
1 
 

On the electrooxidation of glucose on gold: towards an electrochemical glucaric acid production as 

value-added chemical  

 

Nicolas Schlegel, Gustav K. H. Wiberg, Matthias Arenz * 

Department of Chemistry, Biochemistry and Pharmaceutical Sciences, University of Bern, Freiestrasse 

3, 3012 Bern, Switzerland 

* Corresponding author: matthias.arenz@unibe.ch 

 

Abstract 

The electrocatalytic oxidation of glucose to value-added chemicals, such as glucaric acid, has gathered 

increased interest in recent years. Glucose oxidation is a promising process which has the potential to 

contribute to establishing renewable resources as alternatives to fossil carbon sources. Herein, we 

present rotating disk electrode (RDE) studies on polycrystalline gold surfaces as a benchmark to expand 

the understanding of reaction kinetics and competition between glucose, reaction intermediates and 

OH- at the catalyst surface. Combining electrochemical studies and Raman spectroscopy, it is shown 

that increasing glucose concentrations lead to a delayed oxidation of the gold catalyst surface, 

presumably by increased consumption rates of Au-hydroxide species. 
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1. Introduction 

Gluconic and glucaric acids, both Glucose derivatives, have received increased attention after being 

labelled top value-added chemicals by the U.S Department of Energy1. Gluconic acid finds its main 

application in the food industry, while also being used in pharmaceutical and hygienic products2. 

Glucaric acid is a precursor of adipic acid, an immensely important commodity chemical, renowned for 

being a building block for Nylon3. In the future, these glucose derivatives could be introduced as an 

alternative carbon source in the chemical industry, thereby contributing to the development of a 

closed anthropogenic carbon-cycle and the independence from fossil resources.  
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Historically, synthesis methods for gluconic and glucaric acid require harsh conditions demanding high 

temperatures, strong oxidants (NaBr and NaOCl4,5) and struggle with product selectivity. Alternatively, 

an electrochemical conversion approach can promise milder reaction conditions for the oxidation and 

can potentially make use of peak surplus renewable electricity. Furthermore, when the oxidation is 

done electrochemically, the product distribution is a function of the applied overpotential. Other key 

parameters for the product selectivity include the nature of the catalytic electrode and ad-atoms there 

on as well as the availability of hydroxide ions6–8. The most promising catalyst materials to date have 

been found to be Gold9–14 and Platinum15–18, which readily oxidize glucose in alkaline medium.  

The electrochemical glucose oxidation typically generates a host of products. For example, Kokoh et 

al.15 detected small carboxylic species, formed by breaking C-C bonds in the glucose, showing that 

gluconic acid is not the final oxidation product. Moggia et al.19 recently reported that gold is able, in a 

two-step oxidation, to convert glucose to glucaric acid, with the reaction intermediate being gluconic 

acid. This makes gold an even more desirable catalyst material. 

Figure 1: Proposed two step oxidation from glucose to glucaric acid via gluconic acid. 

The general reaction mechanism of the glucose oxidation has been at the heart of a number of 

investigations20–24. A key step in the oxidation mechanism of glucose on gold catalysts is the formation 

of an OH-ad-atoms species and the availability of OH- at the catalytic interface in general25. Hence, 

alkaline conditions have long been considered optimal. Rotating disk electrode (RDE) studies on 

polycrystalline gold electrodes by Larew and Johnson12 found that the surface oxide formation caused 

D-Glucose D-Gluconic acid D-Glucaric acid 
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deactivation of the gold electrode. To complicate the matter, the deactivation also depended on the 

glucose concentration. More specifically, with increasing glucose concentration the gold oxidation was 

shifted to more positive overpotentials. The authors have ascribed this phenomenon to adsorbed 

glucose molecules blocking the gold surface.  

The behaviour of glucose oxidation on metal electrodes has proven to be complex. Oscillatory 

behaviour has been observed26–28, similar to other small organic molecules such as methanol29, 

ethylene glycol30 and formic acid31. These oscillations suggest temporary surface poisoning either by 

oxygenated species or glucose residue. Implications arise from this behaviour for the design of more 

efficient electrocatalysts as they should have a high tolerance for these poisoning species and be able 

to catalyse more than just one of the reaction steps if glucaric acid is the desired product.  

