid. 

GBL is very useful biobased platform chemical and as such the process has a high potential for 

manufacturing of this chemical on industrial scale. Regarding the scientific novelty - oxidation of 

furnoic acid to hydroxyfurane (a tautomer of the proposed anodic oxidation product (2(5H)-furanone) 

is known: see ref. 49 ACS Catal. 2019, 9, 10305. Consequently, the novelty of this article is pairing 

the oxidation with hydrogenation at nickel cathode which seems insufficient for publication in nature 

comm. and would be appropriate for more specialised journal.  

Response: Thank you for the constructive comments. We are excited about contributing a green and 

convenient electrocatalytic procedure to transform FA directly to GBL, and we hope this method 

can strengthen the role of biorefinery. In addition to enhancing the mechanism discussion, we 

increased the electrolysis scale to 5.6 g of FA and produced over 2 grams of 98+% pure GBL. We 

agree with the reviewer that there are sophisticated mechanism works published on the oxidation of 

furfural or furoic acid, and some of these works were helpful to our manuscript. However, the 

novelty of this work lies beyond just pairing the FA oxidation with a Ni-catalysed ECH of 2-FO. 

Please allow us to summarise the novelties here: 

First, the electrocatalytic oxidation of FA to 2-FO and reduction of 2-FO to GBL occurs in a single 

undivided cell. And our reaction does not require a mediator, such as TEMPO, organic co-solvent, 

or a separator. To the best of the authors’ knowledge, undivided paired electrolysis is rare, as most 

paired electrolysis requires an ion-exchange membrane separator to prevent redox crossover. 

Moreover, the undivided cell setting prevents pH fluctuations commonly observed in divided cells. 

In our case, if we employ a divided cell and the anodic pH gets too low, the FA oxidation product 

selectivity will shift from 2-FO to HFO, which prevents the formation of GBL. 

Second, the high selectivity of FA to 2-FO was possible because of the discovery of thermal-

dependent surface desorption of the furan radical from the electrode’s surface and the pH-dependent 

adsorption state of the furoate anion. Such a discovery was not reported in any of the furfural or FA-

focused electrochemical studies. To the best of the authors’ knowledge, such a simple yet effective 

strategy to generate 2-FO and GBL is unprecedented in the electrosynthesis community.  

Third, the highly efficient reduction of 2-FO to GBL was also achieved with 98.5% ± 0.5% olefin 

hydrogenation selectivity in an ambient condition, which mitigates the use of a high-pressure 

reaction apparatus. Furthermore, the one-pot reaction was scaled up to 5.6 g of FA and produced 

2.1 ± 0.2 g of 98.1% ± 0.4% pure GBL, which was obtained through simple solvent extraction. 

There was no unintended redox reaction for the 2-FO and GBL. The appropriate inertness of 2-FO 

and FA is one of the key criteria that enables direct production of GBL from FA. 

Fourth, earlier reported works mainly focused on oxidizing furfural or furoic acid to ring-opening 

products and their mechanisms. We focused on designing the reaction to halt at 2-FO instead of 

going further to maleic or succinic acids. We did so by designing the reaction conditions, such as 

pH and temperature, that favored the formation and retention of 2-FO. We also identified a suitable 

cathodic material that can rapidly hydrogenate the 2-FO into GBL. Thanks to the reviewers’ 

comments, we have revised the manuscript substantially and hope this matches the standard of the 

reviewer and that of Nature Communications.  



Additional comments 

1) Article contains unnecessary large amount of technical details which makes difficult to follow the 

essence.  

Response: Thank you for your suggestions. To improve the clarity of the manuscript, we have 

revised the manuscript content substantially and moved some discussions e.g., the discussion on 2-

FO reduction at different applied voltages and some of the temperature-relevant work to the SI. 

