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ABSTRACT  

This study presents a facile tandem strategy for improving the efficiency of glycine 

electrosynthesis from oxalic acid and nitrate. In this tandem electrocatalytic process, 

oxalic acid is first reduced to glyoxylic acid, while nitrate is reduced to hydroxylamine. 

Subsequent coupling of these two precursors results in the formation of a C-N bond, 

producing the intermediate glyoxylic acid oxime, which is further reduced in situ to glycine. 

Here we show, using only a simple Pb foil electrode, that maximizing the yield of the first 

step of the transformation (i.e. the reduction of oxalic acid to glyoxylic acid) prior to the 

coupling step allows for an unprecedented selectivity and conversion for glycine 

electrosynthesis to be achieved. Overall, a maximum glycine faradaic efficiency (FE) of 

59 % is achieved at -300 mA cm-2 and a high glycine partial current density of -232 mA 

cm-2 and a glycine production rate of 0.82 mmol h-1 cm-2 are attained at -400 mA cm-2, 

thereby paving the way for an energy and economically efficient electrochemical 

synthesis of glycine. 

 

 

https://doi.org/10.26434/chemrxiv-2024-4mv0v ORCID: https://orcid.org/0000-0003-4136-7442 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

mailto:mougel@inorg.chem.ethz.ch
https://doi.org/10.26434/chemrxiv-2024-4mv0v
https://orcid.org/0000-0003-4136-7442
https://creativecommons.org/licenses/by-nc-nd/4.0/


 2 

Introduction 

Glycine is the simplest amino acid and is fundamental in protein synthesis. It plays a 

pivotal role in the central metabolic pathways and therefore has a variety of potential uses, 

such as an enhancer or in food additives, dietary supplements, and cosmetics.1-4 Unlike 

more complex amino acids, glycine's industrial production relies on chemical synthesis, 

primarily involving the substitution reaction of chloroacetic acid with ammonia.5-8 

Nevertheless, despite its apparent simplicity, this process encounters several challenges, 

including high energy consumption, environmental pollution, substantial catalyst usage, 

and significant capital investment.9-12 The pursuit of environmentally sustainable glycine 

production hence holds considerable economic and social significance. Electrocatalysis 

has emerged as a promising avenue for amino acid synthesis, offering the advantages of 

zero carbon emissions through renewable energy utilization and by leveraging substantial 

electrochemical research from other fields, such as CO2 reduction and N2 reduction.13-19 

In addition, analyzing thermodynamics to evaluate the compatibility of different reactions 

has emerged as a straightforward strategy to formulate tandem catalytic processes, which 

can potentially take advantage of the thermodynamic leveraging between the different 

reactions involved.20-22 Furthermore, formulating tandem catalytic processes addresses 

the issue of low conversion rates of intermediates, which ultimately results in the 

diminished yield of target products.23-25 Notably, this approach has not received much 

attention in the field of electrochemistry, despite the readily available thermodynamic and 

kinetic data. 

Given the remarkable selectivity of the electroreductive amination of α-keto acids using 

hydroxylamine as the N-source, as was pioneered by the Yamauchi research group,26, 27 

our investigation focuses on an assisted tandem approach for electro-synthesizing 

glycine from oxalic acid and nitrate. Oxalic acid, the simplest dicarboxylic acid, exhibits 

potential as a platform chemical owing to its feasible production from various renewable 

and sustainable feedstock sources, most notably from CO2.28-31 During the course of our 

work, two studies reported one-pot approaches for the electrochemical synthesis of 

glycine, utilizing oxalic acid and nitrate as starting materials, using a copper-mercury (Cu-

Hg) electrode or Fe single atom on nitrogen-doped carbon materials.32, 33 While very 
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promising, the modest partial current densities, around -100 mA cm-2 indicates potential 

for further optimization.  

Achieving high selectivity in such a complex tandem catalytic reaction, however, is 

extremely challenging as it requires the balance of four main reactions: (1) the reduction 

of oxalic acid to glyoxylic acid, (2) the reduction of nitrate to hydroxylamine, (3) the 

coupling of this N-based synthon with glyoxylic acid, and finally (4) its reduction to glycine, 

as is illustrated in Scheme 1a. One of the key impediments to higher efficiencies of 

tandem approaches appears to be the inherent chemical stability and low electrophilicity 

of the carboxylic carbons, owing to their location within a conjugated O-C-O system, 

thereby justifying the use of strongly acidic reaction media to facilitate the reduction of 

oxalic acid to glyoxylic acid.34 Unfortunately, such an operation in highly acidic media has 

several drawbacks, in addition to posing challenges associated to the corrosion of the 

material, as it will inherently reduce the FE of the targeted tandem reaction. Indeed, 

strongly acidic conditions will also promote the further reduction of glyoxylic acid to 

glycolic acid, and the reduction of hydroxylamine to ammonia, as was observed at the 

highest current densities in previous studies.32  

Scheme 1. Tandem strategy for the electrochemical conversion of oxalic acid and nitrate 

to glycine (a) and associated standard redox potentials (b). 