Hence, more insight on these results is still required for the design of an efficient reactor as finding 

stable electrolysis conditions turns out to be challenging. Potential programs involving three steps have 

been discussed: First, at low potential, the glucose adsorbs on the catalyst surface. In a second step, 

the glucose is then oxidized and later, in the third step at very high potentials, the surface is cleaned 

from all adsorbed species. This stepped program is then repeated for the duration of the operation32. 

Future more elegant solutions are expected to be helpful to increase the catalyst’s overall efficiency.  

This present work seeks to expand and advance the understanding of the reaction kinetics of the 

glucose oxidation reaction on gold, especially in the potential region close to the deactivation through 

gold oxidation. RDE setup using cyclic voltammetry and galvanostatic electrolysis provide the bulk of 

the experimental data. An RDE approach was chosen as it became obvious that mass transport 

limitations are reached easily in the glucose oxidation reaction. Operation under mass transport 

limitations would have meant the loss of valuable insight that influences the design of prospective 

catalysts and electrolysis set-ups. With the gathered insight we deem to identify several key aspects 

for an efficient electrochemical conversion set-up. 
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2. Experimental 

Chemicals & Reagents 

Ultra-pure water (MiliQ-systems, 2.7 ppb TOC, 18.2 MΩ) was used for all cleaning purposes and to 

prepare the supporting electrolyte adding sodium hydroxide monohydrate (≥99.99 %, suprapur, 

Merck) and sodium sulfate (≥99.0 % Sigma Aldrich). D-glucose (≥99.5 %) and the D-gluconic acid 

sodium salt (≥99.0 %) were also obtained from Sigma Aldrich. Argon gas (≥99.99 %, PanGas) was used 

to purge the electrolyte before experiments and to create slight overpressure in the headspace during 

operation. The Argon was also used to dry electrode tips and cell parts. Sodium sulfate was added to 

the electrolyte to yield a final concentration of 0.1 M with the purpose of ensuring sufficient electrolyte 

conductivity, thereby minimising internal resistances in the electrochemical setup. 

Electrochemical set-up 

A polycrystalline gold-disc (0.196 cm2) embedded in Teflon served as the working electrode for the 

RDE studies. The working electrode was polished in an alumina slurry (0.3 my MicroPolish, Buehler) on 

a polishing cloth (MicroCloth, Buehler) followed by sonicating two times in high-purity water for 3 min 

each. Then, the Teflon tips were mounted onto a EDI101 rotating disk electrode assembly (Hach-

Lange), which was controlled by a CTV101 speed control unit (Radiometer analytical) that was 

connected to the potentiostat software via plug-in. Furthermore, gold mesh was used as counter 

electrode. Then the reference electrode, a trapped hydrogen electrode, was produced in-situ by 

applying -8.00 mA to a dedicated Pt-wire, which was situated in a glass tube.  

All RDE experiments were performed in a custom-built one-compartment glass cell (Figure S1). For 

cleaning, the cell was boiled in 25% HNO3 followed by boiling twice in ultra-pure water. Between 

individual experiments the cell was thoroughly rinsed and boiled with ultra-pure water. After filling the 

electrolyte into the cell, it was purged with Argon gas for 25 min. Potential and electrical current were 

controlled with an ECi-210 potentiostat using the software EC4 DAQ 4.2, (both Nordic Electrochemistry 
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ApS). Thereafter, the reactant was introduced to the cell, followed by 15 min continued purging with 

Argon gas.  

In order to minimize the potential error due to the iR-drop, before starting the experiments, the 

solution resistance of the setup was determined by electrochemical impedance spectroscopy (EIS) and 

subsequently compensated for by following a standardised protocol. First, the working electrode 

potential was held at 0.3 VRHE, in the double layer region of gold. An AC perturbation of 5 kHz and an 

amplitude of 10 mV was applied in order to measure the effective solution resistance online. An 

analogue feedback scheme of the potentiostat was applied, and the feedback increased until the 

control system was almost rendered unstable, as indicated by noise spikes in the frequency analysis of 

the measured signal. EIS was subsequently performed within a frequency range of 1kHz to 50 kHz and 

an amplitude of 10 mV. From this measurement the apparent solution resistance was determined to 

be less than 3 Ω. 