 

2) For the optimisation of both anodic process and cathodic process in unpaired mode the 

corresponding red or ox reactions should be provided. It can be assumed that for anodic oxidation a 

proton reduction to hydrogen is a cathodic process. It remains unclear what is anodic process for 

reduction of furanone (i.e. generation of hydrogen for this process) 

Response: Thank you for asking this question. The revised SI now provides a discussion on the 

corresponding redox reactions. 

 

During the reduction of 2-FO (Eq. 1), the hydrogen evolution reaction (Eq. 2) occurred in parallel 

on the cathode as well. As for the anodic processes, water splitting (Eq. 3) was the sole reaction 

since 2-FO could not be oxidised as control experiments verified. The electrochemical equations are 

as follows: 

Cathode 

2-FO + 2H+ + 2e- --> GBL         Eq. 1 

2H+ + 2e- --> H2            Eq. 2 

Anode 

H2O --> O2 + 4H+ + 4e-          Eq. 3 

 

During the FA oxidation study in unpaired mode, furan-2-carboxylate anion (FA anion) underwent 

a single-electron oxidation to induce decarboxylation (Eq. 4) to become a furan radical, which reacts 

with water to yield 2-FO. (Eq. 5) The cathodic reaction would be a hydrogen evolution reaction. 

(Eq. 2) The electrochemical equations are as follows: 

Anode 

Furan-2-carboxylate ---> Furan radical + CO2 + e-     Eq. 4 

Furan radical + H2O --> 2-FO + H+ + e-       Eq. 5 

Cathode 

2H+ + 2e- --> H2            Eq. 2 

 



3) The process has been performed on relatively small scale. 150 mL volume. The amount of product 

for this scale is not provided in the experimental description.  

Response: Thanks for your advice. We have provided a more detailed description in the “Scaled-up 

Electrolysis and Product Isolation” section. We expanded the reaction scale to 5.6 grams of FA in 

500 mL (100 mM) and obtained a 47.8 ± 3.5 % isolated yield of GBL with 98.1% ± 0.4% purity 

(Fig. R8).  

 

Fig. R8 (Fig. S15). The purity of GBL was examined by 1H NMR. Reaction conditions: 50 mA cm−2, 24 h, 3 × 3-

cm Pt anode paired with 3 × 3-cm Ni cathode, pH 5.5, 80 °C. The solution was extracted by 500*2 mL of DCM. 

Then the organic solution was rotary evaporated to obtain the high-purity GBL. Formic acid was used as an 

internal standard for quantitation. 

 

4) Minor comments:  

a) The term “biochemical” typically refers to chemicals of living organisms, please replace 

Response: Thanks for your suggestion. We changed it to “bio-derived chemicals” in [Line 43] in 

the revised manuscript. 

 

b) line 44. Critical solvent is not a correct term 

Response: Thanks for your reminder. We changed it to “non-toxic solvent” in [Line 45]. 

 



c) line 112: “...the highest possible pH was still preferred to maximise FA deprotonation” I was not 

able to get sense of this sentence 

Response: Thanks for your question. We meant that the reaction should be performed at the highest 

possible pH, where FA is fully deprotonated. This is because 1) although the FA oxidation could 

work in an acidic environment between 2 – 5.5, pH 5.5 is preferred because that’s when all the FA 

is deprotonated. The deprotonated FA is beneficial to promoting their surface adsorption. 2) a higher 

pH also benefits the subsequent ECH of 2-FO. We have updated the writing as follows:  

“To solve this problem, we used a pH of 5.5, at which FA was nearly fully deprotonated, as indicated 

by an ultraviolet-visible spectroscopy analysis (Fig. S5).” [Line 144–146] 

 

d) line 188: what is meant by “b.p. of furan (radical)? 

Response: Thanks for your question. The “b.p. of furan (radical)” means the boiling point of furan 

radical. We have revised it with its full name in the revised manuscript in [Line 239]. 

