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REVIEWER COMMENTS 

 

Reviewer #1 (Remarks to the Author): 

 

The authors have reported CuNW with ascorbic acid nanoconfined by graphene quantum dots (cAA-

CuNW) to achieve the high-rate C2H4 with Faradaic efficiency of 60.7% and improved JC2H4. Various 

characterization methods and performed DFT simulations were employed to comprehend the 

experimental observations. In general, the research topic is intriguing, and the work was conducted 

competently in many aspects. Nevertheless, certain discussions and conclusions, particularly those 

pertaining to the simulation part, require careful deduction. I would suggest the authors consider the 

following comments to further improve the quality of their work before the publication: 

 

1. The interaction between AA and CO2 in the DFT calculation section lacks clarity. The provided figures, 

Figure 5b and Figure S22, only illustrate a monodentate structure between HOX1 and CO2*. Additionally, 

the coordination of CO2* with H2O is also depicted as monodentate. However, it should be noted that 

AA molecules contain two OH groups apart from HOX1 and HOX2. More calculations are needed to 

identify the optimal configurations to well describe the studied system, which is crucial for the further 

understanding of the catalytic system. 

2. Explicit solvation model was considered in this work. It might be good to describe the computational 

method used for this model. 

3. In the experimental setup, GQDs are utilized as a mediator to anchor AA onto the Cu surface. 

However, it is noted that GQDs are absent in the simulation models employed for the DFT calculations. I 

am curious to know if this absence of GQDs in the simulations would have any impact on the DFT results. 

If there is no influence, I kindly request an explanation to clarify this matter. 

4. In Figure 5a, the transition from *OCCO to 2*CO on AA/Cu(111) appears to be barrierless, indicating 

that *OCCO is not stable. Based on this observation, it becomes difficult to anticipate an enhancement in 

*CO dimerization on AA/Cu(111). I suggest the authors to provide the explanation regarding the 

statement on page 14, line 324-325: “the computational results predicted that AA lowers the activation 

barrier of *CO dimerization, improving C2+ selectivity.”. 

5. In Figure 5a, a comparison was made between water deprotonation and AA deprotonation. I kindly 

request the authors to provide computational details along with the corresponding configurations for 

this analysis. Additionally, considering the interaction of CO2 with Cu (111) in the presence of 

water/[AA+water], it would be valuable for readers to gain insight into the methodology used for 

incorporating water layers in free adsorption energy calculations. 

 

 

 



Reviewer #2 (Remarks to the Author): 

 

This manuscript by Kim et al. reported a study of CO2 electroreduction on Cu nanowires with ascorbic 

acid (AA) nanoconfined by graphene quantum dots (cAA-CuNW). Graphene quantum dots were used a 

mediator to enable the immobilization and redox reversibility of AA on the Cu electrocatalysts, which 

showed higher current density and C2+ selectivity for CO2 reduction than that on pristine Cu nanowires. 

In situ characterizations using Raman spectroscopy and operando XAS were performed to examine the 

*CO coverage and Cu chemical state during the reactions. In addition, DFT calculations were used to 

derive the Gibbs free energy diagram to explain the reaction kinetics, such as the promotion of *CO 

formation and dimerization by AA/DHA. 

 

Overall, the authors performed a reasonable amount of work to develop a method to immobilize water-

soluble AA on electrocatalysts, and then understand the effect on CO2 electroreduction. Both ex situ and 

in situ characterizations, as well as computational studies were used to examine the catalyst materials 

and the possible mechanisms. However, considering the rapid development of the field, the novelty of 

the method is very limited, the reported CO2 reduction performance was obtained at a high 

overpotential, the conclusions are not well supported by the data, and the proposed mechanism is not 

convincing, as described in detail below. Therefore, I don’t think this manuscript can be considered for 

publication in Nature Communications. 

 

(1) Lack of novelty. The concept of molecular enhancement of CO2 reduction was summarized and 

discussed in a paper by the corresponding author (10.1038/s41563-020-0610-2) as well as another 

review paper in 2020 (10.1038/s41929-020-00512-x). Various immobilized modulators have been 

demonstrated or proposed, so the example of AA shown in this work cannot provide novel concepts or 

methodology on this topic. 

 

(2) The main conclusion is unclear. On the one hand, the authors claimed “molecularly enhanced CO2 

mass transport”. On the other hand, the authors performed DFT calculations and attributed the 

improvement to the promotion of *CO formation and dimerization as key reaction steps. What is the 

role of nanoconfined AA, enhancing CO2 mass transport or altering the binding of key intermediates? 

These two possible mechanisms are distinct. 

 

(3) For the comparison of the electrodes in Supplementary Fig. 15, the current density on the CuNW and 

AA-CuNW electrodes reached a plateau at more negative potentials, which should be caused by CO2 

mass transport limitation. In contrast, the current density on the G-CuNW and cAA-CuNW electrodes 

both showed a different potential dependence and continued to increase rapidly with the overpotential, 

indicating a mitigation of the CO2 mass transport limitation with the presence of graphene materials. 

While AA has some promotional effect, the added graphene quantum dots may have a similarly 



important effect. The author must carefully consider this and quantify their wetting properties and 

resulting CO2 mass transport on these electrodes. 

 

(4) The electrodes for comparison also had different surface roughness (shown by TEM images in Figure 

1). Does the roughness impact the CO2 reduction current density? The authors must measure the 

electrochemically active surface area (ECSA) of the electrodes and compare ECSA-normalized activity to 

exclude the possible effect of surface roughness. 

 

(5) The authors pointed out that “AA can react with CO2 and be oxidized to dehydroascorbic acid (DHA) 

with proton and electron donation”. It is unclear that whether AA directly participates in the CO2 

reduction reaction, or just serves as an electron or proton shuttle? 

 

(6) What is the mechanism of the nanoconfinement by graphene quantum dots, just physically covering 

the surface so that the AA cannot diffuse away? What adsorption or interaction do the AA molecules 

have with the graphene or the Cu nanowire surface, physisorption, chemisorption, or others? 

 

(7) Stability of the nanoconfined AA during long-term electrolysis. As the authors indicated, “AA is easily 

dissolved into the electrolyte due to its high solubility in aqueous solutions”. Figure 2g showed that there 

was still DHA extracted in the solution from cAA-CuNW even with Nafion ionomer coating after 60 min, 

so the AA/DHA was detaching slowly from the surface. Thus, how long can the effect of nanoconfined AA 

last? Long-term electrolysis test with the quantification of AA/DHA in the electrode after the test must 

be shown. 

 

(8) The DFT calculations did not consider the cations in the electrolyte. However, recent study 

demonstrated that CO2 electroreduction will not occur on Cu surface without metal cations 

(10.1038/s41929-021-00655-5). The authors showed CO2 reduction on Cu(111) surface without the 

presence of any cations. Does this result conflict with the literature (10.1038/s41929-021-00655-5)? 

 

(9) The authors reported a maximum JC2H4 of 539 mA/cm2 at –1.55 V vs. RHE, which is 2.9-fold higher 

than the highest JC2H4 of pristine CuNW with 184 mA/cm2 at -1.39 V vs RHE. However, the two current 

densities were measured at different potentials, so the comparison is unfair. Similarly, Supplementary 

Table 1 shows a comparison of various Cu-based CO2RR catalysts for high-current ethylene production. 

What is the overpotential for each case? Without the inclusion of applied potentials in the table, such 

comparison is unfair and even misleading. 

 

 



Reviewer #3 (Remarks to the Author): 

 

In this manuscript, Kim et al reported that ascorbic acid (AA) can promote the C-C coupling by using AA-

graphene quantum dots decorated Cu nanowires (cAA-CuNW), which facilitates the CO2 

electroreduction to ethylene production with higher Faradaic efficiency and current density. By using in 

situ characterization, the authors try to understand the role of AA on Cu for the boosted mechanism. 

Overall, the idea that using organic molecules to activate/boost adsorption of CO2 is not novel, this work 

provides some fresh and interesting findings and conclusions for the related fields. However, some 

fundamental grounds have not been well illustrated. Current manuscript is promising but very 

preliminary. Therefore, it should be better for this manuscript to do major revision, and then this work 

will be more influential. 

Major comments: 

1. Although the authors tried to explain the role of AA and GQDs for the CO2 electroreduction, I still feel 

confused how these two species work in the system. The authors should clearly explain the behaviour of 

corresponding components. For example, AA could be oxidized even without purging of CO2. Therefore, 

will the AA oxidized form (i.e., DHA) has boosting role for CO2 reduction? 

2. The authors should provide more supportive and direct evidence to illustrate the capture of CO2 with 

the help of AA. Some works from Lin Zhuang group (ACS Catalysis, 2022, 12, 1004-1011; ACS Energy 

Letter, 2022, 7, 4045-4051.) tried to utilized in situ FTIR to monitor the adsorption and activation of CO2 

molecules with the help of some organic molecules. 

3. In the materials characterization part, what kind of TEM grid the authors were using? In fact, EDS is 

not accurate to explain the ratio of C/N/O/Cu, as most TEM grid can also false signals on EDS with the 

aforementioned elements. Similar situations also happen on XPS measurement. Therefore, the authors 

should carefully treat these data and results, and discuss them critically. Otherwise, it is suggested to use 

more accurate analytical methods to draw out the conclusion about non-metal distribution around Cu. 

Also, according to the TEM images (Fig S4), the outer-shell (3~5nm) is almost CuO, which is contradictory 

to the discussion that O barely detected. 

4. For the catalysis part, the authors should provide more post-catalysis characterizations including TEM 

and XRD to support the discussion the authors mentioned. It is also recommended that the authors 

check all catalytic performance data, as some error bars are >10% (relative error). Therefore, these data 

may not be very convincing to present the trend and differences between all samples. 

5. It is good that the authors utilized in situ Raman to quantitatively compare the ratio of C=Obridge and 

C=Otop peaks and correlate it to the CO coverage. However, according to Fig. 3, the best ethylene 

production potential lies below -0.8V vs RHE. Therefore, why did the author stop the in situ Raman 

testing at -0.8V vs RHE? It is suggested to collect all spectra alongside the shifting of the biased potential, 

and then find the trend. 

6. For the DFT calculations, please explain why Cu(111) was utilized for modelling? According to the Fig. 

1, TEM images exhibited the Cu (100). Multifacets of Cu could also be found in Fig. S4-S5. 



7. The authors should provide the whole pathway gibbs free energy diagram for CO2 reduction towards 

CO and ethylene respectively, rather than providing some data on CO adsorption and OCCO Also, HER 

should also be discussed. For the last paragraph of result and discussion (Considering that the activation 

xxxxx), there is no systematic data in this manuscript to support that conclusion. 

 

Minor comments: 

1. Some symbols need to be checked. Please keep the united expressions for the whole manuscript. 

2. The introduction and organization of the whole manuscript should be rearranged. 



 

Author Actions in light of Reviewers Comments 

 

Journal: Nature Communications 

Title:  Vitamin  C-induced  CO2  capture  enables  high-rate  ethylene  production  in  CO2 

electroreduction 

Authors: Jongyoun Kim†, Taemin Lee†, Hyun Dong Jung†, Minkyoung Kim, Jungsu Eo, 

Byeongjae Kang, Hyeonwoo Jung, Jaehyoung Park, Daewon Bae, Yujin Lee, Sojung Park, 

Wooyul Kim, Seoin Back*, Youngu Lee* and Dae-Hyun Nam* 

 

 

We appreciate your insightful comments about our work. We demonstrate that the redox 

activity of molecular additives promotes CO2-to-*CO conversion and *CO dimerization, 

which lead to high C2H4 productivity. In addition, our DFT simulations reveal that ascorbic 

acid (AA) on Cu can promote *CO formation and dimerization through favorable electron 
1 

Ø  Response:   

Reviewer #1 

The authors have reported CuNW with ascorbic acid nanoconfined by graphene quantum dots 

(cAA-CuNW) to achieve the high-rate C2H4 with Faradaic efficiency of 60.7% and improved 

JC2H4. Various characterization methods and performed DFT simulations were employed to 

comprehend the experimental observations. In general, the research topic is intriguing, and 

the work was conducted competently in many aspects. Nevertheless, certain discussions and 

conclusions, particularly those pertaining to the simulation part, require careful deduction. I 

would suggest the authors consider the following comments to further improve the quality of 

their work before the publication: 



2 

 

and proton transfer and strong hydrogen bonding. In response to your comments, we have 

improved the quality of our work by revising DFT simulations and providing more detailed 

information about our computational methods. Detailed point-by-point responses are as 

follows. 

 

1. The interaction between AA and CO2 in the DFT calculation section lacks clarity. The 

provided figures, Figure 5b and Figure S22, only illustrate a monodentate structure between 

HOX1 and CO2*. Additionally, the coordination of CO2* with H2O is also depicted as 

monodentate. However, it should be noted that AA molecules contain two OH groups apart 

from HOX1 and HOX2. More calculations are needed to identify the optimal configurations to 

well describe the studied system, which is crucial for the further understanding of the catalytic 

system. 