Raman spectroscopy 

The Raman spectroscopy experiments were conducted with a LabRAM HR800 confocal Raman 

microscope (Horiba Jobin Yvon) and a custom-built polychlorotrifluoroethylene Kel-F cell 

(Figure S2) used previously33. The excitation laser wavelength was 633 nm, typically operating 

with a power of 17 mW. A 10x magnification long-working-distance objective (10.5 mm) was 

used to focus the laser onto the sample and to collect the scattered light in a backscattering 

geometry. The collection time of the Raman spectra was typically 1 second. The WE, a 

polycrystalline gold bead electrode was aligned parallel to the quartz-window (EMATAG AG). 

A coiled Pt-wire was used as counter electrode, a leakless micro Ag/AgCl (ET069-1, eDAQ) 

reference electrode was used, and the potential was controlled using an ECi-100 potentiostat 

(Nordic Electrochemistry ApS). Working electrode and electrolyte were treated identically as 
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in the RDE experiments, the only alteration was that the Ar purging took place in an external 

bubbler from which the electrolyte then was pumped into the electrochemical cell. 

3. Results and Discussion 

 

Figure 2: Cyclic voltammograms recorded with a scan rate of 50 mV s-1 on a polycrystalline Au-RDE in 
0.1 M NaOH and 0.1 M Na2SO4; a) without glucose; b) 50 mM glucose; c) 50 mM gluconic acid. All 
measurements were recorded at room temperature.  
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We start the discussion of the results with the cyclic voltammograms (CV) of a polycrystalline gold disc-

electrode in the base electrolyte, i.e., the 0.1 M NaOH + 0.1 M Na2SO4 aqueous electrolyte without 

glucose, see Figure 2a. The CVs serve as reference for the interaction of Au with the base electrolyte, 

knowledge that is important for the discussion of the reaction pathway of the glucose oxidation. In the 

positive going scan, between 0.3 and 1.2 VRHE the typical double layer region of Au is observed followed 

by a distinct peak after ca. 1.25 VRHE, which can be attributed to the formation of gold hydroxide-

species34. At potentials > 1.8 VRHE overlap of oxygen evolution (OER) and gold oxide (AuO2) formation 

is observed. Reversing the scan direction, the oxidized Au-electrode reduces to metallic gold at ca. 1.1 

VRHE after which once more the double layer region is observed. The hysteresis between the formation 

and reduction of gold points towards an irreversible and rather sluggish process. In the absence of 

glucose (see Figure 2a) different rotation rates do not significantly influence the features of the 

voltammograms. Only slight deviations in current density are seen in the potential region of the OER. 

Furthermore, if the Au electrode is not rotated, the evolved oxygen in solution leads to a small oxygen 

reduction reaction current and concomitant “bending” of the CV after the Au reduction peak. This can 

be explained by the fact that when forced convection is applied the evolved oxygen is transported 

away from the interface and can therefore not be observed in the CVs.  

When glucose is introduced to the cell, Figure 2b, two distinct new peaks are observed in the forward 

going scan. The maximum of the first peak is observed at 0.8 VRHE, whereas the maximum of the second 

is peak observed between 1.3 and 1.35 VRHE. The two peaks are followed by the deactivation of the Au 

surface towards the glucose oxidation reaction (GOR). During the negative going backward scan a 

rather “abrupt” re-activation towards GOR at 1.1 VRHE is observed. After the reactivation the currents 

observed during forward and backward scan are identical. Comparing the CV recorded in the base 

electrolyte to the CV recorded in the presence of glucose it becomes apparent that the oxidation state 

of the Au surface drastically influences its activity towards the GOR. The observed surface deactivation 

in the presence of glucose coincides with the formation of surface oxides in the base electrolyte at 

1.25 VRHE. Similarly, the surface re-activation overlaps with the observed reductive current in the base 
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electrolyte at 1.1 VRHE. Hence, the reduction of the surface leads to its re-activation and once again the 

GOR sets in.  

Concentrating on the two peaks that indicate glucose oxidation, as shown in Figure 2b, the magnitude 

of the peak currents depends on the rotation rate, but no clear-cut current plateau regions are present. 

