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SUMMARY 

Electrochemical acetate oxidation (AcOR) offers a sustainable approach to produce 

renewable biofuels. While CO₂ formation is thermodynamically favored, acetate oxidation 

can also yield various products through the Kolbe and Hofer-Moest mechanisms, 

enabling the scope for modulating product formation via partial oxidation. Given the 

complexity of the reaction, it is crucial to understand how different reaction conditions 

influence the product profile. Furthermore, this process generates methyl radicals, 

providing insights into methane partial oxidation. The current study explores AcOR on 

noble metal electrodes (Pt, Pd, Au) in a 0.5 M CH3COOK aqueous electrolyte, revealing 

the mechanism of product formation using potential- and time-dependent electrolysis and 

isotope labeling experiments. The effect of surface chemistry, ion transport, electrolyte 

concentration, and electrolysis techniques on product selectivity is analyzed. Additionally, 

the study compares product profiles from an electrolyzer cell to those obtained from 

model electrodes in batch cell setup. 
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INTRODUCTION 

Electrosynthesis of chemicals and fuels has gained significant research interest 

due to its potential to mitigate the problem of industrial CO2 emissions and contribute to 

decarbonization goals when coupled with renewable energy sources.1,2 Biomass, as a 

renewable carbon source, brings an additional advantage for decarbonization when 

utilized for fuel generation.3,4 Acetate is the major biofuel generated as a byproduct during 

biomass upgrading.5,6 Over the past few decades, acetate oxidation has been extensively 

studied using anaerobic digestion7-9 as well as photocatalytic10-12 and electrocatalytic 

methods13. Electrochemical partial oxidation of acetate (AcOR) can generate fuels and 

value-added chemicals such as ethane, ethylene, ethanol, methanol, etc. Although many 

experimental investigations have been conducted, the mechanistic understanding of the 

electrolysis of acetic acid is limited.  

Faraday14, in the 1830s, was the first to observe hydrocarbon formation during the 

acetate oxidation reaction (AcOR). A decade later, Kolbe15,16 identified the primary 

product to be ethane and he proposed a pathway of decarboxylation followed by the 

coupling of two methyl groups.17 Shukla et al.18,19 found that the methane is also formed 

during electrolysis and proposed a free radical reaction mechanism for the ethane 

formation that was not dependent on the nature of the electrode surface. However, later 

studies by Fioshin et al.20 and Fleischmann et al.21, using a rotating electrode and pulsed 

electrolysis experiments, respectively, over Pt electrodes proved that the electrode 

surface has a definitive impact on the reaction rate and product profile by controlling the 

adsorption/desorption of reaction intermediates. Recent theoretical investigations by the 

Chan group13 supported the argument that the reaction mechanism happens by the 

adsorption of reactive species on the electrode surface, followed by heterogeneous 

catalysis. Hence, the electrode surface, which is the active catalyst, plays a critical role in 

determining the reaction pathways. 

AcOR begins with the breaking of the C-C bond in CH3COOH, generating methyl 

radicals. Due to the complex reaction environment, the surface methyl radicals, once 

generated, can undergo multiple reactions and produce hydrocarbons and oxygenates 

via recombination, Kolbe reaction, C-C coupling and oxygenation.22 It is firmly established 

that the overall reaction pathway is dominated by the Kolbe reaction23,24, where two 
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methyl radicals are combined. The overall reaction showing the decarboxylative 

dimerization of a pair of carboxylic acids is shown in Equation 1. 

2𝐶𝐻3𝐶𝑂𝑂𝐻 → 𝐶2𝐻6 + 2𝐶𝑂2 + 2𝐻+ + 2𝑒−               (1) 

However, there are other possible reaction pathways, such as the Hofer-Moest 

mechanism, where non-Kolbe products are formed by the oxygenation of methyl radicals 

(to give alcohols) and the heterogeneous coupling of ·CHx (x = 1,2,3) radicals. Methanol, 

methyl acetate, formaldehyde (a resultant of over oxidation of methanol) and other 

products have been identified, but a detailed investigation of their formation mechanism 

lacks attention.25 Recent studies on carboxylic acid oxidation have mostly concentrated 

on more complex molecules including valeric acid,26,27 malic acid, palmitic acid,28 

hexanoic acid,29 and octanoate30 to name a few.31 While preliminary studies by our group 

on AcOR22 revealed the formation of multiple carbon-based products, indicating a 

potential for complex reaction mechanisms, a comprehensive examination of the fate of 

methyl radicals during the oxidation reaction and the influence of catalyst surface 

chemistry on these mechanisms has not been undertaken. 

It is also important to note that the type and concentration of the electrolyte, pH, 

catalyst and cell geometry can influence the AcOR reaction pathway, as has been 

observed in many complex electrochemical reactions such as CO2RR, NRR, and urea 

synthesis.32-37 For instance, recent work by Nordkamp et al.38 showed that the pH of the 

electrolyte influences the reaction pathway. Particularly under alkaline conditions, a shift 

of selectivity from ethane to methanol was noticed, which was attributed to the dissolution 

of CO2, resulting in an enhanced concentration of bicarbonate/carbonate at the 

electrode/electrolyte interface. Thus, formed carbonate/bicarbonate anions inhibit Kolbe 

product formation. Additionally, the pH of the electrolyte influences the thermodynamic 

stability of the surface state of the catalyst at a given potential. For example, in the 

presence of water at pH 7, the Pourbaix diagram indicates that the Pt surface oxidizes to 

Pt(OH)2 at 0.6 V, transitions to PtO2 beyond 0.8 V and further oxidizes to PtO3 above 1.2 

V.39 These transitions in the chemical state of the Pt surface occur at lower positive 

potentials in higher pH electrolytes and higher positive potentials in lower pH electrolytes. 

Pt(OH)2 is stable in water and non-complexing aqueous solutions that are free from any 

reducing or oxidizing agents. It can oxidize hydrogen to water while converting itself to 
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hydrated platinic oxide. Under acidic conditions, Pt(OH)+ prevails while at pH > 12, it forms 

Pt(OH)4
2-.40 On the other hand, PtO2 can exist in various hydrated states and remains 

stable in non-complexing acid and neutral solutions, but under alkaline conditions, it forms 

PtO3
2-/Pt(OH)6

2-. When anodically polarized, PtO3 is highly unstable, decomposing easily 

to PtO2 and O2.39 Similarly, the thermodynamic stability of different oxidized forms of other 

noble metals significantly impact the reaction conditions, which will be discussed in detail 

in this paper. These metals exist in various surface states under anodic conditions, and 

being active oxidizing agents adds complexity to the mechanistic understanding of AcOR. 

As a result, understanding the role of the surface oxidation state in determining the fate 

of methyl radicals during acetate oxidation is pivotal.  