Ø Response:  

We appreciate the reviewer's comment. In the revised computational results, we obtained 

the liquid configuration from Ab-initio molecular dynamics (AIMD) simulations instead 

of using the static hexagonal water layer as in the original manuscript. To address the 

reviewer's comment, we plotted the bond length between the hydrogen atoms in four 

distinct OH groups (HOX1~4) in AA, and the oxygen atom near the electrolyte (Oe) of *CO2 

from the last 3 ps of AIMD simulations (Fig. R1). We found that the average bond length 

of HOX1-Oe was approximately 1.74 Å indicating a favorable formation of a hydrogen bond, 

while the distances to other H atoms are much farther. For the reviewer's reference, we 

added the atomic configurations of Cu (100) and AA/Cu (100) in Fig. R2. 

 

Ø Modification: 

(Manuscript page 25 line 563-565) We update the calculation details demonstrating the 

bond length profile. 

(Supplementary information page 46) Fig. R2 has been added as Supplementary Fig. 

43. 
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(Supplementary information page 50) Fig. R1 has been added as Supplementary Fig. 
47. 

 

 

 

 

 

Fig. R1│The bond lengths between HOX1~4 in AA and Oe of *CO2 measured during the last 3 

ps of AIMD simulations. 
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Fig. R2│Atomic structures of *CO2 adsorption on a, AA/Cu (100) and b, Cu (100). Color 

code: black (C), white (H), yellow (H), red (O), purple (K), and orange (Cu). Yellow H atoms 

are considered for the protonation during the CO2RR. 
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2. Explicit solvation model was considered in this work. It might be good to describe the 

computational method used for this model. 

Ø Response:  

Following the reviewer’s comment, we provide further details regarding the explicit 

solvation model. In our previous simulation in the original manuscript, we used a static 

hexagonal water layer with one hydronium ion, which has been widely applied in 

numerous computational studies on electrochemical reactions on FCC (111) facet (Nature 

577, 509-513 (2020), Nat. Energy 5, 478-486 (2020), J. Phys. Chem. Lett. 12, 5193−5200 

(2021)).1-3 

In the updated calculations, we performed AIMD simulations using 25 water 

molecules and one K+ ion (Nat. Catal. 4, 654-662 (2021), Nat. Commun. 13, 5482 

(2022))4,5 to construct the solid-liquid interface (ACS Catal. 12, 11530-11540 (2022), J. 

Phys. Chem. C 126, 7841-7848 (2022)).6,7 After confirming the system had equilibrated, 

we used the last snapshot of the AIMD simulations as the starting structural configuration. 

Note that the position of the metal cation is crucial, as its interaction with adsorbates 

depends on its displacement (J. Am. Chem. Soc. 145, 1897-1905 (2023), J. Am. Chem. Soc. 

145, 19601-19610 (2023)),8,9 and we confirmed that the optimized position of K+ is 

approximately 6 Å above the surface for both Cu (100) and AA/Cu (100). 

 

Ø Modification: 

(Manuscript page 24-25 line 551-563) We include the aforementioned details regarding 

the explicit solvation model in the Methods section. 

(Manuscript page 33 line 754-761) We add references for the explicit solvation model. 
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3. In the experimental setup, GQDs are utilized as a mediator to anchor AA onto the Cu surface. 

However, it is noted that GQDs are absent in the simulation models employed for the DFT 

calculations. I am curious to know if this absence of GQDs in the simulations would have any 

impact on the DFT results. If there is no influence, I kindly request an explanation to clarify 

this matter. 

Ø Response:  

It was reported that functional groups in graphene quantum dots (GQDs) can affect CO2 

reduction reaction (CO2RR) (Fig. R4).10 Zhang et al. controlled the functional groups of 

GQDs by the oxidation or reduction of pristine GQDs. Hydroxyl group-dominant GQDs 

(reduced GQDs and reduced-oxidized GQDs) exhibited high selectivity and partial current 

density of CH4 compared to those of carboxyl group-dominant GQDs (pristine GQDs and 

oxidized GQDs) (Fig. R4). This indicates that electron donating groups in GQDs promote 

CO2RR by maintaining higher charge density, while electron withdrawing groups have no 

positive effects on CO2RR. 

However, in our work, the effect of GQDs on CO2RR is not dominant for CuNW 

with AA nanoconfined by GQDs (cAA-CuNW) because most GQDs lost their functional 

groups by the reduction during AA introduction and the types of GQD functional groups 

are less controlled. To confirm the CO2RR activity of GQDs in cAA-CuNW, we compared 

CO2RR of pristine GQDs and GQDs with nanoconfined AA (AA+GQDs) (Supplementary 

Fig. 25). Pristine GQDs showed 68% H2 FE, 22% CH4 FE, and 9% CO FE at –3 V (vs 

RHE, non-iR corrected). However, GQDs with nanoconfined AA exhibited dominant 

hydrogen evolution reaction (HER) with 91% H2 FE at –3 V (vs RHE, non-iR corrected) 

due to the low amount of oxygenated functional groups. We think that GQDs have less 

effect on CO2RR, and act as a mediator to anchor AA onto Cu surface. Therefore, we 

excluded GQDs from the simulation model because the presence of GQDs is not expected 

to have a significant impact on the DFT results. 

 

Ø Modification: 

(Supplementary information page 3) We add explanation of the impact of the absence 

of GQDs in the DFT results. 
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Fig. R4│Effect of GQDs on CO2RR. a, O 1s and b, C 1s XPS data for pristine GQD (p-GQD), 

oxidized-GQD (o-GQD), reduced-GQD (r-GQD), and reduced o-GQD (ro-GQD), respectively. 

c, Faradaic efficiency (FE) and partial current density of CH4 for different GQDs. Reproduced 

from T. Zhang et al., Nat. Commun. 12, 5265 (2021).10 
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4. In Figure 5a, the transition from *OCCO to 2*CO on AA/Cu(111) appears to be barrierless, 

indicating that *OCCO is not stable. Based on this observation, it becomes difficult to 

anticipate an enhancement in *CO dimerization on AA/Cu(111). I suggest the authors to 

provide the explanation regarding the statement on page 14, line 324-325: “the computational 

results predicted that AA lowers the activation barrier of *CO dimerization, improving C2+ 

selectivity.”. 

Ø Response:  

In our updated calculations, we observed the activation barrier for *CO dimerization on 

both Cu (100) and AA/Cu (100) as shown below. All relevant text and figures have been 

updated accordingly. 

 

Ø Modification: 

(Manuscript page 17 line 395-403) We revise explanation about the activation barrier for 

*CO dimerization on both Cu (100) and AA/Cu (100) based on our reevaluated 

calculations. 

(Manuscript page 31 line 705-713) We add references for explanation about the 

activation barrier for *CO dimerization. 

(Manuscript page 40) We update the activation barrier plot for *CO dimerization (Fig. 

R5) in Fig. 5a. 
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Fig. R5│The Gibbs free energy diagram of *CO dimerization at 0 V (vs RHE). 
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5. In Figure 5a, a comparison was made between water deprotonation and AA deprotonation. 

I kindly request the authors to provide computational details along with the corresponding 

configurations for this analysis. Additionally, considering the interaction of CO2 with Cu (111) 

in the presence of water/[AA+water], it would be valuable for readers to gain insight into the 

methodology used for incorporating water layers in free adsorption energy calculations. 

Ø Response:  

Following the reviewer’s comment, we provide further details regarding the atomic 

structures we used for the analysis. To calculate the Gibbs free energy of protonation 

process, we calculated the energy difference of the initial and final state. 

Fig. R6 illustrates *CO2 protonation to *COOH using two different sources (H2O or 

AA), where we have one initial state and two final states. In the Supplementary 

Information, we added the reaction expressions for all step reactions considered in this 

work. 

 

Ø Modification: 

(Manuscript page 24-25 line 540-571) We revise the explanation on our computational 

method for our reevaluated DFT calculations. 

(Supplementary information page 2-3) We add the (R1a, R2a, R3a, R4a, R5a, R6a) and 

(R1b, R2b, R2c, R3b, R4b, R5b, R5c, R6b, R6c) to represent the modeled reactions for 

Cu (100) and AA/Cu (100), respectively. 
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Fig. R6│The atomic structures of the initial and final states of *CO2 protonation to *COOH 

formation on AA/Cu (100). 
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Reviewer #2 

This manuscript by Kim et al. reported a study of CO2 electroreduction on Cu nanowires with 

ascorbic acid (AA) nanoconfined by graphene quantum dots (cAA-CuNW). Graphene quantum 

dots were used a mediator to enable the immobilization and redox reversibility of AA on the Cu 

electrocatalysts, which showed higher current density and C2+ selectivity for CO2 reduction 

than that on pristine Cu nanowires. In situ characterizations using Raman spectroscopy and 

operando XAS were performed to examine the *CO coverage and Cu chemical state during the 

reactions. In addition, DFT calculations were used to derive the Gibbs free energy diagram to 

explain the reaction kinetics, such as the promotion of *CO formation and dimerization by 

AA/DHA. 

Overall, the authors performed a reasonable amount of work to develop a method to immobilize 

water-soluble AA on electrocatalysts, and then understand the effect on CO2 electroreduction. 

Both ex situ and in situ characterizations, as well as computational studies were used to 

examine the catalyst materials and the possible mechanisms. However, considering the rapid 

development of the field, the novelty of the method is very limited, the reported CO2 reduction 

performance was obtained at a high overpotential, the conclusions are not well supported by 

the data, and the proposed mechanism is not convincing, as described in detail below. 

Therefore, I don’t think this manuscript can be considered for publication in Nature 

Communications. 

Ø Response:  

We appreciate your constructive feedback on our work. Based on your insightful 

comments, we have taken extensive revisions to address each concern with point-by-point 

response. We provide the role of AA more clearly and confirm that the redox activity of 

AA promotes CO2-to-*CO conversion and *CO dimerization, contributing to high C2H4 

productivity. Furthermore, we discovered that AA contributes to efficient CO2RR of cAA-

CuNW in low CO2 concentration, which can be extended to CO2RR of flue gas (Fig. R8). 

We also demonstrate the exploitation of the nanoconfinement effect via GQDs to ensure 

reversible redox cycling of AA in aqueous electrolyte (Fig. R10) and verified the stable 

C2H4 production of cAA-CuNW (Fig. R20). Detailed point-by-point responses are as 

follows.  
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1. Lack of novelty. The concept of molecular enhancement of CO2 reduction was summarized 

and discussed in a paper by the corresponding author (10.1038/s41563-020-0610-2) as well 

as another review paper in 2020 (10.1038/s41929-020-00512-x). Various immobilized 

modulators have been demonstrated or proposed, so the example of AA shown in this work 

cannot provide novel concepts or methodology on this topic. 

Ø Response:  

This study newly reports that redox activity of AA can achieve high C2H4 productivity in 

CO2RR by promoting (1) CO2-to-*CO conversion and (2) *CO dimerization, which have 

been verified by CO2RR, real-time analysis, and theoretical computation (Fig. R7). To 

facilitate the continuous redox cycle for CO2 capture with proton and electron transfer, we 

developed nanoconfinement to immobilize this redox-active molecules (AA) using GQDs. 

We achieved high-rate C2H4 production with high partial current density of C2H4 (JC2H4) 

in CO2RR. Furthermore, we again prove the novelty of our approach by demonstrating the 

efficient CO2RR of cAA-CuNW even in low CO2 concentration (Fig. R8). 

In previous CO2RR studies using molecular approaches, the role of immobilized 

modulators can be categorized into (ⅰ) enhancing CO2 mass transport for *CO formation 

(e.g. Nafion,11 phenylpyridinium,12 polyaniline (PANI)13), (ⅱ) optimizing hydrophobicity 

for *CO formation (e.g. polyvinylidene fluoride (PVDF),14 alkanethiol15,16), (ⅲ) 

promoting *CO dimerization (e.g. pyridinium additives,1,17 poly(acrylamide)18), and (ⅳ) 

*CHO stabilization (e.g. amino acids19). They contribute to increasing *CO coverage by 

enhancing CO2 mass transport (increased local CO2 concentration) or optimizing 

hydrophobicity. In this work, nanoconfined AA electrochemically promotes (1) CO2-to-

*CO conversion by facilitating electron and proton transfer from AA/DHA redox cycle 

and (2) *CO dimerization. This is different with previous approaches. Novelty of our work 

is explained more in detail as follows: 

(1) CO2-to-*CO conversion: With comprehensive studies including AA/DHA 

redox cycle, CO2RR performances, in situ Raman analysis, and DFT calculation, it was 

confirmed that *CO formation is promoted in the presence of AA. We further proved the 

effect of nanoconfined AA on CO2-to-*CO conversion by comparing the CO2RR of 

pristine CuNW (p-CuNW) and cAA-CuNW at low CO2 concentration (Fig. R8). In low 

CO2 concentration, HER is dominant because of limited CO2 mass transport. p-CuNW 
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showed a dramatic increase of H2 FE as the CO2 ratio decreased in CO2+Ar mixed gas (H2 

FE of 53.3% and C2H4 FE of 15.6% at the CO2 ratio of 33%). In contrast, cAA-CuNW 

exhibited H2 FE of 19.6% and C2H4 FE of 41.8% even at the CO2 ratio of 33%. Although 

local CO2 concentration decreased, CO2RR of cAA-CuNW was efficient. Unlike the 

previous approaches for CO2RR at low CO2 concentration (such as increasing local CO2 

concentration20,21 or preventing HER22), nanoconfined AA lowers the activation energy of 

CO2-to-*CO conversion by efficient proton and electron transfer from AA/DHA redox. 