This indicates that the oxidation glucose process at this concentration range is at a mixed kinetic-mass 

transport limited. The dependence of the peak current on the rotation rate strongly suggests that in 

contrast to most published work, investigating the reaction with forced convection is preferable in 

order to distinguish between kinetic and mass-transport limited processes. In previous work, the 

potential of the peak at 0.8 VRHE was linked to the oxidation of glucose to gluconic acid, whilst the 

potential of the second peak seems to be related to the gluconic acid oxidation, possibly yielding 

glucaric acid19. To re-assess this hypothesis, we recorded CVs in the presence of gluconic acid instead 

of glucose, Figure 2c. The results support the hypothesis in so far that only the peak at 1.3 VRHE is 

observed. It can be noticed that the oxidation currents of gluconic acid do not depend on the rotation 

rate. Instead, they even seem to slightly decrease with increasing rotation rate. These observations 

lead us to the conclusion that the gluconic acid oxidation process is purely kinetically controlled under 

the investigated experimental conditions. Additionally, a comparison between the current densities of 

glucose oxidation in Figure 2b and gluconic acid oxidation in Figure 2c implies that if the GOR proceeds 

via the “gluconic acid pathway”, the second peak in the CV is indeed due a parallel or competitive 

oxidation process of glucose and gluconic acid, respectively, as well as potential additional reaction 

intermediates. That is, in this potential region most likely both processes compete for active sites on 

the catalyst surface.  
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Figure 3: Cyclic voltammograms recorded with a scan rate of 50 mV s-1 on a polycrystalline Au-RDE 
(only forward scans are shown) in 0.02 M NaOH and 0.1 M Na2SO4 with 10mM - 50mM glucose added. 
a) 400 rpm; b) 900 rpm; c) 1600 rpm. All measurements were recorded at room temperature. 

Next, we investigate the GOR in a lower hydroxide concentration. In Figure 3 CVs (only the forward 

scans are shown) recorded at different rotational rates with different glucose concentration in a 0.02 

M NaOH (Figure S3 depicts rotation series for the individual glucose concentrations) and 0.1 M Na2SO4 

base electrolyte are compared. In Figure 3a, where 400 rpm are applied, an oxidative current is 

observed, setting in after 0.4 VRHE. For lower glucose concentrations (black and red line) a distinct 

second peak is observed after 1.2 VRHE. For higher glucose concentrations (30 - 50 mM) a current 
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plateau is observed after reaching the respective maximum current at 0.7 VRHE, which indicates that 

the predominant process is mass transport limited. At 30 mM glucose concentration (blue line) a small 

indentation can be seen at 0.9 VRHE. Then, depending on the glucose concentration, a deactivation of 

the surface towards GOR occurs between 1.3 and 1.5 VRHE. Interestingly, the maximum current density 

is inversely correlated to the reactant concentration as the highest and lowest maximum current 

density are recorded at 10 mM and 50 mM glucose, respectively.  

Increasing the rotation rate to 900 rpm in Figure 3b increased current densities are measured, while 

the general shapes of the CVs closely resemble the CVs in Figure 3a. These observations match the 

ones from Figure 2. The indentation in the CVs recorded with 30 mM glucose concentration (blue line) 

has become more pronounced, also a small indentation can be observed at 40 mM glucose (green 

line). However, the maximum current density is notably different and is now observed at a glucose 

concentration of 20 mM (red line). At 1600 rpm (Figure 3c) no current plateaus are visible anymore, 

even the current density at 50 mM glucose concentration (magenta line) is slightly indent which means 

that no mass transport limitations are reached. The shapes of the CVs recorded with 10 to 30 mM 

glucose concentration do not change significantly as compared to Figure 2b and two distinct peaks 

attributed to the GOR are recorded.  

We suggest that the observed CVs can be explained by a “three-way interaction” between OH-, glucose 

and reaction intermediates (e.g. gluconic acid) at the surface. Because of the low hydroxide 

concentration of only 0.02 M in the electrolyte, OH- at the solid-liquid interface is quickly depleted by 

the ongoing GOR. This hypothesis would explain the current plateaus observed for higher glucose 

concentration at lower rotational speed (Figure 3a) as the rate of mass transport to the surface is 

smaller than the rate of OH- consumption thereat. Meanwhile, higher glucose availability at the 

interface, through higher starting concentrations, leads to higher rates of formation of reaction 

intermediates, presumably gluconic acid. The formed intermediates then compete with glucose for 

active sites on the gold surface. It was suggested that the peak at 1.2 VRHE is an overlap of glucose and 

gluconic acid oxidation. However, our data show that these processes are controlled differently. 
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Glucose oxidation is mixed kinetic-mass transport limited whereas the oxidation of gluconic acid is 

shown to be kinetically controlled. The ratio between glucose and gluconic acid at the interface 

therefore influences the overall observed current. A comparison of the CVs recorded with 10 mM 

glucose concentration (black line) and with 50 mM glucose concentration (magenta line) from Figure 