Furthermore, AcOR can function as a proxy for electrochemical methane oxidation 

as breaking the first C-H bond in methane also yields surface methyl radicals.41-43 Today, 

methane oxidation requires substantial positive potentials to cleave the first carbon-

hydrogen (C-H) bond within methane,44 and at these potentials, the resultant 

intermediates, namely methyl (·CH3) and methylene (·CH2) radicals, are prone to 

excessive oxidation, closing the reaction by the formation of CO2 as the final product.45,46 

In recent years, escalating research endeavors have been dedicated to overcoming this 

limitation.47-50 Therefore, for both the AcOR and methane oxidation reaction, elucidating 

the mechanism of how methyl radicals interact and undergo multiple coupling and 

deprotonation steps to give various hydrocarbon and oxygenate products can aid in 

guiding the design of catalysts, reactors and systems for electrochemical partial oxidation 

processes.  

In this study, a detailed exploration of the mechanistic understanding of acetate 

oxidation under various operational conditions has been performed, including the effect 

of acetate concentration, ion flow and pH conditions. The mechanistic pathways of AcOR 

product formation have been investigated utilizing isotope labeling experiments. 

Additionally, the impact of structural oxide formation and surface chemistry on the AcOR 

behavior across different noble metals has been elucidated. The influence of pulsed 

electrolysis conditions on the resulting product profile, mainly on their time-dependent 

stability, has been investigated. Moreover, the stability of the product profile during larger-
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scale electrolysis using a membrane-electrode assembly (MEA)-based flow cell has been 

analyzed and compared to that obtained on model electrodes in batch electrolysis. 

 

RESULTS AND DISCUSSION 

Time-dependent product profile and the effect of ion transport  

The formation of Kolbe and Hofer-Moest products is driven by complex 

protonation/deprotonation and coupling/decoupling processes occurring simultaneously 

at the electrode surface, which influence the selectivity of products over time. Therefore, 

the time-dependent selectivity of AcOR products was tested using a Pt anode in a three-

electrode batch cell with a 0.5 M CH3COOK electrolyte. The effluent gas from the cell was 

injected into an integrated gas chromatography/mass spectrometer (GC/MS) system in 

16 min intervals to assess the products. Although the results were not obtained in real-

time, the measurements at consecutive intervals provide a clear representation of the 

evolving reaction pathway and the corresponding product selectivity trends. The time-

dependent change in the product concentration profile obtained during acetate oxidation 

performed at 3.2 V is shown in Figure 1a. The relative concentration of products was 

consistent over 6 h except for ethylene and formaldehyde (Figure S1), and there were 

notable differences in terms of product concentration. Initially, the total concentration of 

the products accounted for ~ 85000 ppm after 20 min of electrolysis, which continuously 

degraded over time. Kolbe products such as ethylene and ethane, were the major species 

formed initially, while HCOH was the only oxygenate produced at a higher concentration. 

Although alcohols were produced, they accounted for less than 3500 ppm and among 

them, methanol was the major product with concentrations ranging between 1000 – 3000 

ppm over 6 h of electrolysis. The product formation showed a sharp decline after 50 

minutes, after which only formaldehyde was stabilized. In terms of selectivity, the relative 

concentration for formaldehyde increased constantly with time while that of ethylene 

decreased. The product changes were likely driven by the significant change in the 

electrolyte pH that was observed during electrolysis (Table S1). At 3.2 V, the pH shifted 

from 8.0 to 5.4, making the reaction environment more acidic. In addition to the pH shift, 

there was a significant decline in the electrolyte volume on the anode side. This led to the 
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question of whether the pH is the sole factor that was responsible for this decline in the 

activity or other reactor dynamics were playing a vital role.  

During this batch of experiments, a proton exchange membrane (PEM) was used 

as the separator of the anodic and cathodic compartments, which allowed only positive 

ions to pass through it (Figure 1b). Though the migration of CH3COOK molecules is 

possible under a high concentration gradient, the impact of this on the bulk pH is negligible 

(Note S1). Protons (H+) and potassium ions (K+) are the only cations present in the 0.5 M 

CH3COOK solution. Since K+ ions are the major charge carriers among the two (because 

of their relative concentration) and it can carry around three water molecules by electro-

osmatic drag51, the sustained availability of water on the cathode side is ensured over 

extended periods. On the anode side, the transport of K+ ions towards the cathode leads 

to a relatively higher concentration of CH3COO-. Ionic neutrality was maintained by water 

dissociation, generating OH- and H+ ions. The OH- ions participate in the formation of 

metal oxide and OER reactions. This leads to an increase in the H+ concentration with 

time at the anode, leading to a decreased pH. 

Concentration-dependent investigations revealed that with an increase in the 

electrolyte concentration, the pH after electrolysis was slightly higher, as outlined in Table 

S2, resulting in a different product profile, as shown in Figure S2, for all tested acetate 

concentrations at 3.2 V. With an increase in acetate concentration, e.g. from 0.05 M to 

0.2 M, the production of formaldehyde was significantly increased. When the acetate 

concentration exceeded 0.2 M, the emergence of Kolbe products and alcohols was also 

observed. Higher concentrations of acetate led to a broader distribution and increased 

concentrations of different Kolbe and oxygenate products, indicating an improved AcOR.  

Not only does the increased concentration improve the acetate availability at the electrode 

surface, the increased concentration of acetate can effectively neutralize the effect of H+ 

ions by forming a CH3COO-/CH3COOH buffer. Consequently, elevating the acetate 

electrolyte concentration emerges as a potential strategy for enhancing and stabilizing 

the product profile for an extended time period. To test this hypothesis, acetate oxidation 

experiments were conducted using a 5.0 M CH3COOK solution. Figure 1c demonstrates 

a more than two-fold improvement in the overall concentration of products within the first 

25 min of electrolysis with 5.0 M CH3COOK compared to 0.5 M CH3COOK. Subsequently, 
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even after the initial 25 min, there was an improvement in product evolution with 

increasing acetate concentration. After 50 min of electrolysis, the production of 

formaldehyde and methanol was increased and is consistently more than 3 times higher 

compared to that obtained in 0.5 M CH3COOK. Upon comparing the product distribution 

(Figure S1 and S3), it was observed that the selectivity for C2H6 and CH3OH increased, 

while that for C2H4 initially decreased but its production was eventually stabilized at ~22 

mol % of the observed products. Simultaneously, there was an enhancement in CO 

selectivity, coupled with a reduction in CO2 production. No pH shift was noticed, and the 

volume of the electrolyte was stable. This trend suggests that higher acetate 

concentrations can yield more stable AcOR selectivity and activity. 