Therefore, C2H4 selectivity of cAA-CuNW can be maintained by efficient CO2-to-*CO 

conversion even at low CO2 concentration and this is different with other molecular 

approaches. The merit of our method is that nanoconfined AA (for promoting CO2-to-*CO 

conversion) can be combined with other molecules (for enhancing CO2 mass transport) to 

boost the production rate of CO2RR. 

(2) *CO dimerization: We also confirmed that nanoconfined AA promotes *CO 

dimerization. Regarding C2H4 (*CO dimerization)/CH4 (*CO hydrogenation) formation 

mechanism,23 comparing the ratio of C2H4 FE to CH4 FE (C2H4 FE/CH4 FE) enables to 

confirm whether the *CO on catalyst surface is favorable to dimerization or not. In Fig. 

R9, C2H4 FE/CH4 FE was much higher in cAA-CuNW. This indicates that *CO prefers 

dimerization in cAA-CuNW. *CO binding mode analysis by in situ Raman spectroscopy 

revealed that cAA-CuNW has optimal ratio of bridge bound *CO (CObridge) and atop 

bound *CO (COatop) for C-C coupling toward C2 products. Furthermore, DFT calculation 

of the activation energy clearly shows the promotion of *CO dimerization in the presence 

of AA (Fig. 5a). 

Our work also provides a guideline for harnessing small molecules in CO2RR. 

Dissolution is critical issue when we introduce molecular additives to the heterogeneous 

catalyst. Therefore, most studies utilize large molecules, not easily soluble in aqueous 

electrolytes. Immobilizing the small molecules was enabled in the limited cases such as 

molecules which contain anchoring groups (amines or thiols). However, we achieved 

immobilization and redox stabilization of small redox-active molecules through the 

nanoconfinement of GQDs. 

 

Ø Modification: 
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(Manuscript page 2 line 24-25 and 31-33) We revise the abstract of the manuscript to 

highlight the role of nanoconfined AA. 

(Manuscript page 3-4 line 55-72 and 93-94) We revise the introduction of the manuscript 

to address the novelty of nanoconfined AA by providing background of other molecular 

approaches and explaining the role of nanoconfined AA more clearly.  

(Manuscript page 12 line 262-264) We add explanation about the role of nanoconfined 

AA on *CO dimerization. 

(Manuscript page 13 line 286-293) We add explanation about the CO2RR of p-CuNW 

and cAA-CuNW by controlling the CO2 ratio of CO2+Ar mixed gas. 

(Manuscript page 18-19 line 425-428 and 433-435) We revise the conclusion the 

manuscript to highlight the role of nanoconfined AA. 

(Manuscript page 22-23 line 509-511) We provide experimental details of CO2RR in 

CO2+Ar mixed gas. 

(Manuscript page 26-28 line 596-597 and 615-627) We add references for explanation 

about previous CO2RR studies using molecular approaches in the introduction section. 

(Manuscript page 38) We add the results of CO2RR under CO2+Ar mixed gas (Fig. R8a 

and R8b) in Fig. 3g and 3h. Original graphs has been moved to Supplementary Fig. 29. 

(Supplementary information page 31) Fig. R9 has been added as Supplementary Fig. 

28. 

(Supplementary information page 37) Fig. R8c–d have been added as Supplementary 

Fig. 34. 
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Fig. R7 | An overview of the role of nanoconfined AA for CO2RR with high C2H4 productivity. 
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Table R1│Summary of the role and CO2RR performance of the molecular additives for Cu 

catalysts. 

Molecular additives Verification  
Integration 

method Material 
CH4 

FE 
(%) 

C2H4 

FE 
(%) 

JC2H4 
(mA/c

m2) 
Ref. 

Role Type Effect Experiment Theory 

(1) Promote 
CO2-to-*CO 
conversion 

 
(2) Promote 

*CO 
dimerization  

Nanoconfi
ned 

ascorbic 
acid 

△,□,☆ ○ ○ 
Nanoconfin

ement by 
GQDs 

p-CuNW 
(100% 
CO2) 

 54.4 184 

This 
work 

cAA-
CuNW 
(100% 
CO2) 

 60.7 539 

p-CuNW 
(33% CO2) 

 15.6 49.8 

cAA-
CuNW 

(33% CO2) 
 41.8 129.6 

Enhance CO2 
mass 

transport for 
*CO 

formation 

Nafion 
ionomer △,□ ○ ○ 

Solution 
mixing 

Cu CIPH  53 380 
11 

CIBH  60 930 

Phenylpyri
dinium-
based 

copolymer 
△ ⅹ ○ 

Ring-
opening 

metathesis 
polymerizat

ion 

Cu foil  22.3 1.16 

12 
Cu foil + 

Phenylpyrid
inium-based 
copolymer 

 55.6 2.59 

Polyaniline
(PANI) △ ○ ⅹ Drop 

casting 
Cu  20 7.2 

13 
Cu + PANI  48.8 16.93 

Optimize 
hydrophobicity 

for *CO 
formation 

Polyvinylid
ene 

fluoride 
(PVDF) 

△ ○ ⅹ Drop 
casting 

CuO NPs  16.7 1.4 
14 CuO NPs + 

PVDF  40.6 3.8 

Alkanethio
l △ ○ ⅹ Thiol 

anchoring 

Dendritic 
Cu  9 2.7 

15 Dentritic Cu 
+ 

alkanethiol 
 56 16.8 

Alkanethio
l △ ○ ⅹ Thiol 

anchoring 

Cu  26.3 52.6 

16 Cu + 1-
octadecanet

hiol 
 35.6 44.5 

Promote *CO 
dimerization  

N-
substituted 
pyridinium 
additives 

△ ⅹ ⅹ 
Electroche

mical 
deposition 

Cu foil  12.4 0.55 

17 
Cu foil + N-
tolylpyridin

ium 
chloride 

 40.5 0.41 
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N-
substituted 
pyridinium 
additives 

△ ○ ○ 
Electroche

mical 
deposition 

Cu  43.9 160 

1 Cu + 
pyridinium 
oligomer 

 71.5 230 

Poly(acry
lamide) △ ⅹ ○ 

Electrodepo
sition 

Cu foam  13 7.2 

18 Cu foam + 
P-

Acrylamide 
 26 15.6 

*CHO 
stabilization 

Amino 
Acids  △ ⅹ ○ 

Amine 
anchoring 

Cu foil 16.1 9.5 0.37 
19 Cu foil + 

glycine 32.1 24.0 0.89 

△: increase of C2H4 FE, □: increase of JC2H4 over 300 mA/cm2, ☆: efficient CO2RR in CO2 
deficient environment   
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Fig. R8 | Investigation of CO2RR at low CO2 concentration. Gaseous product FEs and total 

current densities of a, p-CuNW and b, cAA-CuNW by the CO2RR according to the CO2 ratios 

in CO2+Ar mixed gas. Total product FEs and total current densities of c, p-CuNW and d, cAA-

CuNW by the CO2RR according to the CO2 ratios in CO2+Ar mixed gas. All measurements 

were conducted under the applied potential of –2.2 V (vs RHE, non-iR corrected) with 1 M 

KOH electrolyte. Gas flow rate was fixed to 60 sccm.  
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Fig. R9│Comparison of the C2H4 and CH4 selectivity of CuNWs. C2H4 FE/CH4 FE 

in p-CuNW, G-CuNW, AA-CuNW, and cAA-CuNW according to applied potentials. 
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2. The main conclusion is unclear. On the one hand, the authors claimed “molecularly 

enhanced CO2 mass transport”. On the other hand, the authors performed DFT calculations 

and attributed the improvement to the promotion of *CO formation and dimerization as key 

reaction steps. What is the role of nanoconfined AA, enhancing CO2 mass transport or altering 

the binding of key intermediates? These two possible mechanisms are distinct. 

Ø Response:  

In Table R1, we categorize the previous molecular approaches for *CO formation as 

enhancing CO2 mass transport (local CO2 concentration) and optimizing the 

hydrophobicity. In this regard, the expression “molecularly enhanced CO2 mass transport” 

is not the direction pursued in our work, because nanoconfined AA increase *CO coverage 

by promoting CO2-to-*CO conversion, different with the approaches for enhancing CO2 

mass transport in previous works. 

For better clarification, we revised our previous expression of ‘molecularly enhanced 

CO2 mass transport’ to ‘molecularly enhanced CO2-to-*CO conversion’. In this context, 

the salient properties of nanoconfined AA are (1) promoting *CO formation onto the 

catalyst by facilitating electron and proton transfer from AA/DHA redox cycle, and (2) 

promoting *CO dimerization. In fact, an increase in *CO coverage and optimized *CO 

binding modes in the presence of nanoconfined AA were confirmed through in situ Raman 

analysis (Fig. 4a–h). 

To investigate whether the promotion of *CO formation is originated from the 

electrochemical redox of nanoconfined AA, we compared the cyclic voltammetry (CV) of 

AA and nanoconfined AA on GQDs under N2 and CO2 supply (Fig. R10). When AA was 

dissolved in the electrolyte, the oxidation of AA was observed at 0.23 and 0.26 V (vs 

Ag/AgCl) in both N2 and CO2 supply. However, the paired reduction peak was not 

observed in the reverse scans, indicating that AA was irreversibly converted to DHA (Fig. 

R10a). We expect this to limit the promotion of CO2-to-CO* conversion; the enol group 

in AA was oxidized to carbonyl group, which does not donate electrons and protons to 

CO2. In contrast, nanoconfined AA on GQDs shows the paired reduction peak (–0.36 V vs 

Ag/AgCl) in both N2 and CO2 supply (Fig. R10b-d). This indicates that reversible 

AA/DHA redox is achieved in nanoconfined AA on GQDs by enhancing electron and 

proton transfer to promote *CO formation on the catalyst. When we see the increased *CO 
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coverage in the in situ Raman spectroscopy of cAA-CuNW, we think that nanoconfined 

AA can promote CO2-to-*CO conversion.24-26 Based on these results, we present a 

schematic diagram of the electrochemical behavior of nanoconfined AA and CO2RR in 

Fig. R11. 

Nanoconfined AA can also control the bindings of *CO intermediates. The high 

C2H4 FE/CH4 FE of cAA-CuNW indicates that cAA-CuNW induces *CO dimerization  

favorable intermediates bindings (Fig. R9). We performed further analysis of the *CO 

binding mode of G-CuNW and AA-CuNW in in situ Raman spectroscopy and compared 

the *CO bindings of all CuNWs during CO2RR (Fig. R12 and R13). cAA-CuNW 

exhibited optimized the CObridge/COatop ratio even when the potential increases up to –0.8 

V (vs RHE, non-iR corrected), while p-CuNW and G-CuNW show an excessive COatop or 

CObridge as the potential increases. As a result, nanoconfined AA in cAA-CuNW not only 

induces high *CO coverage on the catalyst surface, but also plays a role in controlling 

*CO binding that promote C2+ chemical production. 

Therefore, we suggest the role of nanoconfined AA for C2H4 production of CO2RR 

as follows; ⅰ) promotion of CO2-to-*CO conversion by ensuring electron and proton 

transfer from redox cycle, ⅱ) promotion of *CO dimerization by altering the bindings of 

*CO intermediate. 

 

Ø Modification: 

(Manuscript page 3, 4, 5, 11, 12, 15, 18, 36, 37, and 38 line 49-50, 53, 86-87, 100, 104, 

261, 284-285, 353, 416, 420-421, 799-800, 811, and 816-817) We modify the content from 

“CO2 mass transport” to “CO2-to-*CO conversion” to clearly suggest the role of 

nanoconfined AA for C2H4 production. 

(Manuscript page 9 line 200-206) We add the explanation about the electrochemical 

analysis of AA and nanoconfined AA on GQDs in N2 and CO2 supply. 

(Manuscript page 14-15 line 317-339) We revise the explanation about the in situ Raman 

spectroscopy of CuNWs and the analysis of CObridge/COatop ratio. 

(Manuscript page 39) We provide the in situ Raman spectroscopy of G-CuNW and AA-
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CuNW during CO2RR (Fig. R12) in Fig 4c-f.  

(Manuscript page 39) We provide the comparison of integral area ratios of CObridge and 

COatop (Fig. R13) in Fig. 4i.  

(Supplementary information page 19-20) Fig. R10-R11 has been added as 

Supplementary Fig. 16-17. 