3a illustrates this point. The lower observed current density at 10 mM glucose concentration between 

0.4 and 0.9 VRHE indicates a lower rate of reaction intermediate (e.g. gluconic acid) formation than at 

50 mM glucose concentration. Therefore, there is less competition for active sites at higher potentials 

which manifests itself in the higher current density at 10 mM glucose concentration. Shifting the mass 

transport limitations by increasing the rotation rate allows for higher maximum current densities at 

higher glucose concentrations (red CVs in Figure 3b, c). 
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Figure 4: Koutecký-Levich analysis of RDE-measurement on an Au-disc in 0.1 M Na2SO4 and in different 

concentrations of glucose: a) numbers of transferred electrons in 0.1 M NaOH; b) kinetically limited 

current in 0.1 M NaOH; c) numbers of transferred electrons in 0.02 M NaOH; d) kinetically limited 

currents in 0.02 M NaOH. 

Working with an RDE setup opens the possibility of deconvoluting kinetic and mass-transport 

processes. Using the Koutecký-Levich analysis35 (Figure S4), we analyzed the data at every 5 mV from 

the recorded voltammograms by first plotting the data in a Koutecký-Levich plot at each specific 

potential as previously done by Zana et al.36. From the slope and y-axis-intersect we determined the 

so called Levich constant as well as the kinetically limiting current in the limit of infinite mass transport. 

Here we assume that the measured current is limited by the diffusion of glucose. From the Levich 

constant we calculated the numbers of transferred electrons using 6.7 x 10-6 cm2/s as the diffusion 

coefficient for glucose and 0.01203 cm2/s 12as the electrolyte’s viscosity. The results are shown in 

Figure 4. 
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For GOR the analysis shows that the number of transferred electrons depends on the applied voltage 

for both 0.1 M and 0.02 M NaOH concentration (Figure 4a and c). At glucose concentrations of 0.5 mM, 

5 mM, 10 mM, and 50 mM in 0.1 M NaOH (Figure 4a), as well as 10 mM and 20 mM in 0.02 M NaOH 

(Figure 4c), the number of transferred electrons is close to two at potentials between 0.4 VRHE and 0.6 

VRHE. Then an increase in transferred electrons is observed reaching its maximum at 1.2 VRHE. At higher 

glucose concentration, specifically 500 mM in 0.1 M NaOH as well as 40 mM and 50 mM in 0.02 M 

NaOH the number of transferred electrons stays constant as a function of potential. Crucially, less than 

one electron is transferred per molecule of glucose. 

To oxidize glucose to gluconic acid two electrons are required, to react gluconic to glucaric acid an 

additional four electrons must be transferred. Hence, to oxidize glucose to glucaric acid requires six 

electrons in total. It follows that glucaric acid is not the final oxidation product whenever more than 

six electrons are transferred. This can occur via the breaking of the carbon chain15 and oxidising glucose 

fully to CO2 requires 24 electrons28. As previously mentioned, the obtained data shows the number of 

transferred electrons changes as a function of potential (Figure 4 a and c), which indicates the 

occurrence of different oxidation processes at the gold surface: At small applied potentials, when only 

two electrons are transferred, gluconic acid is a likely product. When the applied overpotential is 

increased the number of transferred electrons drastically changes. In the case of 50 mM glucose 

concentration in 0.1 M NaOH (Figure 4a) approximately four electrons are transferred between 1.0 

VRHE and 1.2 VRHE. Possible products include glucuronic acid, or glucaric acid from gluconic acid. At lower 

glucose concentrations (0.5 mM to 10 mM) in 0.1 M NaOH (Figure 4a) more than ten electrons are 

transferred. Possible products in these cases probably include small organic acids and CO2. At 0.02 M 

NaOH a similar trend is observed: At 10 mM glucose concentration the transfer of more than ten 

electrons signifies the oxidation past glucaric acid. 20 mM and 30 mM glucose concentrations lead to 

the partial oxidation to a desired product. In case of higher glucose concentrations, the number of 

transferred electrons is smaller than one. These observations can be explained by OH- scarcity at the 

catalyst surface which results in a fraction of glucose molecules arriving at the surface and leaving it 
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again unreacted. The same is the case for a glucose concentration of 500 mM in 0.1 M NaOH. The ratio 

of glucose concentration and hydroxide concentration is therefore an important measure for the 

glucose oxidation process as a delicate balance between OH- and glucose concentration must be 

reached for the oxidation process to yield desired products: Sufficient OH- has to be present at the 

surface for every reactant to react but OH- must not be over-abundant for the reactant to become 

oxidized past glucaric acid.  