Since the ion transport with a PEM led to the decrease in the pH on the anode side 

at low and intermediate concentration that affected the product profile, an anion exchange 

membrane (AEM) was employed to control the ion flow during electrolysis with 0.5 M 

CH3COOK. As illustrated in Figure 1d, the use of an AEM allow for the transport of only 

anions from the cathode side to the anode side. Due to the water reduction reaction at 

the cathode, OH- ions are continuously produced, leading to the presence of OH- along 

with CH3COO- on the cathode side. As the hydroxide ions are more favorable charge 

carriers than acetate ions, they move through the membrane to anode side. During a 2 h 

electrolysis experiment, although the concentration of the products decreased when an 

AEM was employed, a consistent product formation was observed over an extended 

period, as shown in Figures 1e, f. The decline in concentration for each product was 

delayed in comparison to the use of a PEM (Figure 1a). Similar to the results with PEM, 

the primary product during electrolysis was C2H4, followed by C2H6 and HCHO, with 

HCHO exhibiting an increasing trend over time. It was noted that periodic overoxidation 

of products occurred, completely depleting Kolbe or oxygenate products approximately 

every 70 minutes of electrolysis (Figure 1f), indicating an increased residence time of the 

reaction intermediates.  Though a slight variation in the pH was noticed, it was not as 

significant as with the PEM. The hydroxide ions that moved to the anode compartment 

are consumed by the OER at the anode, thereby limiting the pH change during 

electrolysis. Even though the use of the AEM mitigated the pH change and stabilized the 

product selectivity compared to the PEM, the decline in the product evolution (the actual 
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concentration of each product) with time still prevailed. This decline is likely due to the 

consumption of acetate during electrolysis. As observed previously with PEM, using a 

higher concentration of acetate would surpass this issue. Hence, similar to the 

experiments with PEM, the concentration of acetate was increased, this time to 1.5 M, 

and the product concentrations were increased significantly (Figure S4) with a similar 

trend in their relative concentrations during 1.5 h of electrolysis.  

Another approach to stabilize pH is to perform electrolysis in buffer solutions. 

However, it is difficult to find appropriate buffers that not only have the buffering capacity, 

but also the needed electrochemical stability.  One common buffer that was tried in this 

work was borate.  AcOR electrolysis was conducted with 0.5 M CH3COOK in 0.1 M borate 

buffer (pH 8.2) in the reacting cell with a PEM. As shown in Figure S5a, the selectivity for 

oxygenates increased while that of the Kolbe products was suppressed. Notably, 

formaldehyde exhibited consistent production exceeding 40 mol % throughout the 

electrolysis period, which is significantly higher than that obtained without borate buffer. 

Additionally, an increase in mol % of CO2 was observed, with CO also showing an 

increased trend with time. The analysis of product concentrations (Figure S5c) revealed 

that the Kolbe formation was greatly suppressed while that of formaldehyde was 

unchanged compared to that without borate buffer. Despite these product changes, the 

buffer was not resilient to the reaction conditions, and the pH of the electrolyte did not 

stabilize the 3 h electrolysis; in fact, it declined to 5.4. Even increasing the borate buffer 

concentration to its saturation level of 0.5 M showed a similar trend of product selectivity 

(Figure S5b) and a pH decrease to 5.8, indicating very little buffering activity. Therefore, 

the addition of borate was also done with an AEM where the pH was more stable, just to 

probe the effect of borate as a buffer. The results are shown in Figure S6, where the trend 

of enhanced oxygenate selectivity and decreased Kolbe products persisted, along with 

increased CO2 and CO. When the borate concentration was increased, no significant 

changes in product evolution were observed relative to that with the PEM (Figures S5b, 

d and S6b, d). An increase in alcohol concentration and the higher (mol %) for 

formaldehyde was evidenced from the experiments in borate buffer, which is the result of 

the overoxidation of alcohol products. At high positive potentials, borate forms complexes 

with hydroxyl groups and promotes their adsorption on the electrode surface.52,53 Further, 
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it facilitates electrochemical oxidation reactions via forming metal hydroxide and oxide 

bonds.54 Thus, while the borate buffer did not stabilize the pH at such high oxidative 

potentials, it did influence the AcOR by altering the product selectivity, which should be 

studied further in the future. 

 

Pulsed electrolysis 

During electrolysis, acetate ions adsorb onto the catalyst surface and undergo 

oxidation through multiple electron transfer steps, involving various bond formation and 

dissociation events among intermediate species. The residence time of the reactants and 

the reaction intermediates at the electrode surface determines the extent of oxidation 

each molecule of acetate undergoes to form a product, thereby influencing product 

selectivity. For instance, shorter residence time of AcOR reactants/intermediates favor 

the formation of products requiring fewer electron transfer steps, such as methane, 

ethane, ethylene, and methanol. On the other hand, with longer residence times, an 

overoxidation of acetate will occur, favoring products such as formaldehyde, formate, and 

CO2. As the reaction progresses, excess adsorption of reaction intermediates could block 

the active sites, poisoning the catalyst's surface and hinder the overall AcOR activity and 

the product evolution with time.  This means that steady-state operation at one potential 

may not lead to the most stable overall product profile. Pulsed potential electrolysis, which 

involves applying a less anodic “resting” potential at regular intervals to interrupt steady-

state time segments at high constant potential, has been implemented for various 

electrochemical reactions, such as CO2 reduction, water electrolysis, methane oxidation, 

etc. and has shown at least some ability to modulate product selectivity55-58.   

During the pulsed electrolysis cycles, when an anodic potential is applied, reactive 

species and intermediates are adsorbed on the anode surface and undergo oxidation 

reactions. When the resting potential is applied, gaseous or liquid products that may have 

poisoned the metal active can be removed from the surface from either desorption or 

reduction. In some cases, the resting potential allows for the accumulation of reactive 

active species that are later oxidized when the steady state potential is resumed, thereby 

enhancing the stability of product formation during electrolysis. In the experiments 
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conducted with an AEM and 1.5 M CH3COOK on a Pt electrode, a significant 

enhancement of formaldehyde was observed. Perhaps this phenomenon could be 

attributed to the prolonged residence time of methanol on active sites of the electrode 

surface. Additionally, a reduction in product evolution was also noticed with prolonged 

electrolysis. Hence, pulsed electrolysis was implemented to understand its influence on 

the AcOR.   