 

a b 
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Achieving the tandem reduction in acidic media is further complicated by the fact that 

the standard reduction potential of oxalic acid to glyoxylic acid (E = -0.363 V – here and 

below in text, all potential are referenced vs SHE unless otherwise specified) is over 1 V 

more cathodic than the standard reduction potential of nitric acid to hydroxylammonium 

(E = 0.727 V) or than that of nitric acid to ammonium (E = 0.881 V) (Scheme 1b, Tables 

S1-S2 and Figure S1), which also contributes to the competitive direct reduction of the N-

substrate and reduces the FE. Moreover, the more positive reduction potential for 

conversion from hydroxylammonium to ammonium versus that of nitric acid to ammonium 

shows that it is prone to disproportionation. We reasoned that the presence of a large 

excess of glyoxylic acid in the media could therefore reduce the occurrence of this 

disproportion mechanism via the reaction of the generated of hydroxylammonium with 

glyoxylic acid to generate the corresponding oxime and its subsequent reduction to 

glycine. 

Building on the very extensive amount of work that has been reported on the reduction 

of oxalic acid to glyoxylic acid, which have demonstrated that FEs and current densities 

competitive with existing industrial processes can be obtained using simple Pb, Hg, or 

graphite electrodes,35-37 we propose in the present work an assisted, two-step tandem 

process to overcome the limitations of existing glycine electro-synthetic routes. Such a 

process requires a catalyst that would selectively mediate the four electrochemical 

reduction reactions of glyoxylic acid oxime to glycine, listed as (1)-(4) above, while being 

able to operate in acidic media to ensure efficient oxalic acid and glyoxylic acid oxime 

reduction steps. To mitigate competition with the hydrogen evolution reaction (HER) in 

such acidic media, and also considering the recognized performances of Pb electrodes 

for the reduction of oxalic acid to glyoxylic acid,35-37 we investigated the use of Pb foil as 

an electrocatalyst to mediate these reactions. Moreover, to address the challenges arising 

from the lower onset potential for the reduction of nitrate vs. the reduction of oxalic acid, 

our strategy (Scheme 1a) involves the initial reduction of oxalic acid to glyoxylic acid, 

followed by the introduction of nitrate to the reaction mixture to facilitate its subsequent 

reduction, thereby coupling the electrogenerated hydroxylamine and the reduction of the 

oxime to generate glycine. Additionally, for simplified and cost-effective product 

separation, we aimed at carrying out the reaction in the absence of a supporting 
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electrolyte. In the present case, we relied on using the substrates as both the reactants 

and the electrolyte, relying on the acidity of oxalic acid, glyoxylic acid, and glyoxylic acid 

oxime to be sufficient for mediating efficient coupling and reduction steps. A shift to higher 

pHs is then reached upon reaction completion when strong acids are no longer needed. 

Following these design guidelines, an individual optimization of the two steps of this 

tandem reaction enabled the realization of benchmark performances for the 

electrochemical glycine synthesis, reaching a FE of 59 % at a high partial current density 

of -232 mA cm-2.   

Results and Discussion 

A simple Pb foil was chosen as the electrode material for conducting these 

investigations due to its high corrosion resistance in acidic media and high HER 

overpotential (See Figure S2 for SEM/EDX characterization).38-40 As evidenced by the 

linear sweep voltammograms (LSVs) depicted in S3a, the combined presence of oxalic 

acid and nitrate in solution results in higher catalytic currents between -0.45 V and -1.75 

V than either reactant by itself. Preliminary studies, however, unexpectedly revealed that 

the use of sulfuric acid to maintain an acidic pH in the cathodic compartment had a 

detrimental effect on the catalytic activity (Figure S3b), resulting in the nearly exclusive 

production hydroxylamine, ammonia, and H2. Therefore, subsequent experiments were 

carried out using only 0.5 M sodium nitrate and 0.5 M oxalic acid as the catholyte.  
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Figure 1. (a) Faradaic efficiency of each product from the one-step tandem electrolysis 

in 0.5 M oxalic acid + 0.5 M NaNO3 after 30 minutes at each current density. (b) Faradaic 

efficiency of each product from the oxalic acid to glyoxylic acid step (i.e. first step; in 0.5 