In Figure 4b and d the apparent kinetically limited currents are shown for 10 mM and 50 mM 

concentration of glucose in 0.1 M NaOH and 0.02 M NaOH respectively. In both cases local maxima for 

the kinetically limited currents can be found. The first at approximately 0.7 VRHE in the case of 0.1 M 

NaOH (Figure 4b) and at 0.8 VRHE in the case of 0.02 M NaOH concentration. The second maximum is 

observed 1.2 VRHE. In both cases, the obtainable current density correlates with the concentration of 

glucose: Higher glucose concentration leads to larger kinetically limited current densities. Interestingly, 

we calculated larger limiting current densities for 0.02 M NaOH concentration (1 A/cm2) than at 0.1 M 

NaOH concentration (250 mA/cm2). One would intuitively assume that higher OH- availability would 

increase the achievable maximum current densities, however that does not seem to be the case.  

Comparing the experimentally recorded current densities (Figure 2 and 3) to the maximum current 

densities calculated by means of the Koutecký-Levich analysis, the data indicate that under all 

experimental conditions the reaction is governed by mass transport limitations, even at high rotation 

speeds. This observation further supports the need for reaction application that make use of force 

convection. Also, if one wants to gather a deepened understanding of the underlying reaction 

mechanisms the effect of mass transport has to be considered and accounted for.  
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Figure 5: a) 10-60 mM glucose concentration in 0.1 M NaOH and 0.1 M Na2SO4 at 2500 rpm with 
normalized currents [J/Jmax]; b) averaged recorded intensities (400 cm-1 to 890 cm-1) as a function of 
potential (left y-axis) and corresponding CV recorded on Au-bead (right y-axis); c) comparison of 
averaged intensities at different glucose concentrations, 0 mM to 70 mM. d) colour map of Raman 
spectra continuously recorded during cyclic voltammetry (7 mV s-1) in the absence of glucose. All 
measurements were recorded at room temperature. 

The importance of OH- availability at the catalyst surface is further illustrated by RDE-experiments on 

the Au-disc at glucose concentrations of 10 mM to 60 mM (Figure 5a). With increasing glucose 

concentration, the peak potential shifts from 1.23 VRHE towards 1.5 VRHE. Accordingly, the deactivation 

of the gold surface is also shifted towards larger overpotentials. Similar observations have been made 

by Larew and Johnson12. They suggested that this phenomenon is caused by surface blockage of 

adsorbed glucose. If this was the case, the current would not increase as a function of rotation but 

would be independent from it. However, as shown in Figure 2b, a clear dependence of the current on 

the rotation speed is observed. We suggest therefore, that the observed shift is caused by continuous 

consumption of adsorbed OH-
ads which is a crucial species for the ongoing GOR. When increasing the 

glucose concentration, more reactant is transported to the catalyst surface leading to increased 
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consumption of already formed hydroxide species, thereby delaying the oxidation of gold. Upon 

further increase of the overpotential the driving force for the surface oxidation increases until the rate 

of oxide formation surpasses the rate of consumption. Finally, gold is oxidized and the surface becomes 

inactive. One concern with testing this hypothesis is the compensation of internal resistance in the 

electrochemical setup (iR drop). Insufficient or wrong compensation would lead to same observed shift 

in peak maximum. However, Figure 3a shows that the shift does not follow the current density but 

rather the glucose concentration. The highest maximum current density is recorded at a glucose 

concentration of 10 mM added to the base electrolyte, but the largest deactivation potential is 

observed at glucose concentration of 50 mM. Thus, the internal cell resistance can be ruled out as the 

primary cause for the shift in oxidation potential. The experiments performed at glucose 

concentrations of 20 to 40 mM confirm this trend: Higher glucose concentrations in the base 

electrolyte lead to larger deactivation potentials but smaller peak maxima. 

Discussions of reaction mechanisms based on CVs are always limited. Therefore, Raman spectroscopy 

was used to follow the catalyst surface under reaction conditions and thus gaining spectroscopic 

insight about the surface state. In-situ measurements during cyclic voltammetry were conducted. 