 

 

Fig. R10│Redox behavior of AA and nanoconfined AA on GQDs. a, CV plot of GCE with 

AA dissolved in 0.1 M KHCO3 electrolyte. b, CV plot of GCE coated with nanoconfined AA 

on GQDs in 0.1 M KHCO3 electrolyte. 4th cycle of the CV plot of GCE coated with 

nanoconfined AA on GQDs with c, N2 and d, CO2 supply. 
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Fig. R11│Schematic illustration of our strategy for CO2 capture in atmosphere. The redox 

behavior of nanoconfined AA on GQDs contributes to CO2 capture by promoting CO2-to-*CO 

conversion during CO2RR. 
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Fig. R12│Real-time observation of *CO bindings from CuNWs. In situ Raman spectra 

obtained during the CO2RR under different applied potentials from a–b, p-CuNW, c–d, G-

CuNW, e–f, AA-CuNW, g–h, cAA-CuNW region of 200-700 cm-1 (top) and 1,800-2,400 cm-1 

(bottom). 
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Fig. R13│Comparison of *CO binding modes of CuNWs. Comparison of integral area ratios 

of CObridge and COatop for CuNWs in in situ Raman spectra. 

  



27 

 

3. For the comparison of the electrodes in Supplementary Fig. 15, the current density on the 

CuNW and AA-CuNW electrodes reached a plateau at more negative potentials, which should 

be caused by CO2 mass transport limitation. In contrast, the current density on the G-CuNW 

and cAA-CuNW electrodes both showed a different potential dependence and continued to 

increase rapidly with the overpotential, indicating a mitigation of the CO2 mass transport 

limitation with the presence of graphene materials. While AA has some promotional effect, the 

added graphene quantum dots may have a similarly important effect. The author must carefully 

consider this and quantify their wetting properties and resulting CO2 mass transport on these 

electrodes. 

Ø Response:  

We further investigated CO2RR of G-CuNW up to –1.89 V (vs RHE) and confirmed that 

the current density on G-CuNW reached a plateau and HER significantly increased at –

1.74 V (vs RHE) (Fig. R14). The total current density of G-CuNW saturated up to 465 

mA/cm2, higher than that of CuNW (348 mA/cm2) and AA-CuNW (431 mA/cm2) but is 

still much lower than that of cAA-CuNW (957 mA/cm2). Enhanced total current density 

of G-CuNW can be attributed to the catalytic activity of GQDs. 

GQDs can enhance the electrochemical kinetics for high capacitance,27 and have 

been utilized as electrocatalysts in various catalytic reactions.10,28,29 Especially in CO2RR, 

the catalytic activity of GQDs is determined by the types of the functional group; the 

electron donating groups promote CO2RR by maintaining higher charge density, while the 

electron withdrawing groups exhibit no positive effects on CO2RR.10 To confirm the effect 

of GQDs on CO2RR activity, we compared CO2RR of pristine GQDs and GQDs with 

nanoconfined AA on GQDs (Supplementary Fig. 25). Pristine GQDs showed 68% H2 FE, 

22% CH4 FE, and 9% CO FE at –3 V (vs RHE, non-iR corrected), implying that GQDs 

can function as CO2RR active sites because of oxygenated functional groups (Fig. 2b). 

However, since the types of functional groups (electron donating and electron withdrawing 

groups) were not perfectly controlled for the GQDs, the maximum total current density 

was not higher than cAA-CuNW. 

Furthermore, we investigated the impact of GQD properties on CO2 mass transport. 

Functional groups in graphene-based materials hinder the formation of gas diffusion 

channels.30,31 Furthermore, GQD is hydrophilic due to large amount of oxygen containing 
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functional groups on edge site.32 To determine the effect of the hydrophilic GQDs on the 

wetting properties of CuNWs, we measured the water contact angle of each CuNW (Fig. 

R15). The water contact angles of G-CuNW and cAA-CuNW were slightly lower than 

others due to hydrophilic properties of GQDs. Considering that hydrophobicity is 

important for CO2 mass transport,14,16 the hydrophilic properties of GQDs are not 

beneficial for high current density CO2RR. Therefore, we think that the enhanced CO2RR 

productivity of cAA-CuNW are attributed to the promotion of CO2-to-*CO conversion by 

nanoconfined AA rather than the effects caused by GQDs. 

 

Ø Modification: 

(Manuscript page 10-11 line 233-235 and 239-241) We add explanation about the effect 

of GQDs on CO2RR. 

(Manuscript page 30 line 675-676) We add references for explanation about the hindered 

gas diffusion of GQDs. 

(Supplementary information page 27) Fig. R14 has been added as Supplementary Fig. 

24. 

(Supplementary information page 29) Fig. R15 has been added as Supplementary Fig. 

26. Detail explanation about the contribution of GQDs to CO2 mass transport was 

described. 

(Supplementary information page 56) We add references for the explanation about the 

impact of hydrophilic properties of GQDs on high current density CO2RR. 
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Fig. R14│Investigation of CO2RR of G-CuNW at extended potential range. Gaseous 

product FEs and total current densities for G-CuNW up to –1.89 V (vs RHE). 
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Fig. R15│Wetting properties of the CuNWs. Water contact angle of a, CuNW, b, G-CuNW, 

c, AA-CuNW, and d, cAA-CuNW on PTFE substrates.  
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4. The electrodes for comparison also had different surface roughness (shown by TEM images 

in Figure 1). Does the roughness impact the CO2 reduction current density? The authors must 

measure the electrochemically active surface area (ECSA) of the electrodes and compare 

ECSA-normalized activity to exclude the possible effect of surface roughness. 

Ø Response:  

We measured the electrochemically active surface area (ECSA) of CuNWs and compared 

ECSA-normalized activity of gaseous CO2RR products. The ECSA was characterized by 

calculation of electrochemical double-layer capacitance () over specific capacitance ()  (Fig. R16). AA-CuNW exhibited the largest ECSA (943.63 cm2) due to 

morphological changes through surface Cu oxidation during the synthesis (Supplementary 

Fig. 5). In addition, G-CuNW (744.54 cm2) and cAA-CuNW (600.00 cm2) show large 

ECSA compared to p-CuNW (329.54 cm2) due to the rough surface caused by GQDs, as 

confirmed in the TEM images (Fig. 1d–j). Based on ECSA of the electrodes, we calculated 

ECSA-normalized partial current densities in terms of H2, CO, and C2H4 (Fig. R17). 

Partial current densities of CuNWs showed a similar trend with those of CuNWs before 

ECSA normalization (Fig. 3f and Supplementary Fig. 29). cAA-CuNW exhibited the 

highest CO and C2H4 productivity compared to others. This reveals that the highest JC2H4 

of cAA-CuNW is confirmed after considering the effect of surface roughness and 

nanoconfined AA promotes the intrinsic CO2RR activity of cAA-CuNW.  

 

Ø Modification: 

(Manuscript page 12 line 273-277) We add explanation about the comparison of the 

ECSA-normalized partial current density for CuNW, G-CuNW, AA-CuNW, and cAA-

CuNW. 

(Supplementary information page 33-34) Fig. R16-R17 has been added as 

Supplementary Fig. 30-31. Experimental details were described. 
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Fig. R16│ECSA measurement for CuNWs. CV plot of a, p-CuNW, b, G-CuNW, c, AA-

CuNW, and d, cAA-CuNW in 1 M KOH electrolyte. e, Electrochemical double-layer 

capacitance () and f, the calculated ECSA for CuNWs. 
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Fig. R17│ Comparison of ECSA-normalized CO2RR productivities between CuNWs. 

ECSA-normalized partial current densities versus potentials of p-CuNW, G-CuNW, AA-CuNW, 

and cAA-CuNW were compared in terms of a, H2, b, CO, and c, C2H4. 
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5. The authors pointed out that “AA can react with CO2 and be oxidized to dehydroascorbic 

acid (DHA) with proton and electron donation”. It is unclear that whether AA directly 

participates in the CO2 reduction reaction, or just serves as an electron or proton shuttle? 

Ø Response:  

As we compared the CV of AA and nanoconfined AA under N2 and CO2 supply (Fig. R10), 

intact AA did not show redox reversibility (Fig. R10a). However, nanoconfined AA 

showed the paired reduction peak (–0.36 V vs Ag/AgCl), ensuring enhanced redox 

reversibility under CO2 atmosphere (Fig. R10b). In addition, the shifted oxidation peak of 

nanoconfined AA in CO2 atmosphere (Fig. R10c-d) is due to the additional energy 

required to break the interaction between CO2 and nanoconfined AA,33,34 considering that 

AA formed a strong hydrogen bonding in DFT simulation. Since the increased *CO 

coverage in cAA-CuNW was observed by in situ Raman spectroscopy (Fig. R12a-d), we 

think that reversible AA/DHA redox promotes CO2-to-*CO conversion by enhancing 

electron and proton transfer during CO2RR. 

Fig. R11 presents schematic diagram for electrochemical AA/DHA redox cycle and 

related CO2 capture. This contributes to CO2-to-*CO conversion for CO2RR. AA 

undergoes oxidation to generate electrons and protons, which are subsequently donated to 

CO2, facilitating *CO formation on the catalyst. At the same time, DHA is reduced by 

applied potential from the cathode, thereby enabling a reversible redox cycle. 

Consequently, we think that AA does not exhibit intrinsic catalytic behavior and is not an 

active site. But, AA participates in CO2RR by contributing the electrons and protons for 

CO2-to-*CO conversion with the reversible AA/DHA redox. 

 

Ø Modification: 

(Manuscript page 9 line 200-206) We add explanation about the electrochemical analysis 

of AA and nanoconfined AA in N2 and CO2 atmospheres. 

(Supplementary information page 19-20) Fig. R10-R11 has been added as 

Supplementary Fig. 16-17. 
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6. What is the mechanism of the nanoconfinement by graphene quantum dots, just physically 

covering the surface so that the AA cannot diffuse away? What adsorption or interaction do 

the AA molecules have with the graphene or the Cu nanowire surface, physisorption, 

chemisorption, or others? 

Ø Response:  

To understand the mechanism of interaction between AA, GQD, and Cu surface, we 

proposed a schematic illustration of the interaction among them (Fig. R18). Functional 

groups of GQDs such as hydroxyl and carboxyl group can be interacted and chelated to 

the nanometer-scale native oxide layer on the Cu surface.35,36 In the reaction between GQD 

and AA, AA removes impure oxygenated functional group in GQD through nucleophilic 

substitution (SN2) reaction and reduces GQD through thermal elimination.37,38 Since the 

reaction between AA and GQD proceeded for 1 h at 95°C, most intermediates formed 

during the SN2 reaction were eliminated. As a result, chemisorption between AA and GQD 

is not a preferentially considered interaction. 

Reduced GQDs can be combined with AA via physisorption, such as π interaction 

at the basal plane or hydrogen bonding with edge functional groups. Molecules with endiol 

groups (e.g. catechol), carboxyl group, or aromatic rings can form 2-dimensional 

supramolecular systems with reduced graphene through π interaction or hydrogen 

bonding.39-42 Furthermore, graphene reduced by AA exhibits excellent performance as an 

impervious barrier or protective coating agent due to little structural damage to the 

graphene during reduction,43-45 providing a confined system for the reversible redox of AA. 

Immobilization of nanoconfined AA by Nafion also contributes to prevent AA 

dissolution. Nafion layer is impermeable to AA46 and have been used to immobilize 

biomolecules in combination with graphene oxide.47 Therefore, nanoconfined AA by 

GQDs can act as heterogeneous immobilized modulators that promote CO2RR near Cu 

surface. 

 

Ø Modification: 

(Manuscript page 5-6 line 117-119) We add comments about the interaction between AA, 

GQDs, and Cu surface. 
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(Supplementary information page 4) Fig. R18 has been added as Supplementary Fig. 1. 

Detailed explanation about the interaction between AA, GQDs, and Cu surface was 

described. 

(Supplementary information page 55) We added references for the explanation about 

the interaction between AA, GQDs, and Cu surface. 

 

 

Fig. R18│Schematic illustration of the interaction between AA, GQDs, and Cu surface. 
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7. Stability of the nanoconfined AA during long-term electrolysis. As the authors indicated, 

“AA is easily dissolved into the electrolyte due to its high solubility in aqueous solutions”. 

Figure 2g showed that there was still DHA extracted in the solution from cAA-CuNW even with 

Nafion ionomer coating after 60 min, so the AA/DHA was detaching slowly from the surface. 

Thus, how long can the effect of nanoconfined AA last? Long-term electrolysis test with the 

quantification of AA/DHA in the electrode after the test must be shown. 

Ø Response:  

To confirm the stability of nanoconfined AA on GQDs in CO2RR, long-term CO2RR was 

conducted in a flow cell electrolyzer with 1 M KOH electrolyte (Fig. R19). We compared 

the duration of C2H4 production between p-CuNW and cAA-CuNW at a total current 

density of 300 mA/cm2. C2H4 FE for p-CuNW decreased from 56.1% to 21.3% within 2 

h. However, C2H4 FE for cAA-CuNW was maintained over 50% for 8 h, indicating that 

the nanoconfined AA was well immobilized and stably operated with continuous redox 

cycle.  