In this work, the constant high potential was 3.2 V and the resting potential was 

0.5 V.  The resting potential was applied every 2 hours and was 60 s in duration. The 

protocol was run for 7.5 hours. The AcOR products changed significantly, as shown in 

Figure 2 and Figure S7.  The concentration (Figure S7) of the obtained products was 

greatly diminished for the first 2 h, the introduction of a resting potential after 2 hours 

resulted in a consistently stable product selectivity (Figure 2) for the rest of the electrolysis 

duration. Notably, the application of the resting potential did not lead to an enhancement 

in the selectivity for Kolbe products. Although the selectivity for C2H6 showed a decline, 

the evolution of C2H4 was completely suppressed. Conversely, the selectivity for Hofer-

Moest products, particularly for HCHO and CH3OH, improved initially and then remained 

relatively stable throughout the electrolysis duration. Furthermore, the mol % of 

formaldehyde was ~1.5 times that of methanol, which was 6 – 10 times during constant 

potential electrolysis (Figure 1e). A similar trend of stable evolution was observed for CO, 

while it increased for O2. The selectivity trends suggest that the over-oxidation of some 

products, particularly methanol, may be controlled and a more stable over long durations 

with pulsed electrolysis, allow for a more desirable product selectivity to be achieved 

through adequate tuning of the reaction conditions and times.   

 

Mechanistic pathways for acetate oxidation products 

Given the production of Kolbe and oxygenate products, along with CH4, CO, and 

CO2 on Pt electrodes, further investigations were conducted to understand the 

mechanistic pathways through which the acetate is oxidized to various products. To 

elucidate the mechanistic pathways of acetate oxidation and the role of methyl radicals in 

the formation of Kolbe and Hofer-Moest products, isotope labeling experiments were 
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conducted by labeling carboxyl and methyl carbons of 0.5 M sodium acetate with 13C in 

a batch cell at the Pt electrode. In the first set of experiments, 13C was placed in the 

carboxyl functional group (CH3
13COONa). The resulting GC-MS analysis (Figure S8) 

indicated that the carboxyl group is the primary source of CO2 (Figure 3). Conversely, 

when the methyl carbon was labeled with 13C (13CH3COONa), it was observed that all 

carbon products containing C-H bonds incorporated 13C (Figure S9). These findings 

suggest that upon the cleavage of the C-C bond in acetate, a pivotal step in the reaction, 

the carbonyl intermediate departs from the anode as CO2 and leaves activated ·CH3 

radicals bound to the electrode surface as indicated by path 3 in Figure 3. Simultaneously, 

surface-bound methyl radicals engage with either ·CHx or ·OH radicals, leading to the 

Kolbe or Hofer-Moest reactions. 

During the isotope labeling experiments, a range of C1 to C3 products, such as CO, 

CH4, CH3OH, HCHO, HCOO-, HCOOCH3, C2H4, C2H6, and CH3COOCH3 were identified. 

Based on the results, possible reaction mechanisms are proposed in Figure 3. In the initial 

step, acetate adsorbs on the electrode surface (path 1) via bidentate bond formation61,62, 

followed by the breakage of the bond between the methyl and carbonyl groups, leading 

to the formation of CO2 and activated ·CH3 radicals.63 The combination of two 

chemisorbed methyl radicals happens via the Kolbe reaction, forming C2H6, as indicated 

by path 4 in Figure 3.17 The methyl radicals formed via path 3 can also undergo 

deprotonation, resulting in the adsorbed methylene (·CH2) radicals (path 5). Two of the 

·CH2 radicals then combine to yield C2H4 (path 8). On the other hand, the ·H formed by 

the deprotonation of ·CH3 radicals can either lead to H2 (path 10) or combine with a ·CH3 

radical present in its vicinity to give CH4 (path 9). However, CH4 also forms by the coupling 

of ·CH3 and ·H produced by water splitting reaction (path 17). In addition to the Kolbe 

reaction, the ·CH3 radicals generated during path 3 undergo Hofer-Moest reactions to 

give oxygenate products. For instance, coupling ·OH and ·CH3 radicals leads to CH3OH, 

as indicated by path 6. Additionally, it can be combined with surface-adsorbed acetate 

ions to give CH3COOCH3. HCHO can be formed either by the oxidation of CH3OH (path 

12) or by coupling a ·CH2 radical with ·O (path 11).64 The generated HCHO can further 

oxidize to give formate65 that can proceed to combine with methyl radicals and generate 

methyl formate (paths 15, 16). In addition to the reactions discussed above, an alternative 
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pathway for methyl radical formation involves the condensation of acetate ions followed 

by the evolution of CO, as indicated by paths 13 and 14.   

Next, experiments were done with H2
18O and D2O, which provided additional 

insights into the involvement of water in the electrolysis process. While CH3
18OH and 

C2H5
18OH were detected (Figure S10), alcohols with deuterium were absent in 

experiments (Figure S11). This indicates that the contribution of ·H radicals, rather than 

H+ from water splitting, is significant in driving the formation of products, and oxygen from 

water rather than acetate is responsible for oxygenate products. At the positive potential 

where the electrolysis was undertaken, surface oxide formation and structural 

reconstruction extensively occur.66 Furthermore, the water-splitting reaction involves the 

adsorption of *OH on the catalyst surface, and its conversion to structural oxygen has 

been reported in the literature.67 This observation suggests that the oxygen from water in 

the electrolyte contributes to the formation of surface and/or structural oxide on the metal 

catalyst, and the formed oxide contributes to the generation of oxygenates. In addition to 

this, the presence of 13C in CH4, produced during acetate electrolysis with methyl carbon 

labeled with 13C, suggests that methane production occurs through the combination of 

methyl radicals with hydrogen radicals, i.e., the path 9 rather than path 17 (Figure 3).  The 

role of surface oxidation in the AcOR is further discussed in the following section.   

 

Linking AcOR products to the oxidation state of noble metal electrodes 

Because the isotope labeling experiments suggested that structural oxides 

contribute to the product formation pathways, further investigations were undertaken to 

understand the role of the surface oxide state on the selectivity of the products over 

different noble metals such as Pt, Pd, and Au. Figure 4a shows the potential-dependent 

product distribution for each of the products during acetate electrolysis in 0.5 M 

CH3COOK over a Pt anode. The mol %, yield and faradaic efficiency (Figure 4a, Table 

S3) values reported here are the average values obtained from six consecutive GC-MS 

injections. Notably, despite CO2 constituting almost 50% of the obtained products across 

various applied potentials, ethylene and ethane were significantly generated, indicating a 

favorable Kolbe reaction. It is essential to highlight that trace amounts of alcohols, 
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formaldehyde, and CO were also formed in this process, which was expected given the 

results of the sections above.  