Glucose at the interface proved to be difficult to detect due to its low normal Raman scattering (NRS) 

cross section37, however, it was noticed that the oxidation state of the gold surface can be tracked, 

similar to what Pérez-Martinéz et al. have reported for glycerol oxidation on gold using visible 

reflectance and ATR-SEIRAS38. Raman spectra were continuously recorded in the range of 200 cm-1 to 

1300 cm-1 while cycling a gold bead electrode between 0.57 and 1.67 V at 7 mV s-1. At 981 cm-1 a 

characteristic sulphate peak (symmetric stretching)39 stemming from the base electrolyte can be 

observed during the entire CVs, i.e., in the whole covered potential region. The surface reflectance, 

which we consider to be the background of the spectra, changes as the CVs progress. Figure 3a shows 

a colour map of the continuously recorded spectra during a CV. The reflectance dips into a well (blue 

part of the colour map) and returns to the initial intensity during the backwards scan. In the range of 

400 cm-1 and 890 cm-1, where no peaks are detected, the intensities were averaged to minimize the 
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influence of spike signals. Then the averaged intensity was plotted against the recorded CV, see Figure 

3b, where an Au-bead electrode was cycled in the base electrolyte in the absence of glucose. In a first 

approximation the surface can be considered oxidized at the peak maximum at 1.35 VRHE
34. 

Accordingly, the averaged background reflectance has decreased. We therefore conclude that the 

observed change in reflectance is connected to the oxidation state of the gold surface: gold hydroxide 

exhibits a significantly lower reflectance than metallic gold. It follows that the reflectance can be used 

to observe the oxidation state of the gold electrode. 

The experiment was repeated in the presence of different glucose concentrations (Figure 5c). The 

trend of delayed oxidation is observed through the reflectance in comparison to glucose free 

electrolyte (black line). A gradual shift towards higher oxidation potentials is visible from 10 mM (red), 

30 mM (blue) to 70 mM (magenta) glucose. The spectra recorded in 50 mM (green) glucose do not 

match this trend (yet they are reproducible) with the reason being unclear to us. Nonetheless, the 

observed overall trend spectroscopically supports the electrochemical observation of delayed gold 

oxidation as a function of glucose concentration as the reactant temporarily hinders the formation of 

gold oxide 

Figure 6: a) galvanostatic electrolysis measurement: 50 mM glucose, 0.1 M NaOH 25.5 mA cm-2 applied, 
rotating at 2500 rpm. b) galvanostatic electrolysis measurement: 50 mM glucose, 0.1 M NaOH 12.76 
mA cm-2 applied, rotating at 2500 rpm. (left y-axis, black line). Steady-state CV recorded in 50 mM 
glucose at 2500 rpm (right y-axis, red line). 
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The complex nature of the glucose oxidation mechanism is showcased by Figure 6 and Figure 7. 

Galvanostatic electrolysis RDE-experiments on Au-discs were conducted where we observed three 

distinct potential regions at which the electrolysis takes place. This is depicted exemplary in Figure 4a. 

Three potential plateaus can be discerned labelled as (1)-(3): (1) 0.75 VRHE – 0.88 VRHE, (2) 1.1 VRHE – 1.3 

VRHE and (3) >2.45 VRHE. When the electrolysis takes place within the potential range of one of the 

observed plateaus, a very slow but steady increase in potential is observed. Upon reaching a potential 

threshold the electrolysis potential “jumps” abruptly to the next potential plateau with the progression 

in potential always going from the potential region (1) to (2) and finally plateau (3). The potential 

gradient ramping towards a threshold changes as a function of glucose concentration, applied current 

densities and rotation rates. Potential region 3 can be ruled out as a GOR-active potential because the 

gold surface is oxidized and therefore inactive towards glucose oxidation, as observed in Figures 1 and 

2. Therefore it can be assumed that the recorded current is mainly due to the OER proceeding on the 

gold oxide surface. The potential ranges of (1) and (2) match the potentials of the peaks observed in 

the CVs as visualized in Figure 6b where the recorded electrolysis potential (black line) is plotted 

against a CV recorded with 2500 rpm (red line, right y-axis). It is clearly seen that the transition between 

potential plateaus coincides with the changes in the oxidation state of the gold surface. Thus, the 

electrolysis potential will never change back to a lower potential region because no “reducing 

potential” is applied to the catalyst surface. The introduction of rotation to the galvanostatic 

electrolysis increases the time before the catalyst becomes inactive towards the GOR and allows for 

significant current densities (25 mA cm-2) to be applied, whereas without rotation the surface oxidizes 

almost immediately due to mass transport limitations. Based on these observations and the previously 

shown RDE experiments (Figure 2 and 3) electrolysis systems that enhance mass transport seem to be 

the most suitable candidates for the product-oriented oxidation of glucose.  