After the long-term CO2RR stability test (8 h) in the flow cell, the chemical state of 

the cAA-CuNW was measured by Fourier transform infrared spectroscopy (FT-IR) (Fig. 

R20). When we compared the FT-IR peaks before and after CO2RR of cAA-CuNW, the 

peaks for C=C stretching vibration, C=C−O asymmetric stretching vibration of the enol-

hydroxyl group, and C−O vibration in the functional groups of AA were identical. In 

addition, the peaks at 1,207 and 1,153 cm-1 were observed, which correspond to 

asymmetric and symmetric CF2 stretch mode in Nafion.48 Therefore, similar FT-IR spectra 

of the GDE before and after the CO2RR stability test confirmed that the nanoconfined AA 

on GQDs is stable in cAA-CuNW during CO2RR. 

Additionally, we tried to quantify the amount of the eluted AA/DHA by collecting 

and analyzing the catholyte (1 M KOH) after 1 h CO2RR (total current density of 300 

mA/cm2) by high-performance liquid chromatography (HPLC) (Fig. R21). There was no 

HPLC peak for DHA or AA in the catholyte. This indicates that the amount of eluted 

AA/DHA was lower than HPLC detection limit. Note that the amount of eluted AA/DHA 

from the electrode for the flow cell is lower than that of the electrode used in Fig. 2g 

because the surface area of the electrode is reduced from 4.5 cm × 4.5 cm to 1 cm × 1 cm. 

We think that the nanoconfined AA on GQDs was not dissolved in the electrolyte 
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significantly after long-term CO2RR. 

Furthermore, we investigated the stability of cAA-CuNW in zero-gap membrane 

electrode assembly (MEA) electrolyzer with 0.1 M KHCO3 anolyte (Fig. R22). cAA-

CuNW exhibited outstanding stability of C2H4 production for 168 h. CO2 electrolysis was 

terminated when H2 FE reached 20%. Excellent long-term stability of cAA-CuNW reveals 

that nanoconfined AA continuously promotes CO2-to-*CO conversion and *CO 

dimerization to enhance CO2RR productivity. 

 

Ø Modification: 

(Manuscript page 13 line 294-306) We add explanation about the stability of 

nanoconfined AA on GQDs and long-term CO2RR tests in a flow cell and MEA 

electrolyzers. 

(Supplementary information page 38-40) Fig. R19, R20, and R22 have been added as 

Supplementary Fig. 35, 36, and 37, respectively. Experimental details were described.  
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Fig. R19│ Comparison of CO2RR stability between p-CuNW and cAA-CuNW in flow 

cell electrolyzer with 1 M KOH electrolyte. CO2RR of p-CuNW and cAA-CuNW proceeded 

at a total current density of 300 mA/cm2 by chronopotentiometry. 
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Fig. R20│FT-IR spectra of cAA-CuNW before and after CO2RR stability test in the flow 

cell. The peaks at 1,207 and 1,153 cm-1 corresponding to asymmetric and symmetric CF2 

stretch mode in Nafion, respectively. 
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Fig .  R21│Detection of the extracted AA/DHA during CO2RR by HPLC analysis. 

Reference AA (blue)/DHA (green), 1 M KOH solution (red), and catholyte (black) after 1 h 

CO2RR at 1 M KOH electrolyte were analyzed for the detection of the extracted AA/DHA from 

cAA-CuNW. There was no peak in the catholyte at retention time of AA/DHA detection. 
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Fig. R22│Long-term C2H4 production of cAA-CuNW in a MEA electrolyzer with 0.1 M 

KHCO3 electrolyte. CO2RR of cAA-CuNW proceeded at a total current density of 150 

mA/cm2 by chronopotentiometry. 
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8. The DFT calculations did not consider the cations in the electrolyte. However, recent study 

demonstrated that CO2 electroreduction will not occur on Cu surface without metal cations 

(10.1038/s41929-021-00655-5). The authors showed CO2 reduction on Cu(111) surface 

without the presence of any cations. Does this result conflict with the literature 

(10.1038/s41929-021-00655-5)? 

Ø Response:  

In response to the reviewer's opinions, we conducted a comprehensive reevaluation of our 

DFT calculations in the presence of a K+ ion on Cu (100). In the updated calculations, we 

performed AIMD simulations using 25 water molecules and one K+ ion (Nat. Catal. 4, 

654-662 (2021), Nat. Commun. 13, 5482 (2022))4,5 to construct the solid-liquid interface 

(ACS Catal. 12, 11530-11540 (2022), J. Phys. Chem. C 126, 7841-7848 (2022)).6,7 After 

confirming the system had equilibrated, we used the last snapshot of the AIMD simulations 

as the starting structural configuration. Note that the position of the metal cation is crucial, 

as its interaction with adsorbates depends on its displacement (J. Am. Chem. Soc. 145, 

1897-1905 (2023), J. Am. Chem. Soc. 145, 19601-19610 (2023)),8,9 and we confirmed that 

the optimized position of K+ is approximately 6 Å above the surface for both Cu (100) and 

AA/Cu (100). 

The updated results demonstrated that the introduction of AA facilitated the 

protonation of *CO2 to form *COOH, thus increasing the *CO coverage on the surface. 

In addition, it lowered the activation barrier of the rate-determining *CO dimerization, 

leading to higher production of C2+ products (Fig. R23). Thus, the updated calculations 

confirmed the effect of AA on promoting CO2RR. 

 

Ø Modification: 

(Manuscript page 24-25 line 551-565) We include the aforementioned details regarding 

the explicit solvation model in the Methods section. 

(Manuscript page 33 line 754-761) We add references for the explicit solvation model. 

(Manuscript page 40) We change Fig. 5 to computational modeling of CO2RR in the 

presence of a K+ ion on Cu (100) and AA/Cu (100) (Fig. R23). 
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Fig. R23 | Computational Modeling of CO2RR on Cu (100) and AA/Cu (100). a, The Gibbs 
free energy diagram of (left) CO2-to-*CO conversion and (right) *CO dimerization at 0 V (vs 
RHE). White circles indicate the reaction pathway involving the deprotonation of AA. H2O is 
the proton source otherwise. b, The atomic structure of (left) the initial and (right) the final 
states of *CO2 protonation from AA on AA/Cu (100) (CO ∗  + HO +  AA + e →∗ COOH + HO + ASC). c, Charge density difference (∆) of *OCCO adsorption on (left) AA/Cu (100) 
and (right) Cu (100). The yellow and blue area represent an electron accumulation and 
depletion with an isosurface level of 0.005 e/Å3, respectively. The charge density difference is 
calculated as  −   . −   . , where   ,  .  and  .  correspond 
to charge densities of the total system, the catalyst surface with adsorbates and solvent layers, 
respectively. 
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9. The authors reported a maximum JC2H4 of 539 mA/cm2 at –1.55 V vs. RHE, which is 2.9-fold 

higher than the highest JC2H4 of pristine CuNW with 184 mA/cm2 at -1.39 V vs RHE. However, 

the two current densities were measured at different potentials, so the comparison is unfair. 

Similarly, Supplementary Table 1 shows a comparison of various Cu-based CO2RR catalysts 

for high-current ethylene production. What is the overpotential for each case? Without the 

inclusion of applied potentials in the table, such comparison is unfair and even misleading. 

Ø Response:  

We confirmed that the maximum JC2H4 of p-CuNW and cAA-CuNW were measured at 

different overpotentials. However, HER of p-CuNW increased at higher potentials and 

JC2H4 rather decreased (Fig. 3f). When comparing JC2H4 in the same voltage range of –1.76 

V (vs RHE) between p-CuNW and cAA-CuNW, JC2H4 of cAA-CuNW is 499.26 mA/cm2, 

which is 8.4 times higher than that of p-CuNW (59.45 mA/cm2). 

We summarized overpotentials at maximum JC2H4 and iR correction percentages in 

Supplementary Table 1 to avoid misleading and to make a fair comparison. (Table R2). 

Regarding that our work was the lowest iR compensation of 80%, the overpotential at 

maximum JC2H4 for cAA-CuNW was not significantly high compared to other Cu catalyst 

for high C2H4 production. 

In addition, it should be considered that the concentrations of electrolytes are also 

different for each reference, as the concentrations of electrolytes is the main factor 

determining the operating potential range of the cell. We further investigated the CO2RR 

performance of cAA-CuNW at lower cathodic potentials with a 2 M KOH electrolyte (Fig. 

R24). Although the selectivity tendency of CO2RR for cAA-CuNW in 1 and 2 M KOH 

electrolytes were similar, the overpotential in 2 M KOH decreased dramatically (JC2H4 of 

453 mA/cm2, C2H4 FE of 56.3% at –0.57 V vs RHE). Therefore, the overpotential of cAA-

CuNW is not significantly higher than others. 

 

Ø Modification: 

(Manuscript page 12 line 277-280) We add a comment on the results of CO2RR in 2 M 

KOH electrolyte. 
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(Supplementary information page 35) Fig. R24 have been added as Supplementary Fig. 

32. 

(Supplementary information page 51) We add the results of CO2RR using cAA-CuNW 

in 2 M KOH electrolyte and data of the overpotential at maximum JC2H4 in Supplementary 

Table 1 to avoid misleading and to make a fair comparison. 

  



47 

 

Table R2│Comparison of various Cu-based CO2RR catalysts for high-current C2H4 
production. 

 

  

Catalyst Cell 
type 

Electroly
te 

J 
(mA/cm2) 

JC2H4 
(mA/cm2) 

C2H4 
FE 
(%) 

V  
(vs RHE) 

iR 
Correction 

(%) 
Ref. 

cAA-CuNW Flow 
cell 

1 M KOH 888 539 60.7 -1.55 80 
This 
work 

2 M KOH 805 453 56.3 -0.57 80 

S-HKUST-1 Flow 
cell 1 M KOH 400 229 57.2 -1.32 85 49 

Quasi-
graphitic C 
shell on Cu 

Flow 
cell 1 M KOH 400 284.4 71.1 -0.69 85 50 

Nanoporous 
Cu 

Flow 
cell 1 M KOH 653 252 38.6 -0.67 Non-iR 

corrected 
51 

Fluorinated 
Cu 

Flow 
cell 

0.75 M 
KOH 1,600 1040 65 -0.89 85 52 

Cu NPs + 
Nafion on Cu 

Flow 
cell 7 M KOH 1,550 930 60 -3.23 100 11 

Cu(100) 
grown under 

CO2 

Flow 
cell 7 M KOH 580 388 67 -0.71 90 53 

Cu film on 
PTFE 

Flow 
cell 

3.5 M KOH 
+ 5 M KI 720 473 66 -0.67 100 54 

Porous Cu MEA Pure Water 900 420 46.6 3.54 . 55 

CAL-
modified Cu 

Slim, 
low-

resistan
ce flow 

cell 

1 M H3PO4 
+ 3 M KCl 1,200 372 31 4.2 . 56 

CuO NS Flow 
cell 

1 M 
KHCO3 

700 231 33 . . 57 

Cu-12 Flow 
cell 

1 M 
KHCO3 

322 232 72 -0.83 100 1 
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Fig. R24│Effect of KOH concentration on shifting the potential of high-rate C2H4 

production of cAA-CuNW. a, Gaseous product FEs and total current densities for cAA-

CuNW with 2 M KOH electrolyte. b, Comparison of JC2H4 versus potentials of cAA-CuNW 

according to the KOH concentration. 
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Reviewer #3 

In this manuscript, Kim et al reported that ascorbic acid (AA) can promote the C-C coupling 

by using AA-graphene quantum dots decorated Cu nanowires (cAA-CuNW), which facilitates 

the CO2 electroreduction to ethylene production with higher Faradaic efficiency and current 

density. By using in situ characterization, the authors try to understand the role of AA on Cu 

for the boosted mechanism. Overall, the idea that using organic molecules to activate/boost 

adsorption of CO2 is not novel, this work provides some fresh and interesting findings and 

conclusions for the related fields. However, some fundamental grounds have not been well 

illustrated. Current manuscript is promising but very preliminary. Therefore, it should be better 

for this manuscript to do major revision, and then this work will be more influential. 

Ø Response:  

We sincerely appreciate your acknowledgement of this work. The most interesting finding 

of our study is that we found that the redox activity of molecular additives affects the high-

rate CO2-to-*CO conversion, contributing to high C2H4 productivity. Moreover, we 

demonstrate for the first time the exploitation of the nanoconfinement effect via GQDs to 

ensure reversible redox cycling of small molecule additives in aqueous electrolyte. In 

particular, we performed extensive additional studies to better elucidate the fundamental 

basis of the nanoconfined AA mechanism. Below your concerns are carefully addressed 

point by point. 

 

1. Although the authors tried to explain the role of AA and GQDs for the CO2 electroreduction, 

I still feel confused how these two species work in the system. The authors should clearly 

explain the behaviour of corresponding components. For example, AA could be oxidized even 

without purging of CO2. Therefore, will the AA oxidized form (i.e., DHA) has boosting role for 

CO2 reduction?  