 

e) line 342: “It was also possible that part of the GBL yield was lost during the evaporative 

concentration” I guess it is easy to be determined with an internal standard 

Response: Thank you for your advice. GBL yield loss could happen in every step of the separation 

process, e.g., extraction, drying of the organic extract and evaporation. Due to the difference in 

boiling point, solubility, stability and the special peak shift for NMR spectra, it is hard to find an 

appropriate internal standard. After we quantified the GHB yield, we found the main loss of GBL 

was due to the hydrolysis of GBL to GHB during the long-time heating. Thus, to get a higher yield 

of GBL, we could potentially use a larger electrode operating at a higher current to shorten reaction 

time to reduce loss due to GBL hydrolysis to GHB. The development of a large-scale electrolysis 

system is currently underway. 

 

f) References need to include recent reviews of paired electrolysis  

Response: Thank you for your suggestion. It is meaningful to cite some recent reviews of paired 

electrolysis. And we added the following sentences to the introduction section from [line 82 to 92] 

in the revised manuscript.  

In recent years, paired electrolysis has attracted increasing interest due to its potential 

application in advanced electro-synthetic routes, and enhanced energy efficiency and economic 

value. Typically, most paired electrolysis setups involve separating redox reactions using an ion-

exchange membrane or a porous frit to minimise yield loss from reverse reactions. The product 

streams are then collected separately or combined, depending on specific reaction requirements.8,9 

Separator-free one-pot paired electrolysis setups are relatively rare because they require careful 

substrate selection and precise condition tuning to suppress reverse reactions. Thus, only a few 

such setups have been reported and have used elaborate electrochemical mediators and had limited 

current flow, hindering the achievement of high yields and efficiency.10  



Reviewer #3 (Remarks to the Author): 

This article illustrates an electrochemical path to make gamma butyrolactone (GBL) from furoic acid 

(FA) in a single electrochemical cell by performing oxidative and reductive steps on each electrode. 

FA is oxidised to 25H-furanone (2FO) at the anode, which is then reduced to GBL at the cathode. It 

is overall a clever scheme and the yields are notably high. I have a few significant concerns, but believe 

they might be addressable in a major revision. 

Response: Thank you for providing such positive and constructive comments. We have revised the 

manuscript substantially and hope our revision can address the reviewer’s concerns. 

 

1) Control experiments need to be explicitly shown. It needs to be shown that the elevated temperature 

with contact with the electrode metals does not cause any thermal catalytic reactions. CVs also need 

to be shown better illustrating the low activity of the opposite electrodes toward each reactant — i.e., 

please show 2FO being cycled into high anodic potential and FA being cycled to low reductive 

potential to clearly show their inertness toward side reactions at relevant conditions. 

Response: Thank you for this suggestion. We added a new series of LSV and bulk electrolysis 

control experiments, and they showed that no conversion occurred when we added the airflow in an 

open-circuit to different anode materials (Pt, Au) for the FA oxidation, and separately, adding H2 to 

all kinds of cathode materials for the 2-FO reduction at 80 °C. CVs for opposite electrodes towards 

“the wrong” reactant were shown in Fig. R9. Both CVs show almost no difference in the absence 

and presence of the “wrong reactant”, e.g. Pt for the oxidation of 2-FO and Ni for the reduction of 

FA, verifying the low activity of the opposite electrodes towards each other reactant. 

 

Fig. R9 (Fig. S1). Cyclic voltammograms (CVs): (a) Positive scan using Pt as working electrode with and without 

20 mM 2-FO and (b) Negative scan using Ni as working electrode with and without 20 mM FA in 20 mL pH 5.5 

electrolyte at 80 °C, respectively. 

 

 



2) NMR data is only shown for the isolated product. Please provide raw electrolysis NMRs with 

identification of all peaks.  