In the context of electrocatalysis, when operating at high potentials within an 

aqueous environment the formation of a structural oxide is unavoidable. However, the 

resulting oxide can have many effects, either passivating/obstructing active sites and/or 

facilitating product formation. Numerous studies in the literature propose that the 

transition of metal oxidation states plays a pivotal role in activating methane and its 

conversion into alcohols.68-71 Therefore, it becomes crucial to comprehend the role of 

surface oxides in influencing product selectivity.  The structural changes that occurred on 

the Pt surface due to surface oxidation to PtO and PtO2 happened in-situ during AcOR 

and were evaluated by collecting cyclic voltammograms (CVs) before and after 

electrolysis. Figures 4b and S12 show CVs taken before and after electrolysis at various 

applied potentials. Prior to electrolysis, the CV of Pt showed characteristic reduction and 

oxidation peaks at 0.6 V and 1.4 V, respectively. These can be attributed to the OH 

adsorption/desorption and, the conversion of adsorbed OH to the adsorbed O species, 

and the surface oxide formation.72 However, when the electrolysis was carried out at 2.9 

V for 2 h, these peaks were shifted towards less positive potentials. This shift continued 

until the electrolysis was performed at 3.1 V. Conversely, when the applied potential for 

electrolysis was further increased, the shift was reversed, and a slight shift towards 

positive potentials was observed. The reason for this shift could be attributed to the shift 

in the pH during electrolysis (Table S1). Additionally, the intensity of the anodic peaks 

significantly increased. The presence of water molecules and CO (from AcOR) at the Pt 

surface modulate the mechanism of surface oxide formation and surface reconstruction73-

75, which could be the reason for the observed differences in the peak positions and 

shapes of anodic peaks. The Pourbaix diagram of Pt in water indicates the higher surface 

hydration ability with Pt(OH)2 formation occurring at 0.6 V at pH 7, transitioning to PtO2 

beyond 0.8 V, however in hydrous form. On the other hand, at applied potentials of 1.9 V 

and above, the formation of very thick oxide layers of hydrous PtO2 has been reported.74 

While the formation of the PtO3 phase at the potentials beyond 1.8 V is indicated, it is 

highly unstable and decomposes into PtO2 and O2.39 This indicates that the structural 

oxide of the Pt is highly stable across a wide range of potentials, explaining the stable 
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selectivity of the products during AcOR. Considering the range of potentials at which the 

electrolysis was performed, the active surface of Pt will be in PtO2 state at all the 

potentials applied. Together, the stable selectivity towards CO2 and Kolbe products at all 

applied potentials could be attributed to the PtO2 surface state.  

The AcOR was also examined on an Au surface. As shown in Figure 4c and Table 

S4, the preference for Kolbe versus Hofer-Moest products was found to be dependent on 

the applied potential. Throughout the tested potentials, with the exception of 1.5 V, CO2 

emerged as the predominant product (>80 mol %), followed by H2 (>10 mol %), indicating 

an over-oxidation of acetate. At the lowest applied potential of 1.2 V, only CO was 

produced. Selectivity for Kolbe products improved with an increase in potential to 1.4 V, 

shifting towards oxygenates as the potential was further raised to 1.5 V.  The root cause 

for this shift was investigated again by cyclic voltammetry.   

Figure 4d shows the CVs of Au recorded after each electrolysis experiment, 

revealing structural changes occurring on the Au surface corresponding to the applied 

positive potential. Positive potentials lead to the growth of Au(OH)3, AuOOH, and Au2O3 

oxide films on the Au surface in aqueous electrolyte76,77, with their stability dependent on 

the potential range applied78,79. DFT studies performed by Diaz-Morales et al.80, coupled 

with in-situ surface-enhanced Raman spectroscopy, provide valuable insights on the 

surface oxidation states and their potential-dependent stability. The most common 

oxidation state that exists on Au at positive potentials is +3. However, the degree of 

surface hydration of the gold electrode, influenced by the applied potential, determines 

the specific oxidized form of Au(III), i.e., Au(OH)3, AuOOH, and Au2O3. Following the initial 

adsorption of OH species onto the gold surface, Au(OH)3 formation is facilitated at 

potentials beyond 1.17 V, remaining stable until 1.28 V. This process induces surface 

regeneration and the formation of Au islands, serving as sites for further oxidation and 

surface roughening.80,81 Within this potential range, only the formation of H2, CO, and CO2 

was observed. Beyond 1.28 V, the AuOOH phase becomes stable until 1.54 V. Notably, 

within this potential range, the detection of Kolbe and Hofer-Moest products with 

significant selectivity was observed. At higher positive potentials, AuOOH transitions into 

an unstable hydrous Au2O3 phase, decomposing to the more stable Au2O3 phase.80,81 

Furthermore, according to the Pourbaix diagram, at potentials higher than 2.4 V, Au2O3 



15 
 

converts to AuO2 in the presence of water.39 AuO2 is a strong oxidizing agent, and easily 

decomposes to Au2O3, releasing O2. The formation of Au2O3 and AuO2 favors over-

oxidation products, namely CO2 and CO. Together, the results indicate that the selectivity 

towards Kolbe and alcohol products over Au is totally dependent on the degree of surface 

hydration – with AuOOH being the most desirable surface state. 

Compared to Pt, Au exhibits surface hydration at more positive potentials. This 

behavior, coupled with the unique ability of Au to exist in multiple oxidation states, leads 

to the formation of various hydroxide and oxide forms. However, the hydroxides and 

oxides are less stable and can change within a narrow potential window. The dynamic 

nature of Au results in great variation of structural oxide, unlike Pt, which forms highly 

stable structural oxides across a broad potential range due to the limited variations in its 

hydroxide and oxide phases. As a result, the dynamic behavior of Au facilitates selective 

reaction pathways during AcOR, allowing for controlled product distribution based on the 

applied potential. 

 Next, AcOR studies were conducted on Pd surfaces to further understand the role 

of surface oxidation state on acetate oxidation ability. Though it belongs to the Pt group 

on the periodic table, the surface chemistry of Pd is significantly different than Pt as the 

former oxidizes readily, even to +6 valency, and possesses stronger dissolution than the 

latter.82,83 The electrochemical behavior of Pd in an acetate medium was initially assessed 

by CV before running any chronoamperometric experiments. The typical CV, shown in 

Figure 4f, shows anodic peaks at ~0.5 and ~1.3 V, corresponding to the surface oxidation 

of Pd to PdOH/PdO and PdOH/PdO to PdO2, respectively, and cathodic peaks at ~0 V 

and ~0.5V related to the corresponding surface oxide reduction processes.83-85 It is worth 

noting that a CO stripping peak also appears at approximately around 0.5 V over Pd 

surfaces.86 The high intensity of the CO stripping peak indicates the efficient oxidation of 

CH3COO- on the Pd surface to CO, which may eventually oxidize to CO2.86 The product 

profile shown in Figure 4e and their yield tabulated in Table S5 indicate that CO2 and CO 

were the only carbon products formed at the tested potentials apart from O2 and H2, and 

at a highly positive potential (1.8 V) OER dominated AcOR. During the electrolysis, an 

excessive discoloration of the Pd electrode was noticed, indicating dissolution of the metal 



16 
 

and surface restructuring. The dissolution to clean Pd alters the surface state significantly, 

modifying the active sites. 