Ø Response:  

GQDs reduce the solubility of AA in electrolyte and ensure reversible AA/DHA redox 

through nanoconfinement of AA. To clearly demonstrate the mechanism of interaction 

between AA, GQD, and Cu surface, we proposed a schematic illustration of the interaction 

among Cu, GQD, and AA (Fig. R18). In the reaction between GQD and AA, AA removes 
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impure oxygenated functional group in GQD through SN2 reaction and reduces GQD 

through thermal elimination.37,38 In particular, graphene-based materials reduced by AA 

exhibits excellent properties as an impervious barrier or protective coating agent due to 

little structural damage during the reaction.43-45 Therefore, the reduced GQDs can provide 

a suitable confinement for reversible AA/DHA redox. 

In addition, we investigated the electrochemical behavior of AA and nanoconfined 

AA on GQDs under N2 and CO2 atmospheres (Fig. R10). When AA was dissolved in the 

electrolyte, the oxidation of AA was observed at 0.23–0.26 V (vs Ag/AgCl) in both N2 and 

CO2 atmosphere. However, the paired reduction peak was not observed at the reverse scans, 

indicating that AA was irreversibly converted to DHA on the electrode (Fig. R10a). We 

expect this to limit the promotion of CO2-to-CO* conversion; the enol group in AA was 

oxidized to carbonyl group, which does not donate electrons and protons to CO2. However, 

nanoconfined AA on GQDs shows the paired reduction peak (–0.36 V vs Ag/AgCl) in both 

N2 and CO2 atmosphere (Fig. R10b-d). Since the increased *CO coverage in cAA-CuNW 

was observed by in situ Raman spectroscopy (Fig. R12a-d), we think that reversible 

AA/DHA redox promotes CO2-to-*CO conversion by enhancing electron and proton 

transfer during CO2RR.24-26 Based on these results, we present a schematic diagram of the 

electrochemical behavior of nanoconfined AA and CO2RR in Fig. R11. 

Finally, we investigated the CO2RR activity of DHA-CuNW to prove the role of 

DHA in promoting CO2RR (Fig. R25). DHA-CuNW showed low CO FE of 8.2%, while 

AA-CuNW showed over 2-fold increase in CO FE (17.0%) at –0.81 V (vs RHE). This 

suggests that CO2RR was not promoted using DHA due to the absence of enol group that 

can donate electrons and protons. 

 

Ø Modification: 

(Manuscript page 5-6 line 117-119) We add a comment on the interaction between AA, 

GQDs, and Cu surface. 

(Manuscript page 9 line 200-206) We add explanation about the electrochemical analysis 

of AA and nanoconfined AA on GQDs in N2 and CO2 atmospheres. 

(Manuscript page 11 line 246-247) We add a comment on the comparison of the gaseous 
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product selectivity of p-CuNW, DHA-CuNW, and AA-CuNW. 

(Supplementary information page 4) Fig. R18 has been added as Supplementary Fig. 1. 

Detailed explanation about the interaction between AA, GQDs, and Cu surface was 

described.  

(Supplementary information page 19-20) Fig. R10-R11 has been added as 

Supplementary Fig. 16-17. 

(Supplementary information page 30) Fig. R25 has been added as Supplementary Fig. 

27. 

(Supplementary information page 55) We add references for the explanation about the 

interaction between AA, GQDs, and Cu surface. 

 

 

 

Fig. R25│Effect of DHA on electrochemical CO2RR performance of CuNW. Comparison 

of the gaseous product selectivity of p-CuNW, DHA-CuNW, and AA-CuNW. 
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2. The authors should provide more supportive and direct evidence to illustrate the capture of 

CO2 with the help of AA. Some works from Lin Zhuang group (ACS Catalysis, 2022, 12, 1004-

1011; ACS Energy Letter, 2022, 7, 4045-4051.) tried to utilized in situ FTIR to monitor the 

adsorption and activation of CO2 molecules with the help of some organic molecules.  

Ø Response:  

The suggested reference presented in situ attenuated total reflectance surface-enhanced IR 

absorption spectroscopy (ATR-SERIAS) to monitor the adsorption and activation of CO2 

molecules by detecting *CO2
–.58 They found that the *CO2

– peak at 1,580 cm-1 for bare Cu 

gradually disappears as the potential decreases, however, the peak rarely appears for Cu 

containing molecular additive that facilitates high-rate CO2 conversion. 

We further analyzed in situ Raman spectroscopy for monitoring *CO2
– on the 

catalyst surface during CO2RR to directly reveal the effect of AA on the capture of CO2, 

(Fig. R26). The Raman spectra of both p-CuNW and cAA-CuNW exhibit a *CO2
– peak 

in the region of 1,500-1,600 cm-1, which corresponds to the asymmetric stretching 

vibration of *CO2
–.59 This peak was observed at 0.2 V (vs RHE, non-iR corrected) and 

gradually disappeared as the potential decreased. Considering that the Cu–CO binding 

peaks at 200-400 cm-1 increased as the potential decreased, the disappearance of *CO2
– 

peak was attributed to subsequent *CO formation. In addition, we found that the *CO2
– 

peak intensity of cAA-CuNW is lower than that of p-CuNW, which is contrary to the 

superior *CO peak intensity of cAA-CuNW. In accordance with the suggested ATR-

SERIAS reports,58 these Raman spectral differences are attributed to the promoted CO2-

to-*CO conversion of cAA-CuNW. 

In addition, we also performed in situ ATR-SERIAS measurement to detect the 

reaction intermediates for p-CuNW and cAA-CuNW during CO2RR (Fig. R27). The 

electrochemical measurements for in situ ATR-SEIRAS were carried out with a CO2 

saturated 1 M KOH electrolyte and a constant CO2 flow of 20 sccm was maintained 

throughout the reduction procedure. The in situ ATR-SERIAS results of cAA-CuNW 

shows a *CO peak corresponding the vibration of *CO (ν(*CO)) at 1,820 cm-1, while that 

of p-CuNW shows significantly low *CO peak intensity. Therefore, nanoconfined AA 

facilitates high-rate CO2-to-*CO conversion and ensures higher *CO coverage on the 

catalyst surface. 
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Ø Modification: 

(Manuscript page 14 line 323-326) We add explanation about the in situ Raman 

spectroscopy for monitoring *CO2
– to directly reveal the effect of AA on the capture of 

CO2. 

(Manuscript page 30 line 687-689) We add references for explanation about in situ 

Raman spectra for monitoring *CO2
–. 

(Supplementary information page 42) Fig. R26 have been added as Supplementary Fig. 

39. 
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Fig. R26│Monitoring *CO2– on CuNWs during CO2RR. In situ Raman spectra 

obtained during the CO2RR under different applied potentials from a, p-CuNW, and b, cAA-

CuNW region of 1,400-1,700 cm-1. 
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Fig. R27│In situ ATR-SEIRAS obtained during CO2RR under different applied 

potentials from CuNWs. In situ ATR-SEIRAS results under different applied potentials from 

a, p-CuNW and b, cAA-CuNW region of 1,700-2,200 cm-1. The electrochemical 

measurements for ATR-SEIRAS were carried out with a CO2 saturated 1 M KOH electrolyte 

and a constant CO2 flow of 20 sccm was maintained throughout the reduction procedure. The 

spectroelectrochemical cell was integrated into a FT-IR spectrophotometer (VERTEX 80v, 

Bruker) equipped with a mercury cadmium telluride detector and a variable angle specular 

reflectance accessory (VeemaxIII, Pike Technologies). All spectroscopic measurements were 

conducted at a 4 cm-1 spectral resolution. 
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3. In the materials characterization part, what kind of TEM grid the authors were using? In 

fact, EDS is not accurate to explain the ratio of C/N/O/Cu, as most TEM grid can also false 

signals on EDS with the aforementioned elements. Similar situations also happen on XPS 

measurement. Therefore, the authors should carefully treat these data and results, and discuss 

them critically. Otherwise, it is suggested to use more accurate analytical methods to draw out 

the conclusion about non-metal distribution around Cu. Also, according to the TEM images 

(Fig S4), the outer-shell (3~5nm) is almost CuO, which is contradictory to the discussion that 

O barely detected. 

Ø Response:  

We utilized lacey formvar carbon-coated square Au grid and Be cradle holder for TEM 

analysis (Fig. R28) and P type Boron doped Si wafer for XPS analysis to minimize 

unwanted X-ray signals. We appreciate the reviewer for this comment, and we added the 

detailed sampling information in experimental section to clearly indicate the reliability of 

the X-ray elemental analysis. 

The TEM images in Supplementary Fig. 5 (Supplementary Fig. 4 for the original 

manuscript) show nanomorphology of AA-CuNW and oxidation of the outer shell was 

observed as noted by the reviewer. The Cu surface of AA-CuNW reacted with oxygen in 

organic solvents due to the absence of GQDs, leading to partial oxidation during surface 

functionalization. TEM EDS analysis (Fig. 2a) showed that the fraction of O for AA-

CuNW (15.8%) is much higher than that of G-CuNW (0.4%), which is consistent with the 

analysis in Supplementary Fig. 5. 

 

Ø Modification: 

(Manuscript page 20 line 456-457 and 459-460) We add the detailed sampling 

information about TEM and XPS analysis in experimental section to clearly indicate the 

reliability of the X-ray elemental analysis. 
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Fig. R28│A photograph of a, Be cradle TEM holder with b, lacey formvar carbon-coated 

square Au grid. 
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4. For the catalysis part, the authors should provide more post-catalysis characterizations 

including TEM and XRD to support the discussion the authors mentioned. It is also 

recommended that the authors check all catalytic performance data, as some error bars are 

>10% (relative error). Therefore, these data may not be very convincing to present the trend 

and differences between all samples. 

Ø Response:  

We conducted characterizations after CO2RR including XRD, SEM, TEM, and TEM EDS 

to investigate operation stability of CuNWs for high C2H4 production. The XRD patterns 

of all CuNWs after CO2RR exhibited Cu2O (111) peaks due to surface oxidation by 

electrolyte (Fig. R29). However, the 1-dimensional structures of CuNWs were maintained 

as shown in SEM images (Fig. R30), indicating that there was no significant structural 

transformation during CO2RR. The crystal structure and atomic distribution of CuNWs 

were analyzed using TEM and TEM EDS. CuNWs exhibited a rough Cu2O surface after 

CO2RR (Fig. R31), consistent with the XRD analysis results. In addition, the lattice of 

GQDs and amorphous nanostructure of AA was still observed at the outer shell of G-

CuNW, AA-CuNW, and cAA-CuNW, suggesting that each material was well immobilized 

on the CuNW surface during CO2RR. The elemental distribution confirmed that the 

uniform distribution of Cu, C, and O atoms on the entire surface of the CuNW structure 

was maintained after CO2RR (Fig. R32). 

The error bars for CO2RR data (gas and liquid products) represent standard deviation 

based on three independent samples. Gas product GC data per each sample were collected 

as the average value measured at 5, 30, and 55 min intervals. Therefore, the error increases 

when the performance fluctuation of the catalyst is severe for each measurement interval. 

C2H4 FE of CuNW drops more than 10% in 1 h at 300 mA/cm2 (Fig. R19), implying that 

there can be considerable variation in each measurement. Therefore, the error values for 

our experiments are comparable to those in various literatures on CO2RR.56,60,61 

 

Ø Modification: 

(Manuscript page 8 line 176-188) We add explanation about the characterizations of 

CuNWs after CO2RR to prove the reliable operation of nanoconfined AA for high C2H4 
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production. 

(Manuscript page 20-21 line 460-463) We add the detailed sampling information about 

characterizations of CuNWs after CO2RR in experimental section. 

(Manuscript page 22 line 506-509) We add explanation about the data collection and 

calculation of the error bars for CO2RR data in experimental section. 

(Supplementary information page 14-17) Fig. R29-R32 have been added as 

Supplementary Fig. 11-14. 
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Fig. R29│Crystal structure analysis of CuNWs after CO2RR. a, XRD patterns of p-CuNW, 

G-CuNW, AA-CuNW, and cAA-CuNW on PTFE substrate before CO2RR. b, Magnified XRD 

patterns of each sample before CO2RR. c, XRD patterns of p-CuNW, G-CuNW, AA-CuNW, 

and cAA-CuNW on PTFE substrate after CO2RR. d, Magnified XRD patterns of each sample 

after CO2RR. 
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Fig. R30│Investigation of microstructures of CuNWs after CO2RR. SEM (top) and HR-

SEM (bottom) images of a–b, p-CuNW, c–d, G-CuNW, e–f, AA-CuNW, and g–h, cAA-CuNW 

after CO2RR. 

 

 

 

 

Fig. R31│ Investigation of surface structures of CuNWs after CO2RR. TEM (top) and HR-

TEM (bottom) images of a–b, p-CuNW, c–d, G-CuNW, e–f, AA-CuNW, and g–h, cAA-CuNW 

after CO2RR. 
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Fig. R32│Investigation of elemental distribution of CuNWs after CO2RR. TEM EDS 

mapping of Cu, C, O, and the combination of Cu-C-O for a–d, p-CuNW, e–h, G-CuNW, i–l, 

AA-CuNW, and m–p, cAA-CuNW after CO2RR, respectively. 
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5. It is good that the authors utilized in situ Raman to quantitatively compare the ratio of 

C=Obridge and C=Otop peaks and correlate it to the CO coverage. However, according to Fig. 