Response: Thanks for your suggestion. We added a pre-extracted 1H NMR prepared from diluting 

our aqueous reaction sample with D2O. GHB and succinic acid (SA) were also detected in small 

quantities. Based on 1H-NMR integration, the GHB and SA yields were 12 % and 5% yield, 

respectively (Fig. R10). SA might be generated from the ring-opening of 2(3H)-furanone, which 

yields 4-oxobutanoic acid, followed by the ECO of its aldehyde group.2 It may also be formed from 

the ECH of the C=C bond of MA, which came from HFO described in Scheme 2. A trace of butyric 

acid (BA) was also observed, which might be generated from the reduction of GHB. 

 

Fig. R10 (Fig. S16). 1H NMR analysis of pre-extracted electrolyte in D2O. Reaction conditions: 50 mA cm−2, 24 

h, 3 × 3-cm Pt anode paired with 3 × 3-cm Ni cathode, pH 5.5, 80 °C. Note: GBL: Gamma-Butyrolactone; GHB: 

Gamma-Hydroxybutyrate; SA: Succinic acid; BA: Butyric acid. 

 

3) Is the 2,5H furanone actually pure or is there also 2,3H furanone? 

Response: According to the raw reaction solution 1H NMR result below (Fig. R11), there is no 

apparent 2(3H)-furanone (3-FO) peaks at 3.10, 5.52 and 6.7411, indicating that the 2(5H)-furanone 

is pure after the experiment. However, we still believe 3-FO was formed during the electrolysis 

because succinic acid, which is the ring-opening product from 3-FO as Q2 discussed, was detected. 



 

Fig. R11. Raw electrolysis 1H NMR results in D2O. One-pot electrochemical conversion of FA reaction passed 

charges 500 C. Reaction conditions: 100 mM FA in 20 mL pH=5.5 buffer; 80 °C; 2.0 VAg/AgCl; WE: Pt, CE: Ni. 

Note: GBL: Gamma-Butyrolactone; GHB: Gamma-Hydroxybutyrate; SA: Succinic acid.  

 

4) The quoted selectivity should be based on conversion, not just detected products, as it makes it 

sound higher than it really is. All run data should also be compiled in an SI table (showing FE, 

carbon balance, yield, reaction conditions etc). It is hard to synthesise all the information when 

relayed in paragraph form. Faradaic efficiency and carbon balance should also be commented on 

in addition to the yield/selectivity of the products in the abstract.  

Response: Thank you for this advice. We changed the selectivity calculation equation based on 

conversion and added the run data in Table S2 in the revised manuscript and SI file. FE and carbon 

balance were also added to the abstract. 

𝑆𝑒𝑙.𝑥   (%) =
𝑚𝑜𝑙𝑥

𝑚𝑜𝑙𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 𝑖𝑛𝑖𝑡. − 𝑚𝑜𝑙𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 
× 100% (3) 

 

5) Some comparisons of OER onset are made with organic present and absent (Fig S5 and related 

comments). In the presence of organic, how is OER distinguished from the organic oxidation when 

only current is measured? 



Response: Thank you for this question. We agree that in the presence of an organic substrate, part 

of the OER onset current is convoluted with organic oxidation. However, the Faradaic current 

resulted in organic oxidation is negligible compared to the OER because of the rapid scan rate of 50 

mV s-1, and the mass transport of fresh reductant, namely the FA, is relatively slow in the non-stirred 

environment of LSV experiments. Therefore, the observed sharp rise in current is OER. A 

comparable example measuring the OER onset potential change due to organic adsorptive inhibition 

(Fig. S8) is also commonly seen in the Kolbe electrolysis study, where volatile fatty acids adsorption 

shifted the OER onset potentials to more positive values.6 

 

6) The formation of a furan “radical” is discussed, but this will not really be a radical if it is adsorbed 

to the surface. I would also change the phrasing to say this species is hypothesised — while the 

comments are plausible, there is no direct observation of this species. 

Response: Thanks for your suggestion. It has been mentioned in some reported literature that the 

oxidation of FA forms free radicals through decarboxylation. We thus conducted EPR to monitor 

the formation of any radical species and captured them using 5,5-dimethyl-1-pyrroline N-oxide 

(DMPO) (Fig. R12), and added the following sentences to the revised manuscript.  