The Pourbaix diagram of Pd39 reveals that its structural oxide formation is 

comparable to that of Pt. At 0.6 V in water at pH 7, Pd transitions to Pd (II) oxides 

(Pd(OH)2/PdO·H2O). As the potential increases to 1.2 V, Pd(IV) oxides (Pd(OH)4/PdO2) 

become prevalent. However, Pd(OH)4 is  highly unstable, decomposing readily to release 

oxygen and acts as a strong oxidizing agent. PdO3 can form above 1.8 V, but is very 

unstable at pH ≤ 7. Experimentally it is reported that the surface of Pd starts oxidizing to 

Pd (II) hydroxides and oxides at potentials ranging between 0.6V and 0.75 V, and the 

potential limit to form the first monolayer of Pd(II) oxide is in the range of 1.4 V – 1.5 V.83 

On the other hand, the onset of Pd(IV) oxide (PdO2) happens beyond 1.2 V, in agreement 

with the Pourbaix diagram. At the potentials greater than the onset of the oxygen evolution 

reaction, thick PdO2 layers (β-Pd oxides) are generated.83 Taken together, the presence 

of hydrous Pd(II) oxides (PdOH/PdO·H2O) would favor the acetate oxidation reaction, 

while the multilayered Pd(VI) oxides (PdO2/β-Pd oxides) and the dissolution to clean Pd 

alter the reaction pathway favoring oxygen evolution over acetate oxidation.  

Similar to Pt, Pd possesses limited stable structural oxide phases/hydrated forms, 

but exhibits significantly greater surface modifications at lower potentials compared to Pt. 

Also unlike Pt, the hydroxide and oxide phases of Pd co-exist for a given Pd valency. 

Despite the ability of Pd to exist in multiple oxidation states, it does not exhibit similar 

dynamic changes in the structural oxide phases as was seen in Au. Additionally, the 

stability of Pd oxides with higher valency is less than desirable. These differences in the 

types of structural oxides and their availability to participate in the catalytic reaction are 

reflected in the product distribution and the limited number of chemical species that were 

formed during AcOR. 

Given the notable impact of electrolyte concentration and membrane type on 

product evolution in the results shown above, a potential-dependent product survey was 

conducted with Pt, Au and Pd using a 1.5 M CH3COOK electrolyte with an AEM. As shown 

in Figure 5a, regardless of the applied potential, OER dominated over AcOR, with relative 

concentration of ~50 mol %. Furthermore, a significant shift in product selectivity was 

observed, transitioning from Kolbe products to oxygenates. The relative concentration of 



17 
 

ethane was consistent with the results discussed above, and the ethylene production was 

greatly suppressed. Again, there was a significant increase in the formaldehyde observed, 

with mol % ranging between 20% and 30%, depending on the applied potential (Figures 

5a and S13, Table S3), thus competing with the ethane production. There was also a 

drastic reduction in the mol % of CO2, dropping from approximately 45% to less than 5%, 

suggesting effective control over the overoxidation of products in the changed conditions. 

With the use of an AEM, the accessibility of OH- ions at the anode will increase due to 

their transport from the cathode side, resulting in a control over pH change during 

electrolysis. This contributes to the stabilization of oxide phase of the catalyst, as 

discussed earlier based on the Pourbaix diagrams, and the availability of surface oxygen 

species, contributing to the enhanced OER and oxygenate selectivity as discussed by 

path 11 in Figure 3.  

On Au in 1.5 M CH3COOK electrolyte, a limited product profile was observed 

(Figures 5b and S14, Table S4). While a small amount of ethane was produced at 1.3 - 

1.4 V, ethylene was not detected. A trace amount of methanol was detected only at 1.8 V, 

while ethanol was completely absent. Formaldehyde, an over-oxidation product, was 

formed at the potentials where Kolbe and alcohols were observed with a PEM (1.4-1.5 

V). Improved formaldehyde production was also observed with a Pt electrode. The 

availability of more OH- ions at the electrode may facilitate a rapid bonding of methyl 

radicals with OH species as shown by path 6 in Figure 3 to give methanol followed by a 

further oxidation to formaldehyde. Furthermore, a stronger stabilization of these 

intermediates resulted in rapid deprotonation, thus forming formaldehyde and hydrogen. 

Conversely, no substantial difference was observed in terms of type of products obtained 

with the Pd electrode (Figures 4e, 5c, and S15, Table S5). CO2 and O2 were the major 

products produced irrespective of the applied potential. However, in contrast to that with 

a PEM, OER was dominant over CO2 with the use of AEM except at 1.7 V. Though 

produced in very small quantities, formaldehyde was present at all applied potentials in 

contrast to the CO produced with a PEM. This is in agreement with the observations 

noticed at Pt and Au electrodes, where also formaldehyde dominated among the AcOR 

products other than CO2.  
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AcOR products in an operating flow cell 

Flow cells utilizing a membrane electrode assembly (MEA) have long been 

investigated within the realm of electrocatalysis to address and overcome mass transport 

limitations.87,88 Consequently, this approach enables higher current densities and 

increased product formation, which could allow such technologies to be scaled. To 

evaluate the AcOR performance under a zero-gap design, a flow cell electrolyzer (Figure 

6a) equipped with a Pt/C catalyst-coated gas diffusion layer (GDL) anode, PtNi catalyst-

coated GDL cathode, and a quaternized poly(norbornene) AEM was employed. As 

illustrated in Figure 6a, the anolyte flow field was fed with 1.5 M CH3COOK at 2 mL/min, 

with the outlet connected to the GC-MS. On the cathode side, the inlet was closed, and 

the outlet of the flow field was left open to allow the H2 gas produced at the cathode to 

escape. During electrolysis, the electrolyte diffuses through the anode-GDL, and the 

acetate ions adsorb and undergo oxidation on the Pt/C catalyst. The oxidation products 

then diffuse back into the anolyte flow channel. Water from the electrolyte diffuses through 

the membrane and undergoes water reduction at the cathode. The H2 generated at the 

cathode will diffuse through the cathode-GDL into the catholyte flow channel. The OH- 

ions produced during HER at the cathode transport through the AEM membrane and 

contribute to the oxidation process occurring at the anode, as discussed earlier.  