3, the best ethylene production potential lies below -0.8V vs RHE. Therefore, why did the author 

stop the in situ Raman testing at -0.8V vs RHE? It is suggested to collect all spectra alongside 

the shifting of the biased potential, and then find the trend. 

Ø Response:  

We appreciate the reviewer for indicating potential differences between CO2RR and in situ 

Raman spectroscopy. The highest C2H4 production potential of cAA-CuNW was –1.55 V 

(vs RHE), which is much lower than the potential from in situ Raman spectroscopy (–0.8 

V vs RHE, non-iR corrected). However, it is difficult to measure in situ Raman 

spectroscopy at potentials below –0.8 V (vs RHE, non-iR corrected) due to laser focusing 

interference induced by gaseous products.62 Fig. R33 shows the focusing interference of 

immersive lens during measurement of in situ Raman spectroscopy up to –0.9 V (vs RHE, 

non-iR corrected). Due to the focusing interferences, most literatures on CO2RR studies 

utilizing in situ Raman spectroscopy did not measure the spectra at low potentials, even 

though the optimal overpotential for product production is lower (Fig. R34).63-65 Therefore, 

addressing the focusing interference of the immersive lens by gaseous products is a critical 

challenge that must be overcome for future in situ Raman spectroscopy. Structural 

improvements in flow cell electrolyzers for elimination of gas bubble can be a promising 

approach to solving the focusing problem. We anticipate that developing an electrolyzer 

structure in future work will allow us to perform in situ Raman spectroscopy even at low 

potentials. 

 

Ø Modification: 

(Manuscript page 21 line 478-479) We add explanation about potential limitations of in 

situ Raman spectroscopy due to laser focusing interference of gaseous products. 
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Fig. R33│Optical microscopy images of p-CuNW and cAA-CuNW during measurement of in 

situ Raman spectroscopy with different potentials. 
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Fig. R34│In situ Raman spectroscopy in previous reports. Potentials for CO2RR (left) and 

in situ Raman spectroscopy (right) reproduced from a–b, X. Chen et al., Nat. Catal. 4, 20–27 

(2021),63 c–d, Y. Jiang et al., Adv. Sci. 9, 2105292 (2022),65 and e–f, C. Y. J. Lim et al., Nat. 

Commun. 14, 335 (2023).64 
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6. For the DFT calculations, please explain why Cu(111) was utilized for modelling? According 

to the Fig. 1, TEM images exhibited the Cu (100). Multifacets of Cu could also be found in Fig. 

S4-S5.  

Ø Response: 

We appreciate the reviewer’s comment. There was a discrepancy between the most 

common CuNW facet (Cu(100)) and the modeling of Cu (111) in the original manuscript. 

In response to the reviewer's opinions, we conducted a comprehensive reevaluation 

of our DFT calculations on Cu (100). In addition, we included the effect of K+ ion in the 

explicit solvation model. In the updated calculations, we performed AIMD simulations 

using 25 water molecules and one K+ ion (Nat. Catal. 4, 654-662 (2021), Nat. Commun. 

13, 5482 (2022))4,5 to construct the solid-liquid interface (ACS Catal. 12, 11530-11540 

(2022), J. Phys. Chem. C 126, 7841-7848 (2022)).6,7 After confirming the system had 

equilibrated, we used the last snapshot of the AIMD simulations as the starting structural 

configuration. Note that the position of the metal cation is crucial, as its interaction with 

adsorbates depends on its displacement (J. Am. Chem. Soc. 145, 1897-1905 (2023), J. Am. 

Chem. Soc. 145, 19601-19610 (2023)),8,9 and we confirmed that the optimized position of 

K+ is approximately 6 Å above the surface for both Cu (100) and AA/Cu (100). 

The updated results demonstrated that the introduction of AA facilitated the 

protonation of *CO2 to form *COOH, thus increasing the *CO coverage on the surface. 

In addition, it lowered the activation barrier of the rate-determining *CO dimerization, 

leading to higher production of C2+ products (Fig. R23). Thus, the updated calculations 

confirmed the effect of AA on promoting CO2RR. 

 

Ø Modification: 

(Manuscript page 24-25 line 551-565) We include the aforementioned details regarding 

the explicit solvation model in the Methods section. 

(Manuscript page 33 line 754-761) We add references for the explicit solvation model. 

(Manuscript page 40) We change Fig. 5 to computational Modeling of CO2RR in the 

presence of a K+ ion on Cu (100) and AA/Cu (100) (Fig. R23).  
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7. The authors should provide the whole pathway gibbs free energy diagram for CO2 reduction 

towards CO and ethylene respectively, rather than providing some data on CO adsorption and 

OCCO Also, HER should also be discussed. For the last paragraph of result and discussion 

(Considering that the activation xxxxx), there is no systematic data in this manuscript to 

support that conclusion. 

Ø Response:  

We appreciate the reviewer's comment and acknowledge the importance of investigating 

the entire pathway to compare the catalytic properties with and without AA. However, we 

would highlight that a complete understanding of CO2RR pathway is still evolving66 and 

the RDS for C2H4 production has been consistently reported as *CO dimerization.67,68 

Thus, we chose to focus on the *CO formation and dimerization in our study.  

Regarding the second comment, we examined the effect of AA on the competitive 

HER (Fig. R35). The energetics of the first protonation step to form the adsorbed *H were 

found to be less favorable compared to *CO2 adsorption, both with and without AA. 

Although the introduction of AA lowered the energy barrier of *H formation, the second 

protonation step remained unfavorable compared to *CO2 adsorption. This confirms that 

introducing AA does not increase the catalytic activity of HER. 

In situ Raman spectroscopy revealed that the surface *CO coverage was unrivaled 

on cAA-CuNW compared to other CuNWs (Fig. R12). This high *CO coverage of cAA-

CuNW is due to the continuous CO2-to*CO conversion via proton and electron transfer 

from the redox of nanoconfined AA. We also found that *CO dimerization was activated 

in cAA-CuNW by comparing *CO binding modes of CuNWs. cAA-CuNW show an 

appropriate CObridge/COatop ratio even when the potential increases up to –0.8 V (vs RHE), 

while p-CuNW and G-CuNW show an excessive COatop or CObridge as the potential 

increases (Fig. R13). We also compared C2H4 FE and CH4 FE to confirm whether the *CO 

on catalyst surface is favorable to dimerization or not. (Fig. R9). We confirmed that C2H4 

FE/CH4 FE was much higher for cAA-CuNW, indicating that *CO on the cAA-CuNW 

prefers dimerization. 

Since all the key reaction steps of CO2RR (*CO2 protonation, *CO dimerization, 

HER) were systematically compared with and without AA, we expect our GC-DFT and 



68 

 

experimental results support the conclusions of the experiments. 

 

Ø Modification: 

(Manuscript page 18 line 404-408) We add explanation about the effect of AA on the 

competitive HER. 

(Manuscript page 18-19 line 409-412 and 431-433) We revise the conclusion of DFT 

calculation in accordance with the additional investigation. 

(Manuscript page 39) We update graphs of in situ Raman spectroscopy of G-CuNW and 

AA-CuNW (Fig. R12) in Fig. 4c-f. 

(Manuscript page 39) We update graphs of the comparison of integral area ratios of 

COatop and CObridge between CuNWs (Fig. R13) in Fig. 4i. 

(Supplementary information page 31) Fig. R9 has been added as Supplementary Fig. 

28. 

(Supplementary information page 48) Fig. R35 has been added as Supplementary Fig. 

45. 

 

Fig. R35│The Gibbs free energy diagram of the HER. The reaction pathway involving the 

deprotonation of AA is highlighted with white circles, while H2O is the proton source otherwise. 
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Minor comments: 

1. Some symbols need to be checked. Please keep the united expressions for the whole 

manuscript. 

Ø Response:  

We appreciate the reviewer for this comment. We checked the symbols used in the 

manuscript and united their expressions.  

 

Ø Modification: 

We revise the expression of the catalyst to keep the united expressions for the whole 

manuscript. 

(Manuscript page 37) We unite the expression of the catalyst and the color of symbols in 

Figs. 2d–e as in other graphs. 

(Manuscript page 38) We unite the color of symbols in Fig. 3f as in other graphs. 

 

2. The introduction and organization of the whole manuscript should be rearranged. 

Ø Response:  

In accordance with reviewer’s comment, we rearranged the introduction and organization 

of the manuscript.  

 

Ø Modification: 

(Manuscript page 2-4 line 24-25, 31-33, 55-72, and 93-94) We revise the abstract and 

introduction of the manuscript to highlight the novelty of the role of nanoconfined AA for 

CO2-C2H4 conversion. 

(Manuscript page 4 line 73-81) We rearrange the introduction of the manuscript to correct 

the logical flow of a paragraph. 
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0.1M KHCO3, (i.e., + 0.2V vs RHE). However, all the experiments for the electrochemical CO2 reduction 

on Cu-based catalysts take place below -0.2V vs RHE. In that way, AA-to-DHA is not reversible. Thus, the 

real working molecule should be DHA. 

2. Following #1, in Fig. R25, DHA-modified Cu NW exhibited better faradaic efficiency (FE) for C2H4 

production than that from AA-CuNW. 

3. From the aspect of the calculated Gibbs energy, the production of CO is much easier than fulfilling C-C 

coupling. Therefore, how to understand the AA can not only contribute to *CO but also C-C coupling? 

4. The authors tried to use in situ IR and Raman to understand the behaviour of AA for CO2 capture and 

related interaction. However, the author should also monitor the related blank experiments. Specifically, 

In the N2/CO2 atmosphere, AA/DHA modified Cu NWs. The authors provided the data for the decrease 
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 Response:  

We sincerely appreciate your constructive comments and feedback to our work. 

 

Reviewer #3 

In this manuscript, Kim et al made many revisions to the previous version. It is impressive that 

the authors contributed to this manuscript a lot with noticeable efforts. However, the most 

pronounced issue is that the authors fail to explain in a simple way the complexity of the 

reaction system and unclarified process. Besides, the data they provided can not fully prove 

their claims. 

 Response:  

We appreciate your significant concerns about our work. Based on your feedback, we have 

taken additional studies to address each concern and fully prove our claims. Our finding 

is that the enol group of ascorbic acid (AA) provides electron/proton and hydrogen bond 

to CO2, promoting CO2-to-*CO conversion and *CO dimerization with reversible AA/ 

dehydroascorbic acid (DHA) redox cycling. We investigated linear sweep voltammetry 

(LSV) and Fourier transform infrared spectroscopy (FT-IR) to clearly demonstrate the 

working molecule of cAA-CuNW during CO2RR. As a result, we confirmed that redox of 

AA/DHA can be reversible in the potential range of CO2RR and AA shows the promotional 

effect on CO2-to-*CO conversion. We also performed additional in situ Raman analysis to 

support that AA promotes CO2-to-*CO conversion and *CO dimerization. Detailed point-

by-point responses are as follows. 
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1. As indicated in Fig. R10, the AA could be electrochemically reduced to DHA at -0.36 V vs 

Ag/AgCl in 0.1 M KHCO3, (i.e., + 0.2 V vs RHE). However, all the experiments for the 

electrochemical CO2 reduction on Cu-based catalysts take place below -0.2 V vs RHE. In that 

way, AA-to-DHA is not reversible. Thus, the real working molecule should be DHA. 

 Response:  

Since the carbonyl group in DHA does not donate electrons and protons to CO2, DHA 

cannot be expected to promote CO2-to-*CO conversion and *CO dimerization. In contrast, 

previous reports showed that AA can be used as an electron donor to CO2 in liquid-gas 

interface (Fig. R1).1-3 Pastero et al. demonstrated a bubble-drop system for the mineral 

capture of CO2 by using AA as a sacrificial reductant.1,2 They used Ca ascorbate (CaAsc) 

solution to promote precipitation of Ca oxalate (CaC2O4) by transferring electrons from 

AA to CO2, achieving CO2 capture into a stable, safe, and insoluble salt. Cardoso et al. 

also reported that self-oxidation of AA increased the availability of electrons in the 

electrolyte, contributed to the photoelectrocatalytic reduction of CO2 on TiO2/ZIF-8 to 

MeOH.3 Therefore, we think that AA should be considered as the major molecule 

contributing to CO2RR. 

Our findings on the introduction of AA in electrochemical CO2RR are that 

nanoconfined AA on GQDs is regenerated via CO2RR under reduction potential, ensuring 

persistent promotion of CO2-to-*CO conversion and *CO dimerization. To investigate 

redox behavior of AA/DHA in the potential range of CO2RR, we measured LSV of 

nanoconfined AA on GQDs before and after CO2RR (Fig. R2). LSV was measured with 

0.1 M KHCO3 electrolyte to minimize the changes in the curve due to pH drop from 

bicarbonate formation. We observed the oxidation of AA at 0.57 V (vs RHE, non-iR 

corrected) before CO2RR (Fig. R2a). However, the oxidation peak disappeared for the 2nd 

scan, indicating that most AA was oxidized to DHA during LSV measurement.  