Under galvanostatic conditions potential oscillations (Figures 6b, 7a, 7b) have been observed, in both 

potential regimes (1) and (2). The potential oscillations indicate temporary poisoning/blocking of the 

catalyst surface, followed by surface cleaning26,28. From Figure 6b it becomes clear that these 
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oscillations fluctuate around the peak potentials of the depicted CV, which coincide with glucose 

oxidation events as shown in Figure 1. Similar to Figure 6a, upon reaching a potential threshold, a 

transition to the next potential regime occurs.  

We found the potential oscillations to be reproducible but not precisely controllable on the 

polycrystalline gold surface, indicating their structure sensitive nature. Frequency and amplitude are 

subject of change, also their manifestation in general. Figure 7 serves to illustrate this point: Figures 

5a and 5b show individual experiments conducted under identical conditions. Yet, in Figure 7a the 

electrolysis takes place in the regime (1) for more than 1000 s, recording one major potential oscillation 

before transitioning to regime (2). In Figure 7b, regime (1) is “skipped entirely” reaching (2) after a 

mere 4 s. The potential gradually increases for 270 s before the potential starts to oscillate. For the 

next 500 s these oscillations continue, their amplitude being constant but their frequency increasing. 

After 800s of electrolysis, the system transfers to regime (3) when a sudden increase in potential leads 

to the oxidation of the surface, thereby becoming inactive towards the GOR. In contrast to the GOR, 

no oscillations have been observed when electrolyzing gluconic acid. It follows that the glucose itself 

is an important part of these oscillations. However, since two oscillatory regimes were identified, one 

can also conclude that there exists more than one feedback mechanism and that these mechanisms 

are either dependent on potential or that the feedback loop in (2) depends also on the surface 

oxidation state.  

Last but not least, a potentiodynamic electrolysis approach for a technical, product-oriented GOR-

process could be an interesting alternative to the often used three-step potential programs first 

introduced by Belgsir et al.32. Like the stepped potential programs, where the applied potential 

influences the product selectivity, the application of different current densities or rotation rates could 

be used to achieve similar effects. Allowing the potential to fluctuate during electrolysis could prove 

useful as the oscillations present a possible self-regenerating step for the catalyst surface, thereby 

increasing the catalyst’s efficiency.  
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Fig. 7: a) and b): Two separate galvanostatic measurements at identical conditions: 50 mM glucose, 
0.1 M NaOH, 20.4 mA cm-2 applied, 2500 rpm.  

 

 

4. Conclusion 

We can derive from our studies several key aspects for future glucose oxidation catalysts and 

electrolysis set-ups. From the combination of RDE studies supported by Koutecký-Levich analysis and 

spectroscopical investigations it becomes apparent that the oxidation of glucose is limited by mass 

transport, hence electrolysis set-ups with increased mass transport, such as flow-cells, need to be 

employed in future applications. Moreover, for gold surfaces we found the second oxidation step, 

correlating to the formation of gluconic acid, to be limiting the overall efficiency for converting glucose 

to glucaric acid. Consequently, if gluconic acid is a key intermediate, the catalyst design for glucose 

oxidation needs to focus on an efficient gluconic acid oxidation. To be efficient, catalysts need to shift 

the gluconic acid oxidation potential towards lower overpotentials. This can be achieved by 

incorporating different materials to the gold catalyst. Platinum is a reasonable candidate material in 

that regard as it is active towards gluconic acid oxidation several hundred millivolts earlier than gold8,40. 

Alloying41–44 or preparing nanocomposites45 of different metals, such as the already widely used gold 

and platinum, promises a combination of desirable material properties also in regards to product 

selectivity and distribution. The experimental evidence that the presence of glucose at the interface 
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shifts the gold oxidation towards higher potentials by competing for available OH- with the gold surface 

might be key to improve the catalyst. The finding indicates that increased rates of glucose oxidation 

consuming adsorbed hydroxide species thereby delaying the formation of inactive gold oxides. Shifting 

the formation of OH species on the catalyst to lower potentials might help to create highly efficient 

catalysts for the GOR. 
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