M oxalic acid) after 30 minutes at each current density. (c) Faradaic efficiency of each 

product from the glyoxylic acid oxime to glycine step (i.e. second step; 0.5 M NaNO3 

added to the catholyte) after 30 minutes at each current density. (d) Corresponding 

conversion rates of oxalic acid to glyoxylic acid from the oxalic acid to glyoxylic acid 

electrolysis step. (e) Corresponding conversion rates of glyoxylic acid to glycine from the 

glyoxylic acid oxime to glycine electrolysis step. (f) Partial current densities and glycine 

generation rates after 30 minutes at each current density for the one-step tandem (blue 

curve) and two-step tandem (red curve) electrolysis methods (dotted lines are provided 

as a guide for the eye). The “one-step tandem” refers to a single-step electrolysis 

conducted in one pot using 0.5 M NaNO3 + 0.5 M oxalic acid as the catholyte. The “two-

step tandem (same j)” involves initially performing the oxalic acid to glyoxylic acid step in 

0.5 M oxalic acid, followed by the addition of 0.5 M NaNO3 to the electrolyte for glyoxylic 

acid oxime to glycine step. The two-step maintains the same current density (j) in both 

steps. 
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Figure 1a presents the faradaic efficiency for each reaction product detected after 30 

minutes of a one-pot, single-step electrolysis with applied current densities ranging from 

-50 to -600 mA cm-2 (See SI and Figures S4-S9 for quantitative details). In all cases, the 

FE for glycine during this single-step process remained under 15% and did not exhibit 

significant variation over time (Figure S10). However, analysis of the product distribution 

in these experiments underscores several critical aspects that need to be addressed in 

order to enhance the faradaic efficiency for glycine synthesis: (i) glyoxylic acid oxime is 

detectable across a broad range of current densities, suggesting that the condensation 

reaction between electrochemically generated glyoxylic acid and hydroxylamine occurs 

readily in the medium, (ii) at all current densities conducive to glycine formation, 

hydroxylamine emerges as the predominant product while glyoxylic acid oxime does not 

exceed 10%, which implies that the kinetics of nitrate reduction to hydroxylamine is 

significantly faster than the reduction of oxalic acid to glyoxylic acid, and (iii) this is 

consistent with the substantial detection of ammonia at all potentials, which indicates that 

the further reduction of hydroxylamine to ammonia is a competitive pathway alongside its 

reaction with glyoxylic acid. These insights prompted us to transition from a single-step 

process to a two-step tandem strategy that facilitates the efficient initial reduction of oxalic 

acid to glyoxylic acid before introducing sodium nitrate to the medium. 

To evaluate the efficacy of the two-step tandem strategy against the single-step 

approach, we initially conducted a 30-minute electrolysis step using the same setup as 

previously described, but in the presence of only 0.5 M oxalic acid as catholyte. After that 

first step, sodium nitrate was added to the catholyte solution to attain a concentration of 

0.5 M and the electrolysis was pursued for another 30 minutes at the same current density 

(ranging from -50 to -600 mA cm-2). Figure S11 illustrates the corresponding steady-state 

polarization curves at various current densities for the two individual steps of the tandem 

process. Significantly higher applied potentials are required to achieve high current 

densities for the oxalic acid to glyoxylic acid step than are required for the glyoxylic acid 

oxime to glycine step, likely resulting from the increased conductivity of the electrolyte 

after addition of nitrate. The first step was found to be very effective for promoting the 

reduction of oxalic acid to glyoxylic acid, resulting in high FEs that decrease slightly upon 

increasing the current density, ranging from 95% at -50 mA cm-2 to 60% at -600 mA cm-2 

https://doi.org/10.26434/chemrxiv-2024-4mv0v ORCID: https://orcid.org/0000-0003-4136-7442 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-4mv0v
https://orcid.org/0000-0003-4136-7442
https://creativecommons.org/licenses/by-nc-nd/4.0/


 8 

for glyoxylic acid (Figure 1b). This led to a 5- to 10-fold increase in the FE for glycine after 

the second step as compared to the single-step approach, reaching high FE for glycine 

of 4 % at -300 mA cm-2 and 46.1% at -400 mA cm-2 (Figure 1c). Both ammonia and 

hydroxylamine are present at all applied potentials, suggesting that both species could 

be involved in the C-N bond formation step. However, in agreement with previous 

studies,27 we found that using ammonia instead of nitrate did not result in any glycine 

formation, while high yields were obtained using hydroxylamine (Figure S12).  