In the electrolyzer experiments, Pt/C catalysts were selected because Pt exhibited 

a stable selectivity over a wide range of potentials in the batch cell. The polarization curve 

recorded using an MEA set-up is shown in Figure S16, revealing the operation of the cell 

at high current densities at the potentials where the electrolysis was undertaken using a 

batch cell. As expected, higher current densities were observed in the flow cell than the 

batch cell (Figure S17a) and the Pt catalyst demonstrated similar products selectivity 

(except for methanol) to the batch cell operating at 3.5 V (Figure 6b). Furthermore, a 

superior HCHO selectivity was also observed among the oxidized products, resulting from 

the oxidation of methanol. Notably, the overall FE increased, with CO₂ contributing 

roughly 80%, suggesting extensive acetate overoxidation under high mass transport 

conditions enabled by the MEA flow cell. However, it is also worth noting that carbon 

corrosion likely contributed at least some fraction of the measured CO2, which was 

confirmed is cells assembled with C black in the catalyst layer and no Pt (polarization and 
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galvanostatic operation shown in Figure S18, brief discussion in Note S2).  Also positive, 

the single pass conversion was calculated to be 14%, without any optimization applying 

chemical reaction engineering principles. These observations indicate the possibility of 

scaling up AcOR to meet industrial requirements, however, with further optimization. 

 

Conclusions 

A comprehensive evaluation of electrochemical acetate oxidation has been done, 

providing valuable insights into the underlying mechanisms and product distribution – 

supported by a number of electrochemical experiments and isotope labeling studies. Time 

dependent analysis of the AcOR product distribution at a Pt anode revealed a significant 

variation in Kolbe product formation with time coupled with a gradual increase in 

formaldehyde.  A dynamic shift in electrolyte pH and instability of product selectivity with 

time were observed during anodic electrolysis when using a PEM separator, which was 

avoided when using an AEM – showing that control over ion transport is important in 

controlling the mechanism and product stability.  Concentration-dependent studies 

showed that buffering the solution with excess reactant can also stabilize the product 

profile.  Introducing additive ions (e.g., borate) can also influence the product profile, 

though borate was not an adequate buffer.  Introducing resting potentials at designated 

intervals via pulsed electrolysis was also effective in improving and stabilizing the product 

profile and selectivity over a long duration.  The surface oxidation state was shown to 

have a significant influence over the product profile across different noble metals (Pt, Au, 

Pd). Finally, a Pt catalyst was used in a flow cell electrolyzer, showing selectivity towards 

AcOR products that was similar to smaller batch cell experiments, suggesting the 

feasibility for future scale up. 

 

EXPERIMENTAL PROCEDURES 

Materials 

Platinum (99.9%, 0.1 mm thick, product number (P/N): 11509), gold (99.9%, 0.1 

mm thick, P/N: 00132) and palladium (99.9%, 0.1 mm thick, P/N: 11515) foils were 

purchased from Alfa Aesar. Platinum foil was thermally cleaned by repeated heating with 
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a butane torch, followed by rapid immersion in DI water before each electrolysis 

experiment.  Gold foil was washed with water, while palladium foil was wiped with 0.1M 

nitric acid and rinsed with DI water before each experiment. Nafion® - 212 proton 

exchange membrane purchased from Thermo Scientific. A-201 anion exchange 

membrane was obtained from Tokuyama. The quaternized poly(norbornene) GT75-5 

anion exchange membrane, GT25 and GT69 ionomers were supplied by the Kohl group 

at the Georgia Institute of Technology; details about the preparation of these polymers 

can be found elsewhere.89,90 Briefly, the numbering system details the fraction of 

functionalized monomer and the degree of crosslinking.  GT-75-5 membranes have 75 

mol% of functionalized monomer and 5 mol% cross-linker (N,N,N′,N′-tetramethyl-1,6-

hexanediamine) relative to the mol% of the halogenated monomers in the polymer. GT25 

and GT69 ionomers have 25 mol % and 69 mol% functionalized monomer, respectively, 

and no crosslinker. 5% PTFE coated Toray-60 carbon paper (Lot: 4655-T060) was 

purchased from Fuel Cell store. Pt/C (40 wt%, Lot: Z06I033) was purchased from Thermo 

Scientific. PtNi catalyst was purchased from Pajarito powder (Lot: 0020-0). Potassium 

acetate (CH3COOK, 99.0%), potassium nitrate (KNO3, 100.3%), and boric acid (H3BO3, 

99.5%) were purchased from Fisher chemical. Potassium carbonate (K2CO3, 99.0%) was 

purchased from Alfa Aesar. Potassium hydroxide (KOH, 85.5%) was purchased from 

Macron Fine Chemicals. Deuterium oxide (D2O, 99.8 atom % D) was purchased from 

Acros Organics. Acetone (99.5%) was purchased from VWR Chemicals. CH3
13COONa 

(99.0 atom % 13C) and 13CH3COONa (99.0 atom % 13C) were purchased from Aldrich. All 

chemicals were used as received. Ultrapure deionized water (18.2 MΩ-cm) was obtained 

from a Millipore Milli-Q® Integral 5 water purification system, which was utilized to prepare 

all of the aqueous solutions. 

 

Electrochemical instrumentation and methods 

Electrochemical measurements were made in two cell types. The first was a two-

compartment, air-tight electrochemical cell consisting of three electrodes (working 

electrode, Pt counter electrode, and Ag/AgClsat.KCl reference electrode). The design of the 

cell is shown in Figure S19. The working electrode had a surface area of 4.5 cm2 (1.5 cm 

X 3.0 cm). The two 10 mL volume compartments were separated by a membrane and 
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filled with 8 mL of CH3COOK electrolyte of various concentrations. He (5.0 UHP grade, 

Linde) gas was used as a carrier gas and was continuously passed through the anolyte 

with a flow rate of 10 mL min-1 throughout the experiments. The He stream was fed directly 

to a customized, integrated gas chromatograph-mass spectrometer (GC-MS) system with 

an Agilent Technologies 7890B GC system and 5977B MSD. An Autolab PGSTA302N 

potentiostat was used to record all electrochemical measurements, which were 

conducted at 23 ± 2 °C. Cyclic voltammograms (CVs) were recorded at a scan rate of 

100 mV s-1 in the absence of He gas flow. Chronoamperometric electrolysis was done at 

several potentials for a period of 1 h unless otherwise stated. Pulsed electrolysis was 

carried out with the same reaction conditions for a period of 7.5 h where at selected 

intervals (typically every 2 h), a low oxidation potential of 0.5 V was applied for 60 

seconds, followed by a higher oxidation potential of 3.2 V. Applied potentials measured 

vs Ag/AgCl were converted to RHE using the formula in Equation 2.   

𝐸𝑅𝐻𝐸  =  𝐸𝐴𝑔/𝐴𝑔𝐶𝑙  +  0.199 (𝑉) + 0.0586 (𝑉) ∗  𝑝𝐻 (𝑎𝑡 23 ±  2 °𝐶)   (2) 

The pH of the electrolyte was measured before and after electrolysis using a Mettler-

Toledo SevenGo Duo pro pH/Ion/Cond meter equipped with an InLab® Expert Pro-ISM 

probe. 