We first verified the formation of the furan radical in our ECO system through electron 

paramagnetic resonance (EPR) spectroscopy. The results revealed the formation of a carbon-

centred radical adduct 5,5-dimethyl-1-pyrroline N-oxide (DMPO-R; AN = 15.3 G and AH = 24.7 

G) in the presence of FA (Fig. 1d),12,13 providing strong evidence for the presence of the furanic  

radical. However, in the absence of FA, EPR showed only the DMPO-OH adduct (AN = 14.9 G 

and AH = 14.9 G) under the same reaction conditions. These results suggest that after 

decarboxylation, the furan radical combines with the OH radical on the Pt surface to yield 

hydroxyfuran, which subsequently undergoes tautomerisation to form 2-FO. 

 

Fig. R12 (Fig. 1d). EPR study using DMPO. Reaction conditions: 20 mM FA with 400 mM DMPO in pH 5.5 

buffer, 2.0 VAg/AgCl, 80 °C, WE: Pt, CE: Pt. 



7) Comments around page 18 were confusing with regard to the experiments to evaluate inertness of 

electrodes toward reacting with the wrong species — for example referring to positive voltages that 

cause HER (when it is meant that these push the cathode toward a more negative voltage to match the 

current, and that causes HER). Given my comment #1 about showing plain CV’s in wider voltage 

ranges, that whole discussion may likely change anyway. 

Response: Thanks for your suggestion. We hope we have understood the reviewer correctly on this 

suggestion. We have edited the corresponding paragraph to clarify our message, and the paragraph 

has been moved to SI under Fig. S12. Specifically, we added “After that, at +2.2 V, the 

corresponding cathodic working potential became too high that favoured HER instead of ECH of 

2-FO to GBL, and thus the GBL yield and FE began to decline.” As the reviewer suggested in the 

first comment, we have also conducted a plain CV in wider voltage range, showing the “wrong 

reactants” were electrochemically inactive towards the wrong electrode. The CV graphs are 

enclosed with the first comment. 

 

8) There are no error bars or reproduction of even the optimised conditions. How dependable are the 

yields, FE, CB etc? 

Response: Thank you for the advice. We repeated all the experiments in triplicate and added the 

error bars on each figure. 

 

9) It was stated that Pt was chosen because it is stable. It was also stated that polymers likely 

accumulate on the surface, meaning that the metal itself may not be very important. Do other stable 

electrodes like Au give different results? 

Response: Thanks for this advice. We also tried Au as anode at the same reaction conditions. We 

would also like to take the opportunity to clarify why Pt has great activity and selectivity in the 

oxidation of FA to 2-FO.  

Here, we define selectivity as the production of 2-FO instead of other over-oxidised or ring-opening 

products, such as maleic acid (MA), succinic acid (SA), or furanic polymer. Activity is defined as 

the catalytic performance of electrocatalytic oxidised FA. 

a) Pt’s high selectivity in producing 2-FO, contributed by temperature 

The high selectivity observed from Pt (oxidising FA to 2-FO) is actually due to the reaction 

condition at 80 °C and mildly acidic condition. In our reaction, FA undergoes electrocatalytic 

oxidative decarboxylation to yield a furan radical intermediate. The 80 °C reaction temperature 

promotes its thermal desorption from the electrode surface, allowing it to react with the water to 

yield 2-FO (Fig. R14c). In our revised manuscript, we have added an EPR study (Fig. 1d) that 

captured the presence of a carbon-centred radical species, which we deduced to be the furan radical. 