Further analyzing the link between the two steps, we noted that the very high FE for 

glyoxylic acid in the first step observed at the lowest current densities does not translate 

into equally high FE for glycine in the second step. This is understandable given that the 

selectivity of the first step in such a tandem process has only a modest influence on the 

second step. In such a case, the selective conversion of oxalic acid to glyoxylic acid 

becomes a better descriptor (Figure 1d). This is well exemplified here by the fact that at 

a low current density of -50 mA cm-2, the selectivity for the reduction of oxalic acid to 

glyoxylic acid (first step) is close to unity (i.e. 100% FE; Figure 1b), yet the selective 

conversion to glycine (second step) remains very low, reaching only around 2% (Figure 

1e). At such low current densities, glyoxylic acid, with its low production rate, becomes 

the limiting reactant when transitioning to the second step of the tandem system. 

Consequently, the excess hydroxylamine produced is further reduced to ammonia. As the 

current density increases in the first phase, however, the conversion from oxalic acid to 

glyoxylic acid gradually improves. This enhancement in conversion then comes at the 

expense of selectivity when it surpasses 60%; the over-reduction to glycolic acid is 

noticeable from -500 mA cm-2 and is accompanied by the emergence of increased 

quantities of H₂ (Figure 1c), as was also observed in other studies.28 Conversely, the 

production of hydroxylamine in the glyoxylic acid oxime to glycine step gradually 

decreases from -50 to -400 mA cm-2 and is accompanied by an increased amount of 

glycine formed. This highlights that glyoxylic acid remains the limiting reactant up to -400 

mA cm-2. At higher current densities, hydroxylamine now becomes the limiting reactant, 

being fully consumed in the coupling reaction with glyoxylic acid. This leads to the 

overreduction of the excess glyoxylic acid to glycolic acid above -500 mA cm-2 (Figure 1c) 

and the parallel decline of FEglycine. Related to the influence of current density on glyoxylic 
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acid conversion (Figure 1e, the conversion rate of oxalic acid to glycine is shown in Figure 

S13), a maximum of conversion is observed at -400 mA cm-2, which corresponds to up to 

an 11% conversion after 30 minutes using the tandem electrolysis method. In our tandem 

approach, we observed notably higher partial currents for glycine compared to those 

achieved in a single-step process at identical applied current densities (Figure 1f). 

Remarkably, without individually optimizing each step, the partial current density for 

glycine at an applied current density of -400 mA cm-2 reached -184 mA cm-2. This level of 

performance suggests that our method could already be competitive with existing 

industrial processes for glycine synthesis.27, 41-43 However, the observation of a plateau 

in the partial current densities for glycine at and beyond -400 mA cm-2 highlights the 

potential for further enhancements through the independent optimization of each step in 

the process. 

 

Figure 2. (a) Faradaic efficiency of each product after the second step of the two-step 

tandem electrolysis (i.e. glyoxylic acid oxime to glycine step) at an applied current density 

of -200 mA cm-2 for an extended time of 3.5 h. (b) Corresponding changes in glycine 

faradaic efficiency under different molar concentration ratios of oxalate to nitrate after 30 

minutes at an applied current density of -200 mA cm-2. (c) Effect of the H2SO4 

concentration in the anolyte on the FE and cell potential after 30 minutes at an applied 

current density of -200 mA cm-2.  
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density of -200 mA cm-2 for an extended period of 3.5 hours (following 30 minutes of 

electrolysis for the oxalic acid to glyoxylic acid step at a fixed current density of -400 mA 

cm-2). Following the FE of glycine over time (Figure 2a), we observed that the FEglycine 

remained constant over the first 2 hours, but subsequently declined together with a 

significant increase of the FEH2 and FENH3. This is coupled with a decrease in FENH2OH 

while FEglycolic acid continues increasing, suggesting that the reduction of nitrate is the 

limiting reactant after 2.5 hours. To circumvent that limitation, we attempted to modulate 

the molar concentration ratio of oxalic acid from 2:1 to 1:2. However, as highlighted in 

Figure 2b, equimolar concentrations of oxalic acid and nitrate gave the highest selectivity 

to glycine, preventing the undesired overreduction of the reactants to glycolic acid and 

ammonia, respectively. Relatedly, the observation of increasing amounts of H2 at 

prolonged times suggested us to modulate the concentration of sulfuric acid present in 

the anolyte. We could validate that the concentration of sulfuric acid in the anolyte indeed 

had an impact on the observed HER in the cathode compartment. As shown in Figure 2c, 

a higher FEH2 is observed upon increasing the H2SO4 concentration from 0.5 M to 1 M in 

the anolyte. However, decreasing the H2SO4 concentration to 0.1 M did not improve 