The second cell type was a MEA-based flow cell. The catholyte and anolyte flow 

fields were made from graphite and stainless steel, respectively, and both had a single 

serpentine flow pattern. The MEA consisted of anode and cathode gas diffusion 

electrodes separated by an anion exchange membrane (GT75-5). The electrode active 

area was 5 cm2. The 1.5 M CH3COOK electrolyte was constantly pumped through the 

flow field at a flow rate of 2 mL min-1. Chronopotentiometric electrolysis was done at an 

applied current density of 50 mA cm-2 for 2 h. Polarization curves were recorded before 

and after electrolysis at a scan rate of 50 mA s-1. All the experiments were conducted at 

23 ± 2 ºC. 

 

Membrane pretreatment 

 Nafion-212 membranes were stored in DI water and used without any 

pretreatment. A-201 membranes were soaked in 1.0 M KOH for at least 30 min before 
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use. GT-75-5 membranes were soaked in 50 wt% aqueous trimethylamine solution for 

24 h, followed by soaking in 1.0 M KOH for 30 min. 

 

Gas diffusion electrodes 

 GT-25 and GT-69 ionomers were used in the catalyst inks for the anode and 

cathode, respectively.  To prepare the catalyst inks, the ionomer was first wetted by adding 

1 mL of DI water and allowing it to hydrate for ~30 min. The resulting swollen polymer 

was mortared into a fine powder, and the catalyst powder (40 wt% Pt/C for the anode and 

PtNi for the cathode) was added and mixed in thoroughly by grinding. An additional 5 mL 

of DI was added at different stages to the obtained catalyst-ionomer mixture in order to 

keep them wet and mortared further for 10 minutes. The liquids and solids were 

transferred into a centrifuge tube along with isopropyl alcohol of volume 9 times to that of 

water used to prepare the catalyst-ionomer mixture. The final ink was created by 

ultrasonication in an ice bath for 60 min.  Lastly, the inks were spray coated onto a gas 

diffusion layer substrate (Toray-60 carbon paper, 5 % wet proof) with a targeted loading 

of 1.4 mg cm-2 for the anode and 1.0 mg cm-2 for the cathode.   

 

Product quantification 

The products generated during acetate oxidation-reduction were identified and 

quantified using an integrated gas chromatography (Agilent 7890B) - mass spectroscopy 

(Agilent 5977A MSD) system equipped with a column of length 30 m. A thermal 

conductivity detector (TCD) was utilized to detect H2, CO2, O2, and CH4, while CO was 

detected using a pulsed discharge helium ionization detector (PDHID). Hydrocarbons and 

oxygenates such as CH4, C2H6, C2H4, CH3OH, C2H5OH and HCHO were detected using 

a mass selective detector (MSD). The detection method was programmed such that the 

total retention time was 15 min. For each electrolysis experiment, a series of sample 

injections were made at successive 16 min intervals. The obtained data for each injection 

was quantified by using the calibrations obtained with known gas standards. The reported 

values were the average of the quantification values obtained from the series of injections.  
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Following quantification, the relative concentration (mol %) of the products was 

calculated using Equation 3:  

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑐𝑛𝑒𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑖 (%) =  
[𝑖]

∑[𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠]
∗ 100    (3) 

where [i] is the concentration of product i in ppm and ∑[𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠] is the sum of 

concentrations of all the obtained products. The faradaic efficiency of the obtained 

products was calculated using Equation 4: 

ή𝑖  =
𝑛∗𝑁∗𝐹

𝑄
∗ 100             (4) 

where, ή𝑖 is the faradaic efficiency of the product i, n is the moles of electrons transferred 

for each mol in producing species i, N is the number of moles of the product obtained 

from the ppm concentrations quantified using GC-MS, Q is the total coulombs of charge 

passed during electrolysis and F is the faraday’s constant. Single pass conversion 

efficiency was calculated using Equation 5: 

𝑆𝑖𝑛𝑔𝑙𝑒 𝑝𝑎𝑠𝑠 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑎𝑐𝑒𝑡𝑎𝑡𝑒 𝑜𝑥𝑖𝑑𝑖𝑠𝑒𝑑

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑎𝑐𝑒𝑡𝑎𝑡𝑒 𝑎𝑡 𝑡ℎ𝑒 𝑖𝑛𝑙𝑒𝑡
∗ 100     (5) 
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The supplemental information includes Figures S1-S19, Notes S1 and S2 and Tables S1-
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FIGURE TITLES AND LEGENDS 

Figure 1. Effect of ion transport on product distribution during AcOR 
(A), (C), (E-F) Time dependent (A), (C), (E) measured concentration and F) relative concentration of the 
products obtained during the oxidation of (A), (E), (F) 0.5 M and (C) 5.0 M CH3COOK over Pt electrode at 
3.2 V using (A), (C) Nafion®-117 membrane and (E), (F) A-201 membrane (See also Figures S1-S4). Insets: 
the zoomed version of the respective concentration plots at specific time lengths. 
(B), (D) Schematic of the AcOR process in a batch cell with (B) PEM and (D) AEM.  
 
Figure 2. Impact of pulse electrolysis on product evolution 
Relative concentration of the products obtained during the AcOR in a 1.5 M CH3COOK electrolyte over Pt 
electrodes having A-201 membrane with an applied potential of 3.2 V and a pulse at 0.5 V at 2 h interval 
for 60s (See also Figure S7). 
 
Figure 3. Mechanistic pathways of AcOR products via isotope labelling  
Proposed mechanism of product formation during acetate oxidation with the aid of the compounds identified 
through the isotope labeling experiments conducted using CH3

13COONa (cyan) and 13CH3COONa (red). 
(Condensation in the path [13] refers to the removal of a water molecule. For reaction pathways of further 
oxidation of methanol and formaldehyde mentioned in the path [12], please refer59,60. See also Figures S8-
S11) 

 

Figure 4. AcOR over various noble metal anodes 
(A), (C), (E) Product distribution obtained during electrochemical oxidation of acetate over (A) Pt, (C) Au 
and (E) Pd anode in 0.5 M CH3COOK. 
(B), (D), (F) Cyclic voltammograms of (B) Pt, (D) Au and (F) Pd anode taken at a scan rate of 100 mV s-1 

before and after electrolysis in 0.5 M CH3COOK (See also Figure S12). 

 

Figure 5. Changes in product formation on noble metal anodes with an AEM separator and 1.5M 
CH3COOK electrolyte 
(A-C) Product distribution obtained during the electrochemical oxidation of 1.5 M CH3COOK over (A) Pt, 
(B) Au, and (C) Pd metal electrodes using A-201 membrane (See also Figures S13-S15). 
 
Figure 6. AcOR in a MEA-based flow cell 
(A) Schematic of AcOR in an MEA-based flow cell. 
(B) Comparison of product distribution achieved with Pt catalyst in an MEA-based flow cell and noble metals 
in a batch cell.  