After confirming the decrease of AA oxidation in the LSV of nanoconfined AA on 

GQDs before CO2RR (red), the CO2RR of nanoconfined AA on GQDs was conducted at 

a constant potential of –1.8 V (vs RHE, non-iR corrected) for 24 h (Fig. R2b). In the LSV 

curve after CO2RR (blue), we observed the oxidation of AA at 0.62 V (vs RHE, non-iR 

corrected), which is shifted due to the additional energy required to break the interaction 



4 

 

between CO2 and AA (Fig. R2b).4,5 The current density of peak for AA oxidation was 

higher in the nanoconfined AA after 24 h CO2RR compared to that before CO2RR (Fig. 

R2b). This indicates that DHA was reduced to AA during electrochemical CO2RR, 

regenerating AA to continuously donate electron and proton to CO2. 

In addition, we further analyzed the chemical state of cAA-CuNW by FT-IR to 

confirm the presence of AA or DHA after CO2RR (Fig. R3). FT-IR spectra of cAA-CuNW 

after CO2RR showed strong C=C peak corresponding to AA, while no C=O peak (1,770 

cm-1) corresponding to DHA was observed.6 We believe that the dominant AA detection 

in LSV and FT-IR is due to the reduction of DHA to AA and excessive AA which does not 

participate in CO2RR. Based on these results, we propose that the major molecule for 

CO2RR promotion is AA, which exists through reversible redox in the potential range of 

CO2RR. 

 

 Modification: 

(Manuscript page 9 line 207-213) We add the explanation about the result of LSV analysis. 

(Supplementary information page 19) Supplementary Fig. 16 has been redrawn as Fig. 

R4 to highlight the AA/DHA redox. 

(Supplementary information page 21) Fig. R2 has been added as Supplementary Fig. 18. 
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Fig. R1│Previous reports on the electron donating properties of AA for CO2 capture 
and reduction. a Bubble-drop system for the mineral capture of CO2 using Ca ascorbate 
(CaAsc) as a sacrificial reductant. b Reaction of CaAsc with CO2 to synthesize Ca oxalate 
(CaC2O4) precipitate (top) and the amount of captured CO2 in 1 M CaAsc solution with and 
without bubble-drop system (bottom). Reproduced from L. Pastero et al., Sci. Total Environ. 
666, 1232-1244 (2019).1 c Comparison of photoelectrocatalysis (PEC), photocatalysis (PC) 
and photolysis (PT) processes on TiO2/ZIF-8 with AA (left) and methanol production of PEC 
on TiO2/ZIF-8 with and without AA dissolved in electrolyte (right). d Methanol (MeOH) 
production by PEC process on TiO2/ZIF-8 with self-oxidation of AA. Reproduced from J. C. 
Cardoso et al., J. Electroanal. Chem. 856, 113384 (2020).3 
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Fig. R2 │ LSV of nanoconfined AA on GQDs before and after CO2RR. LSV of 
nanoconfined AA on GQDs (a) before and (b) after CO2RR in 0.1 M KHCO3 electrolyte. c 
Flow chart to investigate the redox behavior of AA/DHA in the potential range of LSV and 
CO2RR. Nanoconfined AA on GQDs was prepared on glassy carbon electrode (GCE) and 
CO2RR was conducted at a constant potential of –1.8 V (vs RHE, non-iR corrected) in 0.1 M 
KHCO3 electrolyte.  



7 

 

 

Fig. R3│FT-IR spectra of DHA and cAA-CuNW after CO2RR stability test. The peak at 
1,770 cm-1 corresponds to the C=O stretch mode of DHA.6 
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Fig. R4│Redox behavior of AA and nanoconfined AA on GQDs under N2 and CO2 gas. a 
CV plot of GCE with AA dissolved in 0.1 M KHCO3 electrolyte. b CV plot of GCE coated 
with nanoconfined AA on GQDs in 0.1 M KHCO3 electrolyte. 4th cycle of the CV plot of GCE 
coated with nanoconfined AA on GQDs under (c) N2 and (d) CO2 gas. 
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2. Following #1, in Fig. R25, DHA-modified Cu NW exhibited better faradaic efficiency (FE) 

for C2H4 production than that from AA-CuNW. 

 Response:  

We fabricated DHA-CuNW by coating CuNW with DHA and there was no GQDs in DHA-

CuNW. Note that DHA is not reduced to AA in DHA-CuNW during CO2RR due to the 

absence of a nanoconfinement effect by GQDs. We further analyzed the CO2RR 

performance of DHA-CuNW up to –1.47 V (vs RHE) to clearly confirm the effect of DHA 

on CO2RR (Fig. R5). DHA-CuNW did not exhibit significant CO production with the CO 

FE of 4.5% at –0.87 V (vs RHE) (Fig. R5a), while AA-CuNW and cAA-CuNW presented 

dramatically elevated CO FE of 17.0 and 36.7% at –0.81 V (vs RHE) (Fig. 3c, d). As the 

potential increased to –1.47 V (vs RHE), H2 FE of DHA-CuNW increased from 5.8% to 

23.2% and C2H4 FE decreased from 58.3% to 34.5% (Fig. R5a), which is similar to the 

CO2RR of p-CuNW (Fig. 3a). 

We think that the enhancement of C2H4 FE in DHA-CuNW at –0.87 V (vs RHE) 

compared to that of p-CuNW at –0.85 V (vs RHE) might be caused by the existence of 

organic capping agents in DHA-CuNW which can stabilize Cu active materials (Fig. 

R5b).7,8 Although the C2H4 FE has been slightly increased in low overpotential range in 

DHA-CuNW, gradual decrease of C2H4 FE and increase of H2 FE were observed as the 

potential increased to –1.47 V (vs RHE). Therefore, we verified that the effect of DHA 

does not significantly contribute to high-rate C2H4 production. DHA does not promote 

CO2-to-*CO formation due to the absence of the enol group, which donates electrons and 

protons to CO2. 

 

 Modification: 

(Supplementary information page 31) We add the CO2RR results of DHA-CuNW at 

extended potential range (Fig. R5a) in Supplementary Fig. 28. 
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Fig. R5│Effect of DHA on electrochemical CO2RR performance of CuNW. a Gaseous 
product FEs and total current densities of DHA-CuNW up to –1.47 V (vs RHE). b Comparison 
of the gaseous product selectivity of p-CuNW, DHA-CuNW, and AA-CuNW. 
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3. From the aspect of the calculated Gibbs energy, the production of CO is much easier than 

fulfilling C-C coupling. Therefore, how to understand the AA can not only contribute to *CO 

but also C-C coupling? 

 Response:  

We thank the reviewer for pointing this out. As we can see from the DFT results, *CO 

formation is more favorable than C-C coupling, both in the presence and absence of AA. 

We note that AA's presence further enhances the favorability of *CO formation, leading 

to more efficient CO production. This aligns with the experimental results shown in Fig. 

3a–d, where cAA-CuNW produced more CO than other CuNWs in low overpotential 

regions due to higher *CO coverage. In addition, high *CO coverage can promote the 

coupling of *CO; the partial current density of C2H4 is proportional to the square of *CO 

coverage.9 In terms of C-C coupling, AA's presence lowers the activation barrier for the 

coupling of *CO, thus accelerating C2H4 production. 
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4. The authors tried to use in situ IR and Raman to understand the behaviour of AA for CO2 

capture and related interaction. However, the author should also monitor the related blank 

experiments. Specifically, In the N2/CO2 atmosphere, AA/DHA modified Cu NWs. The authors 

provided the data for the decrease of ·CO2
- with the negative shift of potential (0.2 V, 0 V vs 

RHE), but should also present the increase of Cu-C-O. 

 Response:  

We performed further analysis in in situ Raman spectroscopy to fully prove that AA 

promotes CO2-to-*CO conversion and *CO dimerization. We confirmed the Cu-CO 

binding peaks (200-400 cm-1) for p-CuNW and cAA-CuNW at the potential from 0.2 to –

0.2 V (vs RHE, non-iR corrected) (Fig. R6). The intensity of Cu-CO stretching peak (300-

400 cm-1) for p-CuNW increased from –0.1 V (vs RHE, non-iR corrected), accompanied 

by the decrease of *CO2
- peak intensity. However, Cu-CO stretching peak for cAA-CuNW 

emerged from 0.1 V (vs RHE, non-iR corrected) and showed higher intensity than p-

CuNW due to the enhanced CO2-to-*CO conversion. 

In addition, we analyzed in situ Raman spectroscopy of p-CuNW and cAA-CuNW 

under CO2+Ar mixed gas at potentials ranging from –0.4 to –0.8 V (vs RHE, non-iR 

corrected) to further prove the promotion effect of nanoconfined AA on GQDs (Fig. R7). 

The intensity of Cu–CO binding peaks at 200-400 cm-1 is higher for cAA-CuNW than that 

of p-CuNW, indicating that cAA-CuNW shows high *CO coverage even at low CO2 

concentration. In the C=O stretching region, Raman spectra under CO2+Ar mixed gas also 

showed similar trends. COatop (1,950-2,000 cm-1) and CObridge (2,050-2,100 cm-1) were also 

formed in cAA-CuNW under CO2+Ar mixed gas, whereas the CObridge peak almost 

disappeared as the reductive potential increased in p-CuNW. This corresponds to the 

enhanced CO2RR performance of cAA-CuNW at low CO2 concentration compared to that 

of p-CuNW (Fig. 3g–h and Supplementary Fig. 35), proving the promotion of CO2-to-

*CO conversion and *CO dimerization in the presence of nanoconfined AA on GQDs.  

We also measured in situ Raman spectroscopy of CuNWs under N2 gas to support 

the monitoring of *CO bindings (Fig. R8 and R9). All CuNWs under N2 gas showed no 

peaks at 200-400 cm-1, suggesting that Cu-CO binding peaks under CO2 gas were 

originated from gaseous CO2. In addition, we measured in situ Raman spectroscopy of 
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DHA-CuNW to verify the promotion of CO2-to-*CO conversion by DHA. However, in 

situ Raman spectroscopy of DHA-CuNW showed lower intensity of Cu–CO binding peaks 

than that of cAA-CuNW (Fig. R9b and Fig. 4g), which corresponds to the poor CO 

production in the low potential range. In addition, disappearance of CObridge was observed 

as the reductive potential increased in DHA-CuNW (Fig. R9c). Therefore, we confirmed 

that DHA does not promote CO2-to-*CO conversion without electrochemical reduction of 

DHA to AA. 

 

 Modification: 

(Manuscript page 14 line 326-328) We add explanation about the analysis in in situ 

Raman spectroscopy of CuNWs under N2 gas. 

(Manuscript page 14-15 line 331 and 344) We add in situ Raman spectroscopy of DHA-

CuNW to compare with other CuNWs. 

(Manuscript page 15 line 347-349) We add explanation about the analysis in in situ 

Raman spectroscopy of CuNWs under CO2+Ar mixed gas. 

(Manuscript page 39 line 837-838) We revise the figure caption for better clarity. 

(Supplementary information page 43) Fig. R8a, c, e, and g has been added as 

Supplementary Fig. 40. 

(Supplementary information page 44) Fig. R9 has been added as Supplementary Fig. 41. 

(Supplementary information page 45) Fig. R6 has been added as Supplementary Fig. 42. 

Original graphs have been added as Supplementary Fig. 42b and d. 

(Supplementary information page 46) Fig. R7 has been added as Supplementary Fig. 43. 
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Fig. R6│Monitoring *CO2
– on CuNWs during CO2RR. In situ Raman spectra of (a, b) 

p-CuNW and (c, d) cAA-CuNW obtained during CO2RR according to the applied potentials in 
the region of 200-700 cm-1

 (top) and 1,400-1,700 cm-1 (bottom). 
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Fig. R7│Real-time observation of *CO bindings from CuNWs under CO2+Ar mixed gas. 
In situ Raman spectra of (a, b) p-CuNW, and (c, d) cAA-CuNW obtained during CO2RR 
according to the applied potentials in the region of 200-700 cm-1 (top) and 1,800-2,400 cm-1 
(bottom). 
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Fig. R8│Real-time observation of *CO bindings from CuNWs under N2 and CO2 gas. In 
situ Raman spectra of (a, b) p-CuNW, (c, d) G-CuNW, (e, f) AA-CuNW, and (g, h) cAA-
CuNW obtained in the region of 200-700 cm-1

 according to the applied potentials under N2 (top) 
and CO2 gas (bottom). 
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Fig. R9│Real-time observation of *CO bindings from DHA-CuNW. In situ Raman spectra 
of DHA-CuNW obtained in the region of 200-700 cm-1

 according to the applied potentials 
under (a) N2 and (b) CO2 gas. c In situ Raman spectra of DHA-CuNW obtained in the region 
of 1,800-2,400 cm-1

 according to the applied potentials under CO2 gas. 
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