At low temperatures, e.g., 20 °C, the furan radical retained well on the electrode and polymerised 

(Fig. R14b), and thus produced more polymer on the Pt surface, which was observed in the ex-situ 

ATR-FTIR study (Fig. 1c).  

b) Pt’s high selectivity in producing 2-FO, contributed by pH 



The mildly acidic environment at pH 5.5 was also important to enhance selectivity, as it promotes 

the deprotonation of FA, which can enhance anodic adsorption. The adsorption mode was supported 

by in-situ FTIR analysis and DFT calculations. 1,2 At pH 1, the conversion of FA reached 100% but 

the 2-FO yield decreased to 28.3% ± 1.8% and the HFO yield increased to 14.7% ± 2.6% (from 

11.6% ± 1.3% at pH 2) (Table R3). The decreased yield of 2-FO may be attributable to weak furan 

ring-directed adsorption of FA, which promoted its overoxidation and mineralisation (Fig. R14a). 

This would have increased the HFO yield and the oxidative mineralising activity, as indicated by 

the low carbon balance (CB). To solve this problem, we used a pH of 5.5, at which FA was nearly 

entirely deprotonated, as indicated by an ultraviolet-visible spectroscopy analysis (Fig. S5). At pH 

5.5, the CB was 89.0% ± 1.6%, whereas at pH 1, it was only 46.1% ± 3.1% (Table R3). The 

carboxylate form of FA, i.e., furoate anion, tended to adsorb in a bidentate manner and upright 

orientation onto the Pt surface (Fig. R14c),1,2 and promoted the ECO of the carboxyl group. The 

linear sweep voltammetry (LSV) analyses show a greater current density difference (with and 

without FA) at pH 5.5 than at pH 1, indicating a stronger furoate inhibition on Pt at pH 5.5, and thus 

confirming the enhancement of surface adsorption of the furoate anions at greater pH. (Fig. R15). 

 

Table R3. (Table S1) Electrocatalytic oxidation of FA 

Entry WE pH Conversion (%) 
Yield of products (%) 

Sel of 2-FO (%) CB (%) 
HFO MA 2-FO 

1 Pt 1 100 ± 0.0 14.7 ± 2.6 3.2 ± 1.3 28.3 ± 1.8 28.3 ± 1.8 46.1 ± 3.1 

2 Pt 5.5 88.9 ± 3.0 1.3 ± 0.5 3.0 ± 0.5 74.8 ± 4.4 84.2 ± 2.4 89.0 ± 1.6 

3 Au 5.5 8.4 ± 3.6 0.8 ± 0.6 0.4 ± 0.2 6.5 ± 2.7 77.3 ± 4.0 92.2 ± 4.1 

Reaction conditions: 10 mM FA in 10 mL of 0.5 M buffer at +1.8 VAg/AgCl referenced to the WE (working anode) 

paired with a Pt counter electrode at 80 °C. 

 

c) 2-FO production activity contributed by metal catalyst 

In terms of activity, we compared the electrocatalytic oxidation performance of FA between Pt and 

Au. We found that using gold (Au) electrodes afforded a poor yield of 2-FO (6.5% ± 2.7%) (Table 

R3). Density functional theory (DFT) calculations suggested that the Au surface was more 

susceptible than the Pt surface to being ‘poisoned’ by upright furoate, thereby hindering furoate 

decarboxylation or oxidation steps.3 



 

Fig. R14 (Fig. 2). Various anodic interface events at pHs 1 and 5.5 above and below 40 °C, respectively 

 

Fig. R15 (Fig. S6). LSV study at pH 1 and pH 5.5 with or without 50 mM FA. Reaction conditions: Scan rate 50 

mV/s; 80 °C; WE: Pt; CE: Pt. 



10) Most biomass processing routes are going to lead to furfural (FF) as a starting point. It was found 

that the reactor concept in this paper doesn’t work well with FF because it is too reactive with the 

cathode, and thus the authors start with FA instead. It is implied that pre-oxidation FF->FA will be 

very easy, but I think this needs more discussion and qualification about what realistic rates and 

selectivities would be achievable, and how the whole path would be integrated as a process. 

Response: Thank you for this suggestion. The oxidation of FF to FA has been investigated by using 

various methodologies, including thermal catalytic, electrocatalytic, and biocatalytic methods. 