FEglycine and instead had a detrimental effect, resulting in a high cell resistance (Table S3) 

and cell potential.  
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performed in a flow electrolytic cell using a constant applied current density of -500 mA 

cm-2 for 5.5 hours during the oxalic acid to glyoxylic acid step and at -300 mA cm-2 for 20 

hours during the glyoxylic acid to glycine step. Dotted lines are provided as guides for the 

eye. (e) 1H NMR spectra of glycine and glyoxylic acid as a function of time from the long-

term performance tests of the glyoxylic acid oxime to glycine step.  

We hypothesized that the increased amounts of H2 observed at long electrolysis time 

in the second step could also originate from the low pKa of unconverted oxalic acid. Given 

the significantly higher pKa of glyoxylic acid (pKa, oxalic acid = 1.25, pKa, glyoxylic acid = 3.13), we 

reasoned that increasing conversion in the first electrolysis step could help further 

enhance the selectivity. The performance of the first electrolysis step towards glyoxylic 

acid production was hence systematically assessed by FE, conversion rate, and current 

density over a 30 min electrolysis step to identify the optimal operating conditions for the 

oxalic acid to glyoxylic acid step (Figure 3a). The highest selectivity was observed at low 

current densities (>-200 mA cm-2), yet at the cost of low conversion rates (below 10%), 

while significantly higher conversion (over 70%) can be observed at high current densities 

(<-400 mA cm-2). We found that an applied current density of -500 mA cm-2 allowed for 

the best compromise between high glyoxylic acid FEs (ca. 72%) and high oxalic acid 

conversion rates (over 75%) to be achieved. We reasoned that such a high conversion of 

oxalic acid would ensure the provision of an environment rich in glyoxylic acid for the 

subsequent step of the tandem reaction, thus further enhancing the performance of the 

tandem system. Indeed, a significant improvement of the FEglycine was then observed over 

a wide current density range (-50 to -400 mA cm-2) when using these optimized conditions 

for the first step of the tandem process (Figure 3b; Two-step tandem (optimized)). We 

observed a benchmark glycine FE of 59% when applying a current density of -300 mA 

cm-2, while a very high glycine production rate of 0.82 mmol h-1 cm-2 was observed at a 

current density of -400 mA cm−2 (Figure 3c). Not only are these performances far superior 

to the one-step method and the two-step tandem (same j) method for both steps 

introduced here, but this system also outperformed all previously reported systems in 

terms of FEglycine, jglycine, and glycine yield (Table S4).26, 27, 32, 44-50 
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Last, to investigate the applicability of our optimized two-step tandem glycine synthesis 

on a preparative scale, we translated this tandem strategy to an electrolyzer flow cell 

aimed at long-term electrolysis. In the first step, the continuous reduction of a 0.5 M oxalic 

acid solution (60 mL; recirculated) was conducted for 5.5 hours in a flow cell at a current 

density of -500 mA cm-2, resulting in an overall selective conversion of oxalic acid to 

glyoxylic acid of 81% (Figure 3d, purple line). Subsequently, sodium nitrate was 

introduced into the catholyte solution to achieve a concentration of 0.5 M NO3
-, and 

electroreduction was pursued at an applied current density of -300 mA cm-2 for about 20 

hours. The cell potential increased over time for both steps, accompanied by a decrease 

in the FE of both glyoxylic acid and glycine. This trend is likely attributable to the 

decreasing reactant concentration over time, which agrees with the increase in the 

selective conversion to both products. This was validated by the 1H NMR monitoring of 

the second step of the tandem reaction, demonstrating a continuous decrease in glyoxylic 

acid concentration concomitant with an increase in glycine concentration (Figure 3e). 

After 20h, this resulted in a 56% conversion of glyoxylic acid to glycine (Table S5), 

corresponding to over 1 g of electrosynthetized sodium glycinate.  

 

Conclusion 

This study successfully demonstrates the potential of a two-step tandem strategy for 

electrochemical glycine synthesis, showing significant enhancements in faradaic 

efficiency and partial current density as compared to one-step processes and, moreover, 

showing promise for competitive industrial applications. Our findings highlight the 

importance of optimizing the individual steps in the electrochemical tandem processes 

and paves the way for more efficient and sustainable glycine production methodologies. 
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