Many of those methods are highly efficient and can be compatible with our FA to GBL one-pot 

synthesis. We included some of the selected studies in the introduction and towards the conclusion 

of the revised manuscript. We also summarised the additional examples in Table R4 in the SI. 

In the introduction, we added the following paragraph: [line 96 – 105] 

However, FA does not exhibit these problems and can be readily obtained from FAL via various 

mild methodologies. For instance, SiO2-Co(acac)2 catalysed the conversion of FAL into FA under 

solvent-free conditions, yielding an 85% isolated yield of FA within 5 h at 50 °C.14 The solvent-free 

and heterogeneous nature of this method allowed the facile separation of FA. FA was also produced 

electrochemically from FAL in a 97% yield, with NiFe-1 as the anode and at 756 mA cm-2, a current 

density that is compatible with industrial-scale processes.15 Biocatalytic methods can be employed; 

for example, Pseudomonas putida KT2440 converted FAL into FA in over 97% yield at pH 6 and 

30 °C over 2 h.16 Additional examples of FAL-to-FA conversions are presented in Table S3. 

Towards the conclusion, we added the following paragraph: [line 393 – 401] 

Nevertheless, our one-pot FA-to-GBL method generated highly pure GBL at a rate compatible with 

those of existing FAL-to-FA technologies. Based on the conversion rate, our scaled-up reaction 

consumed 5.6 g of FA per 24 h, which is equivalent to 2083.3 µmol/h. A thermal catalytic method 

using MnO2@CeO2 under 8 bar O2 at 130 °C converted FAL to FA at a rate of 750 µmol/h.17 

Biocatalytic methods could also provide high FAL to FA conversion rates, such as 2425 µmol/h.16 

Our one-pot FA-to-GBL electrosynthesis shows good compatibility in reaction rates with some of 

the existing FAL-to-FA technologies, which will allow their integrations with our synthesis of GBL. 

In the SI, we added the following table: 

Table R4 (Table S3). Comparison of different systems for oxidation of furfural to produce furoic acid. 

Entry Catalyst Reaction conditions Performance  Ref. 

1 SiO2-Co(acac)2 Solvent-free, 50 °C, air, 5 h 
85% isolated FA yield, 170 

μmol/h 
14 

2 BTIC 
125 mM FAL, DMSO with DBU, 

40 °C, 0.1 MPa O2, 4 h 
> 99% FA yield, 62.5 μmol/h 18 

3 MnO2@CeO2 
300 mM FAL, H2O, 130 °C, 8 bar O2, 

4 h 
96% FA yield, 750 μmol/h 17 

4 FeⅢMo6 
750 mM FAL, 0.75 M NaCO3, 50 °C, 

1 atm O2, 8 h 

97% isolated FA yield, 182 

μmol/h 
19 



5 NiFe-1 
100 mM FAL, 1.478 V vs. RHE, 1 M 

KOH 

97% FA yield, 96% FE, 756 mA 

cm-2 
20 

6 NiMoP/NF 
100 mM FAL, 1.46 V vs. RHE, 1 M 

NaOH 

99.2% FA yield, 96.7% FE, 500 

mA cm-2 
21 

7 
NixSey–NiFe 

LDH@NF 

20 mM FAL, 1.423 V vs. RHE, 1 M 

KOH 

99.7% FA yield, 99.5% FE, ~ 

100 mA cm-2 
22 

8 Ag2O@Ni foam 530 mM FAL, 1.95 V OCV, 1 M KOH 
90% FA yield, 94% FE, 400 mA 

cm-2 
23 

9 
Comamonas 

testosteroni SC1588 
50 mM FAL, 30 °C, pH 7 buffer, 10 h 96% FA yield, 20 μmol/h 24 

10 P. putida KT2440 204 mM FAL, 30 °C, pH 6 buffer, 3 h >97 FA yield, 2425 μmol/h 16 
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